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ABSTRACT
At the end of the geotectonic cycle that shaped the northern segment of the Ribeira Mobile Belt (Upper
Proterozoic to Paleozoic age), a late to post-collisional set of plutonic complexes, consisting of a wide range
of lithotypes, intruded all metamorphic units.
The Varzea Alegre Intrusive Complex is a post-collisional complex. The younger intrusion consists of an
inversely zoned multistage structure envolved by a large early emplaced ring of megaporphyritic charnoen-
derbitic rocks.
The combination offield, petrographic and geochemical data reveals the presence of atleast two different series
of igneous rocks. The first originated from the partial melting of the mantle. This was previously enriched in
incompatible elements, low and intermediate REE and some HFS-elements. A second enrichment in LREE
and incompatible elements in this series was due to the mingling with a crustal granitic magma. This mingling
process changed the composition of the original tholeiitic magma towards a medium-K calc-alkalic magma
to produce a suite of basic to intermediate rock types.
The granitic magma from the second high-K, calc-alkalic suite originated from the partial melting of the
continental crust, but with strong influence of mantle-derived melts.

Key words: Magma mingling, post-collisional magmatism, Ribeira Belt.

INTRODUCTION tral part of Espirito Santo, discussed in this paper,
Most of the history of the geological evolution of the rgots of this Mobile Belt are (.a>_(posed revealing
the coastal region in the states of Rio de Janeir<530ns'derabIe amounts of granulitic and chamoen-
and Espirito Santo, in Brazil, is comprised of the derbitic rocks interfingered with granitic, granodi-
development of a Mobile Belt of Upper Protero- oritic and kinzigitic gneisses, containing sillimanite,
zoic to Paleozoic age (Cordani et al. 1973, S('jllnerCordlerlte and garnet.

et al. 1991, Machado et al. 1996). In the cen- During the magn collisional period great vol-
umes of calc-alkalic magma was produced and a
*Member of Academia Brasileira de Ciéncias

Correspondence to: Silvia R. Medeiros at IGEO/UnB syncoII|S|on.aI magmatic arc was formed (Bayer et
E-mail: silviar@unb.br, wiedeman@unb.br al. 1986, Wiedemann etal. 1986, Tuller 1993, Cam-

An. Acad. Bras. Ci., (2001)73 (1)



100 S.R. MEDEIROS, C.M. WIEDEMANN-LEONARDOS and S.VRIEND

pos Neto & Figueiredo 1995, Pedrosa-Soares et alTHE VARZEA ALEGRE INTRUSIVE COMPLEX (VAIC)
1999).

The whole sequence of high grade gneisseg'heVélrzeaAIegreIntrusive Complex (VAIC Fig. 1)

and granulites, of magmatic as well as sedimenSTOPS out over an area of about 150%rtt consists
of a multipulse structure, where a first charnoen-

tary origin, strikes in the NE-SW direction. The
high grade metamorphism (590 to 564 Ma) was aC_derbitic pluton (charnoenderbitic outer rim) discor-

companied by the development of a metamorphicdantly intruded the enclosing gneisses and gran-
or migmatitic layering and tight isoclinal folds, re- ulites. A second younger pluton fo_rmed by
folded into large scale style of folds with amplitudes € Nypersthene-gabbro and a composite body of

up to 10 km. Ductile shear zones are superimposeﬂ“artz'diorite’ guartz-monzodiorite, coarse-grained
on the previous deformations and locally obliterateM&g@porphiritic granite and a small body of sphene-
them (Lammerer 1987, Fritzer 1991, Cunningham efluartz-syenite intrudes the first charnoenderbitic
al. 1998). Younger ages (around 560 Ma) obtainedPuter rim. Compared with other igneous charnock-

for charnoenderbitic rocks from the Coastal Com-1t0ids from this region (as for example those from
plex in this region have been related to the thermafl® Serra do Valentim; Fritzer 1991), the charnoen-

evolution of the metamorphism, which produced derbitic rocks from Varzea Alegre show very similar

medium to low presssures granulites from previousﬁeld and petrographic characteristics (Mendes et al.

high-amphibolite facies and migmatitic gneisses.lggg)' _ _ .
(Sluitner & Weber-Diefenbach 1989, Soliner etal. ~ According to Bilal et al. (1998), the neighbor-

1989 Fritzer 1991. Seidensticker & Wiedemanning charnockitic intrusions of Ibituba and Itapina
1992). massifs consolidated at 535-520 Ma. (U-Pb in zir-

cons). Therefore the intrusion of the charnoender-
bitic outer shell is considered to have happened at
the end or after of the main regional high grade meta-
orphic phase.

The charnoenderbites from Varzea Alegre are
clearly deep green in color and have a mainly gran-
_odioritic composition (Mendes et al. 1997, Mendes

lution of the original compositions of the primary et "fll' 1999). They may Io.ca'lly vgry bfatween op-
magmas involved. Studies on the whole rock chemdalite (hyperthene granodiorite), jotunite (hypers-
istry of the late to post-tectonic intrusive complexest€ne monzodiorite), opx-quartz diorite and quartz

point towards three groups of magmas: tholeiitic,mangerite (quartz monzonite). Along the contact to
medium- to high-K calc-alkalic/alkali-calcic and the enclosing rocks the foliation is well marked and

very high-K alcali-calcic to alkalic suites (Wiede- sharp intrusive contacts with the enclosing granitic-

mann 1993). tonalitic gnaisses were observed. The igneous bor-
X-ray fluorescence, ICP and INAA analysis of der foliation and the schistosity of the gneisses are

major, minor and trace elements, including Raregenerally dipping towards the center of the pluton

Earth elements, were carried out to study the geo(Fi9- 1). When observed, the contact between the
charnoenderbitic outer rim and magmatites of the

At the end of the Brasiliano geotectonic cycle,
a late to post-collisional set of plutonic complexes,
consisting of awide range of lithotypes grading from
gabbros to monzosyenites, intruded all metamorphi
units (Wiedemann 1993). Extensive magma min-
gling and mixing, in most composite plutons in this
region, has been a complicating factor for the so

chemical signatures of the different lithotypes. Mi-" - _ _ _
croprobe analysis of the minerals were undertakef"ner domain is dgctﬂe f'md |_nterf|ngereo_l.
in order to further investigate the nature of the pri-  1he sécond intrusion (inner domain) crystal-

. P .

mary magmas involved in the mingling process adized around 5.08: 12 Ma. @’srP ?r initial ratio of

well as the mixing process on a crystal scale. 0.7084; Medeiros 1999). It consists of hypersthene-
gabbro, quartz-diorite and quartz-monzodiorite as
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GEOLOGICAL MAP OF VARZEA ALEGRE, E.S.,BRASIL LEGEND
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Fig. 1 — Geological map of the Varzea Alegre Intrusive Complex.

well as coarse-grained megaporphiritic granite andyranite are field evidence of the precocious intru-
a small body of sphene-quartz-syenite. sion of the gabbroic magma in the beginning of the
The different lithotypes are disposed in a nearlysecond magmatic pulse. This is a main difference
circular structure with a more basic core and a morébetween the VAIC and the Santa Angélica Intrusive
acidic to intermediate margin (Fig. 1). Several dis-Complex, further to the south (Bayer et al. 1987;
continuous rings of predominantly granitic compo- Schmidt-Thomé & Weber-Diefenbach 1987), where
sition interfinger with mainly dioritic portions. Lo- field evidence of mingling between gabbro and gran-
cally sharp contacts between granitic and more basiite was well documented. Inthe VAIC field evidence
magmas of dioritic composition are well exposed. Apoints towards a coeval intrusion of both diorite and
gradational zone of lobate masses of quartz-dioritanegaporphyritic granite, however with limited inter-
in the megaporphyritic granite (Plate 1) is character-action between them, forming the above described
istic for the contact between the mingled membergestricted contact zones.
(felsic and mafic domains). Isolated lobate masses  Inthe final stage, a fine grained sphene-bearing
forming separate microgranular enclaves are raresyenite cut all previous magmatic pulses. Several
In such contact zones, mantled feldspars (most opegmatitic bodies also intruded in a late magmatic
the rapakivi type) as well as biotite mantled quartzstage. They are little differentiated and carry gem-
were frequently observed. Large amounts of angustones: mainly aguamarine, turmaline and amethyst.
lar enclaves of gabbroic rocks in the granitic do-Due to the restricted occurrence in the area of both
mains and the sharp contacts between gabbro argphene syenite and pegmatites, they will not be fur-
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Plae 1 — Contact between felsic and mafic domains forming a gradual zone, where granitic schlieren surround
dioritic lobate mass.

ther discussed in this work. low values obtained for gabbros from the tholei-
itic series, studied in this region (Wiedemann et al.
1995, Ludka et al. 1998). Due to limited mixing
with granitic melts the primary magma evolves to a
Silica contents range from 47% in the quartz-medium-K calc-alkalic suite. Ba is highly enriched
monzogabbros of the core to 72% in the coarsemainly in the granitic rocks (Fig. 6). This is proba-
grained granites of the border region (Table I-A andbly controlled by the replacement of Ca by Sr under
I-B). The restricted degree of mingling among the high temperatures (over 80D), in the more basic
more basic and the more acidic magmas is indicate@lagioclases and the replacement of K by Ba in the
by clear compositional gaps in the Harker (Figs. 2-Aalkali feldspars from the acidic lithotypes. This geo-
and 2-B) and AFM diagrams, Figure 3. The varia-chemical crossover could be explained by the vari-
tion in FeO, MgO and Ti@ contents suggest a pri- ation in the different distributions coefficients of all
mary tholeiitic affinity for the hypersthene-gabbro. elements involved in this process, with respect to the
This lithotype is enriched in incompatible elementsincrease in temperature (Lagache 1983).

like Ba, Sr, La, Ce and Pb (Figs. 4 and 5) when The HFS-elements are slightly depleted with
compared to N-MORB values. High Sr-contentsvalues comparable to the N-MORB (Fig. 4). Nb
in the more basic rocks contrast with the normallyand Ta show negative anomalies, typical for mantle

WHOLE ROCK GEOCHEMISTRY
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TABLE I-A
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Chemical compositions of Opx-gabbro (gab), gtz-diorite (gzdr) and qtz-monzodiorite
(gzmdr) from Vérzea Alegre.

Sample| VA-175 VA-34 VA-162 VA-10 VA-109 VA-18 VA-06 VA-20
gzmdr gab gab gab gzmdr  gzmdr gzdr gzdr
SiO, 47.21 47.57 50.84 50.92 51.54 52.64 52.83 52.89
TiO2 3.21 2.95 1.51 2.14 2.81 2.30 2.57 1.98
Al>03 14.85 19.14 17.95 16.25 15.13 15.66 14.83 15.93
FeO3 14.19 11.16 9.06 10.41 12.47 10.13 10.77 9.61
MnO 0.18 0.15 0.13 0.16 0.21 0.14 0.15 0.13
MgO 4.28 3.94 6.30 5.31 3.30 4.20 3.85 4.25
CaO 7.77 10.06 8.36 8.00 7.37 7.24 7.06 6.51
Na;O 2.37 3.17 2.88 2.94 3.01 3.10 291 3.23
K20 1.92 0.77 1.30 1.72 2.26 2.37 2.35 2.60
P>Os5 1.98 1.38 0.70 0.86 1.05 1.01 1.13 0.71
LOI 1.80 0.48 0.54 0.49 0.30 0.72 0.61 0.96
Total 99.76 100.77 99.57 99.20 99.45 99.51 99.06 98.80
Sc 22 21 19 22 25 21 22 17
Co 63 93 63 56 57 60 72 60
Ni <10 13 46 35 11 25 25 28
\% 357 284 157 199 210 195 232 163
Cu 29 31 23 27 24 28 30 23
Zn n.d. 115 102 123 170 127 142 116
Rb 47 <6 27 45 60 49 52 76
Ba 1596 720 1091 320 1717 1841 1826 1174
Sr 870 1189 1393 1003 970 1040 891 808
Ga 26 23 20 21 25 22 21 21
Pb 20 8 13 20 21 19 20 16
Cs 1 0.36 nd 0.88 1.24 n.d 0.51 2.16
Y 42.78 26.30 18.30 32.85 47.24 32.81 36.23 30.78
Nb 23.75 19.75 10.44 22.58 34.02 24.13 27.46 24.43
Zr 315.91 96.34 108.64 292.26 340.66 339.68 368.26 266.68
Hf 8.07 2.69 2.55 8.30 9.76 9.41 10.00 6.87
Ta 1.90 1.63 0.86 1.42 2.32 1.64 1.96 1.85
Th 6.88 1.08 4.10 7.11 6.16 9.41 9.09 9.83

Obs: Major and some trace elements by X-ray fluorescence; HFSE by INAA and/or ICP.

derived magmas contaminated by crustal contributions. The REE patterns of the medium-K calc-
tions (Sun & McDonough 1989). Positive anoma- alkalic series are similar to those of magmatites from
lies of Sm and Eu, diluted in the REE diagram (Fig. anomalous segments of the midoceanic ridges and
5) due to the normalization with the chondrite, in- basanites, probably originated from a previously en-
dicate crystallization under low &fugacity condi-  riched mantle (Frey 1984).
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TABLE I-B

Chemical compositionsof charnoender bitic (charn) rocks, qtz-syenite (qzsye) and megapor phyritic gran-
ite (mggr) from Vérzea Alegre.

Sample | VA-90 VA-125 VA-16a VA-64 VA-47 VA-164 VA-163 VA-42 VA-124 VA-109 VA-176
charn charn charn gzsye gzsye charn gzsye charn mggr mggr mggr
SiO 58.66 60.05 61.89 62.11 63.80 63.84 64.52 64.90 68.48 71.36 71.49
TiO2 1.47 1.01 111 1.26 0.99 0.74 1.05 0.86 0.67 0.35 0.30
AloO3 16.00 17.17 17.13 15.25 15.26 16.49 15.46 15.78 14.71 13.88 14.69
FeO3 8.44 6.36 6.99 5.25 431 5.09 4.54 5.24 4.04 212 2.35
MnO 0.15 0.12 0.12 0.04 0.05 0.08 0.05 0.12 0.07 0.02 0.03
MgO 1.92 1.18 1.40 1.44 1.18 0.78 1.32 1.00 0.76 0.43 0.32
CaO 454 4.02 4.54 3.14 2.63 3.82 2.78 3.76 1.88 1.53 1.40
NaxO 3.44 3.84 3.60 3.12 2.57 3.53 2.77 3.45 3.19 3.05 3.16
K20 3.35 4.29 331 5.14 5.73 3.99 5.55 3.57 4.74 5.41 6.05
P>0g 0.68 0.43 0.46 0.41 0.37 0.31 0.40 0.46 0.40 0.16 0.15
LOI 0.47 0.54 0.83 0.99 117 0.56 1.46 0.94 0.79 0.44 0.42
Total 99.12 98.65 101.38 98.15 98.06 99.23 99.90 100.08 99.73 98.75  100.36
Sc 17 14 16 <8 <8 13 <8 14 <8 <8 <8
Co 61 63 69 53 54 49 48 56 69 57 42
Ni 14 12 12 11 11 <10 <10 11 <10 <10 10
\Y 124 67 57 72 48 30 69 35 32 <15 <15
Cu 19 15 16 19 12 10 13 11 <10 <10 <10
Zn 13 126 130 136 96 98 93 101 86 38 n.d.
Rb 64 91 72 174 196 82 184 79 212 141 229
Ba 2727 3043 2594 3223 2207 2593 1836 2246 1613 1074 771
Sr 579 518 534 618 393 458 341 428 280 206 147
Ga 22 23 22 21 20 23 19 20 22 18 22
Pb 21 24 19 31 29 23 24 22 25 39 43
Cs nd 0.90 1.27 0.35 0.35 1.46 0.46 1.14 3.21 1.02 4.02
Y 35.86 31.77 31.90 28.41 18.12 26.33 15.18 28.56 47.53 13.99 39.16
Nb 35.23 33.15 33.36 40.09 21.02 27.96 ? 36.18 33.04 7.15 25.43
Zr 72449 91524 859.81 95355 650.69 642.12 650.70 81855 359.04 197.05 224.34
Hf 18.30 22.90 21.80 23.90 18.90 17.10 18.20 22.30 10.60 7.12 7.57
Ta 2.27 2.23 2.37 3.01 1.64 1.93 1.04 2.47 2.39 1.14 1.86
Th 241 4.63 6.14 18.70 42.40 2.50 21.90 3.73 2.17 29.70 35.70

Obs: Major and some trace elements by X-ray fluorescence; HFSE by INAA and/or ICP.

The megaporphyritic granite shows a geochemwithout Eu-anomalies suggests the predominance
ical behavior (Fig. 6) compatible with those of other of a weakly process of fractional crystallization of
plutonites from the high-K calc-alkalic suites de- a restricted magmatic series. The fractional crys-
fined by Wiedemann (1993) from the region tallization involving simultaneously olivine, plagio-
of Espirito Santo. The REE-patterns of the granitesclase, clinopyroxene and magnetite increases the to-
fromthe VAIC (Fig. 7) are however less fractionated tal amount of REE in the gabbros and diorites, with-
and the total amount of HREE is higher. out however causing any significant interelement

The progressive increase of the REE-contentdractionation. In this way the characteristic pattern
from the gabbroic to the dioritic rocks (Fig. 5), of the primary magma is maintained together with
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Fig. 2a — Harker diagramas for the rocks of the VAIC. SymbadDpx-gabbro) gz-diorites to gz-monzodiorites;
e sphene qz-syenit&] megagaporphyritic granite.

the simultaneous relative increase of the REE. Thend BOs saturation levels of the Varzea Alegre char-
normalization diagrams on Figures 5 and 7 shownoenderbites indicate magmatic crystallization tem-
clear differences in the behavior of the HFS-peratures around 950. Estimated crystallization
elements from diorites/gabbros in comparison to thegpressure range from 6.5 to 7 Kb.
megaporphyritic granite. The behaviour of major The spidergram of Figure 8 reveals geochem-
and trace elements points towards a clearly indeical differences between this older unit and
pendent evolution in comparison to the medium-Kthe younger gabbro/dioritic-granitic unit. The REE-
calc alkalic series that originated the gabbroic andoatterns for the charnoenderbites (Fig. 9) however
dioritic rocks. The similarities in the REE-patterns are similar to those of the gabbros and diorites. Nev-
however are certainly due to magma comminglingertheless the absence of an evolution to negative Eu-
and mixing. anomalies, as observed in the granite of Figure 7, is
In the charnoenderbitic rocks of the outer rim consistent with the lack of consanguinity between
the variation of the silica content is restricted to athe magmas that formed the outer and the inner rims
range from 59 to 65% (Mendes et al. 1997, Mendesf the VAIC. The stronger argument is nonetheless
et al. 1999). According to these works, the char-the geochronological data that shows a gap around
noenderbitic rocks of the outer domain are high-K25 Ma between the two magmatic pulses (535-520
calc-alkalic enriched in LIL and HFS elements. Zr Ma — U-Pb in zircons ( Bilal et al. 1998) for the
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Fig. 2b — Harker diagramas for the rocks of the VAIC. SymbalsOpx-gabbroy gz-diorites to qz-monzodiorites;
e sphene qz-syenit&] megagaporphyritic granite.

charnoenderbite and 5@812 Ma. for the granite). mostly with intergranular textures, may grade lo-
cally from glomeroporphyritic to granular textures.
Plagioclase, up to 6 mm in size, is the most abun-
dant phase. They tend to be aligned indicating a
Fifty five (55) thin sections of different intrusive clear magmatic foliation. When quartz is present,
rocks of the VAIC, excluding the charnockitic rim, it is found between crossed plagioclase slabs or as
were studied in detail. The major mineral phasesvermicular masses in fractures. Widespread signs of
of OPX-gabbros to quartz-diorites and one hibridspongy cellular intergrowths of plagioclase/biotite,
monzogranite (a total of 7 thin sections) were an-CPX/hornblende and hornblende/ilmeno-magnetite
alyzed under a 4 WDS-channels Jeol Microprobesuggest dissolution (and/or direct melting) of one
with a fifth EDS-channel. The results are presentegphase and solidification of the other, as mingling
in tables Il to VII. Modal analysis of 33 samples of contrasting magmas occurred (Hibbard 1995).
(1000 points/section) indicate a monzonitic or high-In previous works such petrographic features have
K calc-alkalic trend in the QAP-diagram (Fig. 10). been interpreted as symplectites pointing towards a
Intermediary compositions are lacking, highlighting reequilibrium in the sub-solidus state (Wiedemann
the slightinteraction or mixing between the contrast-et al. 1992).
ing members. Mantled pyroxenes can be surrounded by
OPX (hypersthene) - CPX (augite) - gabbros, magnesio- to tschermakitic-hornblende, grading to

PETROGRAPHY AND MINERAL CHEMISTRY
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TABLE I1-A

REE compositions of Opx-gabbro (gab), qtz-diorite (gzdr) and qtz-monzodiorite
(gzmdr) from Varzea Alegre.

Sample | VA-175 VA-34 VA-162 VA-10 VA-109 VA-18 VA-06 VA-20
gzmdr gab gab gab gzmdr  gzmdr gzdr gzdr
La 110 51.30 44.20 73.20 106 103 106 68.40
Ce 247  117.00 89.40 158.00 217.00 212.00 220.00 135.00
Nd 107 55.20 38.60 65.50 96.00 85.00 96.00 63.90
Sm 20.30 10.80 7.42 13.40 18.90 15.20 17.20 12.20
Eu 5.27 3.75 2.65 3.67 5.36 4.10 4.56 3.23
Tb 1.77 0.97 0.59 1.18 1.83 1.26 1.48 1.01
Yb 2.76 1.49 1.17 2.27 3.26 2.37 2.44 2.02
Lu 0.45 0.21 0.21 0.31 0.49 0.39 0.30 0.34

Obs: REE by INAA and / or ICP.

TABLE I1-B

REE compositions of charnoenderbitic (charn) rocks, qtz-syenite (qzsye) and megapor phyritic granite
(mggr) from Varzea Alegre.

Sample| VA-90 VA-125 VA-16a VA-64 VA-47 VA-164 VA-163 VA-42 VA-124 VA-109 VA-176
charn charn charn gzsye gzsye charn gzsien charn mggr mggr mggr
La 76.40 70.70 80.40 224.00 230.00 42.70  183.00 55.60 38.60 89.90 113.00
Ce 155.00 144.00 156.00 485.00 479.00 94.10 374.00 111.00 85.80 171.00 242.00
Nd 72.00 64.20 67.70 165.00 145.00 4520  114.00 51.00 43.00 56.80 96.00
Sm 13.20 12.20 13.00 25.60 19.40 9.83 14.90 10.90 9.62 9.05 17.60
Eu 4.84 5.24 5.17 4.52 3.05 4.98 2.37 4.75 2.40 2.04 1.77
Tb 1.24 111 111 1.38 0.79 0.94 0.72 0.98 1.36 0.68 1.60
Yb 2.52 2.14 2.43 1.46 1.24 2.11 0.69 2.19 3.58 0.94 2.72
Lu 0.41 0.35 0.41 0.19 0.15 0.33 0.11 0.30 0.53 0.14 0.36

Obs: REE by INAA and/or ICP.

edenitic and Fe-edenitic compositions (Fig. 11).lithotypes (Fig. 13). They are usually strongly
Elongated eyeshaped exsolution lamellae of CPXpleochroic, from pink to pale reddish brown along
in OPX as well as of OPX in CPX are common fea- a and clearly green along b. The clinopyroxenes
tures. They are mostly parallel to the (100) planeCPX) grade in composition from salite, in the gab-
(Fig. 12). OPX is normally the first mafic min- broic rocks to augite, in the quartz-diorites. They
eral to crystallize. It is predominately euhedral andare not pleochroic, show light green colors and are
can be mantled or replaced by CPX. Blades of bi-usually subhedral (Figs. 14 and 15).

otite replace plagioclase in the contact to CPX. In The presence of plagioclase with undulated ex-
this case, newly formed quartz is the sub-productinction, curved secondary polysynthetic twins and
of this replacement. The orthopyroxenes (OPX)fractures as well as the presence of augite and apatite
grade in composition from hypersthene, in the gab-with kink bands strongly suggests that these phases
broic rocks, to Fe-hypersthene, in the quartz-dioriticwere already solid before the mingling of the con-
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Calc-Alkaline la CePr Nd SmEu GdTo Ho Er Yo Lu

Na,O + K,0 MgO

Fig. 5— REE-spectra of samples of gz-diorites, gz-monzodiorites

and OPX-gabbros.  Condrite-normalization after Boynton

Fig. 3 — AFM-diagram showing a calc-alkalic trend with clear (1984). Explanation in text.

compositional gap. Some basic samples plotin the tholeiitic field.

Symbols: A Opx-gabbroe qgz-diorites to gz-monzodiorite§] 1000

megagaporphyritic granite.

1000 ;10 3
100 2 10 E
r 1 ; ;
10 = 3 e 53
E 1 r » M
i ] r Rb Th Ta la Po Nd Zr Eu- Y Lu
L= E Cs Ba Nb K Ce St Sm Hf T Yb
fCs Ba Nbo K Ce S Sm H T Yo Fig. 6 — Spidergram of compatible and incompatible elements of
Rb Th Ta la Pb Nd Zz Eu Y L the megaporphyritic granite. N-MORB-normalization after Sun

and McDonough (1989). Explanation in text.

Fig. 4 — Spidergram of compatible and incompatible elements

of gz-diorites, gz-monzodioritem{ and OPX-gabbros{). N- The biotite is strongly pleochroic, dark reddish
MORB-normalization after Sun and McDonough (1989). Expla- brown to ||ght brown, rich in needles of apatite (ap-
nation in text. atite I) and may contain some subordinate ilmenite

as inclusions. This suggests that biotite solidified in

trasting crystal mushes (Figs. 14 and 15). The locah late mingling stage.
stirring of the mushes may have caused the observed In the dioritic to quartz-monzodioritic rocks
signs of recrystallization and deformation. the plagioclase is clear and sometimes antiperthitic.

The spongy cellular intergrowths are due to dis-It usually shows a subhedral inequigranular fabric.
solution of phases during the process of minglingCommon accessory minerals are fluor-apatite and
(syn-mingling) accompanied by a further crystal- ilmeno-magnetite. Locally more evident signs of
lization in a post mingling stage (Hibbard 1995).  contamination with the granitic magma are present.
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1000

100

1 L
la CePr

NdSmEu GdTbo Dy Ho Er TmYb Lu
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109

la Ce Pr Nd SmEu GdTo Dy Ho Er TmYb Lu

Fig. 7~ REE-spectra of samples of the megaporphyritic graniteFig. 9 — REE-spectra of samples of charnoenderbites from the

Normalization after Boynton (1984). Explanation in text. outer domain. Normalization after Boynton (1984). Explanation

in text.

Closer to the granite, where these rocks become por-
phyritic, dusty andesine crystals, crowded with fine
ilmenite and/or magnetite needles, predominate in a
matrix of hypersthene, augite, hornblende, Ti-biotite
and andesine. With the increase of diffusion, the
feldspars become mesoperthitic and acicular apatite
is more abundant. The predominant mafic mineral
in this domain is hornblende, grading from tcherma-
ckitic to ferriferous pargasite. Biotite with euhedral °

60

o . . ranite
apatite inclusions, as well as CPX and OPX may in 9 .
(]
some cases occur. ——o—¢ .
/ %—syemte/ ® (z- \E"Z- o 8
® | monzoniteionze®
AL—L Imonzonite P
1000 E diorite/gabbro
100 ; ; Fig. 10 — QAP-diagram showing a clear compositional gap be-
E E tween mafic and felsic rocks.
10 = E '
E ] The common accessory minerals of these rocks
i 1 are: fluorapatite, zircon, ilmenite, magnetite, epi-
1 F E . o
F 3 dote and sphene. The presence of acicular apatite is
- Rb Th Ta la Pb Nd Z Eu Y L4 anevidence of the accelerated cooling rates, owing
Cs Ba Nob K Co & Sm H T Yo to the contact of the contrasting mushes.
The megaporphyritic granite shows a coarse
Fig. 8 — Spidergram of compatible and incompatible ele- grained matrix consisting of plagioclase (around

ments of charnoenderbites from the outer domain. N-MORB-AnN4), microcline, quartz and biotite. Microcline
normalization after Sun and McDonough (1989). Explanationinas megacrysts is usually corroded, with abundant

text.

guartz, biotite and plagioclase inclusions. Mesop-
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(augite). The composition of OPX-grains and ex-
solution lamellae varies from YYEnsgFsyo (hyper-
sthene) to WoEneFs;, (Fe-hypersthene). These
trends are close to the sub-solidus trend from Skaer-
gaard CPX-crystals (Brown & Vincent 1963, Nwe
1970). Analytical scanning of several CPX exso-
lution lamellae in OPX-grains and individual CPX-
grains of OPX-gabbros points towards a second vari-
ation trend, from salite to sub-calcic augite. One
analysis fellinthe pigeonitic field. This second trend
follows atie-line of the diagram (Brown 1961). This
unusual variation may indicate an abrupt change in
the cooling rates. Compositional trends of pyrox-
enes along the tie-line are well known for volcanic
rocks (Kushiro 1960, Deer et al. 1978). Such signs
of abrupt changes in temperature in a deep plutonic
environment are further evidence of mingling be-
tween contrasting magmas.

Both OPX- and CPX-grains generally show re-
placements by Ti-biotite (ca. 5% TiG- see table
VI) and by Mg- and edenitic hornblende. Exsolution
lamellae of iimenite, CPX and OPX, parallel to the
Figs. 11-12 - (Fig. 11) — Mantled pyroxenes surrounded by a(100) crystallographic plane are very common and
corona of magnesio- to -tschermakitic- hornblende, which gradesndicate Ti-, Fe- and/or Ca-richer primary compo-
to edenitic and Fe-edenitic compositions. (Fig. 12) — Elongatedsitions of Bushveld-type pyroxenes (Atkins 1969)
eyeshaped exsolution lamellae of CPX in OPX as well as OPX(Figs, 14 and 15)_
in CPX parallel to the (100) planes. Best and Mercy (1967) in a classic work on the
composition of mafic minerals in the calc-alkalic

igneous complex of Guadalupe pointed out the
erthite may be replaced in the same crystal into mi'uniformity of coexisting Ca-rich CPX and OPX
crocline. Zircon, sphene, epidote/allanite and APindicating relatively high

atite are normally euhedral and tend to be concen,ji-ation temperatures
trated in the biotite-rich domains, which surround

,o and low crys-
In this work the similar-
ity between plutonic and granulitic pyroxenes was

the microcline megacrysts. highlighted and the term auto-metamorphism was
Pyroxenes from the gabbroic rocks were an-j,i.oduced.

alyzed in more detail because they may preserve, g ms (1985) used binary diagrams to sepa-
in a kind of a frozen state, the early crystallization a4 the fields of typical calc-alkalic from tholeiitic
history of the contrasting magmas. Representativ%airs of coexisting plagioclase and pyroxenes (both
analyses of CPX and OPX with no visible oxide eX- cpx 4nd OPX). VAIC data were compared with
solutions are given in table Il and IV. the several variation trends of coexisting plutonic
In Figure 13 the variation in composition of w,qjeiitic pyroxenes and plagioclases, e.g. Kaer-

both CPX-grains and exsolution lamellae reveals &en, east Greenland, Skaergaard and Bushveld. The
narrow interrupted sub-solidus tholeiitic trend rang'resulting points initially plot close to the tholeiitic
ing from WaigEn1Fs1 (salite) to WasEnggFso
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Fig. 13 — Variation of compositions from both pyroxene grains and exsolution lamellae reveals
a narrow interrupted sub-solidus tholeiitic trend close to the sub-solidus trend of Skaergaard
(Skss) CPX-crystals (Deer et al. 1978). A second trend varies from the salite towards the
pigeonite field, along a tie-line of the diagram (see text for explanation). The analysis of OPX
crystals and CPX exsolution lamellae, from the same rock sample, reveals compositions along
a sub-solidus trend as well.

trends. More evolved rocks drift towards the calc- (depth of about 20 Km; Burns 1985). This may
alkalic field (Figs. 16 and 17), remaining how- be due to the complex crystallization and diffusion
ever outside from the typical calc-alkalic field. This process they underwent. The absence of garnets and
fact together with the coexistence of Ca-rich CPXthe Al,Os-contents of CPX generally lower than 3%
and OPX suggests that the evolution of the frac-confirm crystallization conditions below 20 Km (Le
tional crystallization of the gabbroic magma wasBas 1962).

coeval with the beginning of mingling with the gran- Crystallization temperatures were obtained us-
ite. This way sub-solidus lower crystallization con- ing the following mineral pairs: OPX-CPX, am-
ditions (auto-metamorphism) were maintained andohibole - plagioclase, ilmenite - magnetite and pla-
could have originated the subsolidus exsolution progioclae - K -feldspar (data from Medeiros 1999).

cess described above. The pyroxene geothermometer yielded temperatures
of approximately 858C, which in turn is compat-
GEOTHERMOMETRY AND GEOBAROMETRY ible with subsolidus reequilibrium temperatures

Applying the equations of Wood and Banno (1973)found in the literature (Lindsley & Munoz 1969).
and Maxey and Vogel (1974) to calculate reequilib-In the intermediate lithotypes, the pair plagioclase-
rium temperatures, strong variations in the Kd val-amphibole yielded temperatures around 150
ues (distribuition coefficient for coexisting OPX and Which could be considered as an equilibrium
CPX) were obtained. The Kd values calculated fortemperature. Lower subsolidus temperatures, rang-
the Varzea Alegre samples ranging from 0.44 to 0.66ng from 305C to 550C, obtained for the pairs:
are compatible to metamorphic processes. This inilmenite-magnetite and plagioclase-K-feldspar are
dicates variable and higher crystallization pressuregelated to reequilibrium processes in a late phase.
than those calculated for the Bushveld pyroxenes  Using different empirical calibration methods
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Fig. 16 — Coexisting CPX and plagioclase compositions from the
Varzea Alegre pluton, contrasted with trends from other tholeiitic
sequences (Kaerven, East Greenland ; Bushveld and Skaergaard;
modified after Burns 1985).

Skaergaard trend

Figs. 14-15 — (Fig. 14) — Kink banded augite crystal suggesting
a solidification previous to the mingling of the contrasting crystal
mushes. (Fig. 15) — Exsolution lamellae of iimenite, CPX and

OPX parallel to the (100) plane indicate a Ti-, Fe- and/or Ca-

AN mol %

richer primary compositions of Bushveld type pyroxenes.

of Al-contents in amphiboles Medeiros (1999) ob-
tained crystallization pressures around 6 Kb.

Zr and BOs saturation levels of the VAIC char-
noenderbites from the outer rim (Mendes etFig. 17-Coexisting plagioclase and OPX compositions from the
al. 1999) indicate magmatic crystallization temper-Varzea Alegre pluton, contrasted with trends from other tholeiitic
atures around 958C. Subsolidus temperatures, es-sequences (Kaerven, East Greenland ; Bushveld and Skaergaard;
timated through the ilmenite - magnetite and plagio-modified after Burns 1985).
clase - alkali feldspar pairs, were close to 35@nd
630°C. Calculated @fugacity is consistent with
highly reducing conditions, which are confirmed
by the low Mg/(Mg+Fe) ratios of the rocks. Esti- The nearly circular shaped VAIC shows a concentric
mated crystallization pressures are slightly higherdistribution of intermediate to acidic rocks surround-
than those estimated for the inner domain and rangang a central portion of gabbroic composition. The
from 6.5 to 7 Kb (data from Mendes et al. 1999). first magmatic pulse consists of dark green mega-

t =
40 EN

CONCLUSIONS
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TABLE 111

Representative Microprobe analyses of CPX.

VA-119 VA-119 VA-09 VA-62 VA-34 VA-34 VA-34 VA-34 VA-34
SiO 52.24 52.48 51.47 52.76 52.01 50.64 50.77 51.64 51.39
TiO2 0.13 0.08 0.13 0.15 0.18 0.32 0.25 0.25 0.10
Al203 1.55 1.19 1.28 1.42 1.36 3.19 2.99 2.17 1.19
CaO 22.88 23.04 19.70 21.17 22.39 22.44 18.53 22.72 10.27
MgO 13.18 1406 11.76 11.97 13.91 12.22 12.90 13.22 16.20

FeO 8.79 8.80 13.91 12.80 9.15 10.78 14.36 10.65 19.97
MnO 0.74 0.50 0.46 0.44 0.65 0.32 0.15 0.54 0.62
K20 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00
NaxO 0.47 0.44 0.32 0.53 0.43 0.46 0.42 0.36 0.18
BaO 0.09 0.02 0.04 0.00 0.00 0.02 0.00 0.00 0.01

Total 100.07 100.61 99.17 101.24 100.08 100.37 100.39 101.55 99.93

Si 1.949 1.942 1.973 1.969 1.937 1.892 1.907 1.904 1.947
Al 0.051 0.052 0.027 0.031 0.060 0.108 0.093 0.094 0.053
Al*6 0.017 0.000 0.031 0.032 0.000 0.032 0.039 0.000 0.000
Ti 0.004 0.002 0.004 0.004 0.005 0.009 0.007 0.007  0.003
Fe*? 0.214 0.193 0.433 0.370 0.204  0.245 0.380 0.222 0.572

F2t3 0.060 0.079 0.013 0.029 0.081 0.091 0.071 0.106  0.061
Mn*2 0.023 0.016 0.015 0.014 0.021 0.010 0.005 0.017 0.020

Mg 0.733 0.776 0.672 0.666 0.772 0.680 0.722 0.727 0.915

Ca 0.915 0.914 0809 0.847 0.893 0.898 0.746 0.898 0.417

Na 0.034 0.032 0.024 0.038 0.031 0.033 0.031 0.026 0.013
Formula Units based on 6 Oxygens

wo 49.14 48.53  42.27 44.97 47.78 49.25 40.35 48.62 21.90

en 39.37 41.19 35.10 35.36 41.29 37.30 39.07 39.35 48.05

fs 11.49 10.27 22.63 19.67 10.93 13.45 20.57 12.04  30.05

porphyritic charnoenderbites, which in turn was in- xenocrysts as well as blobs from the granite in the
truded by a later bimodal pluton. The contact be-more mafic rocks.

tween the quartz dioritic to quartz monzodioritic Pre-existing (pre-mingling) crystals interacted
rocks and the megaporphyritic granite is net-veinedwith the contrasting magma resulting in the various
or ragged, resulting in mingling zones with variable hybrid textures described in this paper. In this way,
proportions of contrasting rocks. The synchronousearly stages of mixing may be characterized.

rise of the two contrasting magmas is mainly con- These observations are in accordance with the
firmed by: 1) petrographic and microchemical char-statement of Barbarin and Didier (1992) that hy-
acteristics of the mafic minerals of the original bridization processes are specially effective in the
tholeiitic magma; 2) the presence of complex man-plutonic environment, mainly due to interaction time
tled feldspars, acicular apatite and Ti-rich biotite asbetween the contrasting magmas before cooling.
well as local corroded xenocrysts of mafic phasesin ~ The combination of field, petrographic and
the granite; 3) the presence of K-feldspar and quartgeochemical data reveals the presence of at least two
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TABLE IV

Representative Microprobe analyses of OPX (b=border).

VA-09 VA-10 VA-62 VA-63 VA-34 VA-34b VA-34 VA-34
SIO, 50.57 52.41 5122 5220 51.32 51.96 52.24 51.56

TiO; 0.12 0.05 0.07 0.05 0.05 0.03 0.07 0.10
Al>03 0.60 0.49 0.30 0.96 0.93 0.96 1.02 0.87
CaO 1.08 0.36 0.55 0.38 0.52 0.63 0.53 0.53

MgO 1598 20.39 16.60 20.64 18.95 19.05 19.76  19.30
FeO 30.67 2532 29.69 2484 2691 2788  26.76  26.57
MnO 0.89 1.32 1.46 0.56 0.63 0.81 0.81 0.96

K20 0.17 0.00 0.00 0.13 0.00 0.00 0.00 0.00
NaxO 0.00 0.00 0.03 0.04 0.03 0.00 0.03 0.01
BaO 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.03

Total 100.09 100.35 99.93 99.80 99.34 101.34 101.22 99.93

Si 1.970 1977 1988 1972 1.967 1.957 1.960 1.964
Al 0.028 0.022 0.012 0.028 0.033 0.043 0.040 0.036
AI*6 0.000 0.000 0.001 0.015 0.009 0.000 0.005 0.003
Ti 0.004 0.001 0.002 0.001 0.001 0.001 0.002 0.003
Fet? 0979 0.780 0954 0.772 0.840 0.837 0.805 0.818
Fet3 0.021 0.019 0.009 0.013 0.023 0.041 0.034 0.028
Mn*2 0.029 0.042 0.048 0.018 0.020 0.026 0.026 0.031

Mg 0.928 1.146 0.960 1.162 1.083 1.070 1.105 1.095

Ca 0.045 0.015 0.023 0.015 0.021 0.025 0.021 0.022

Na 0.000 0.000 0.002 0.003 0.002 0.000 0.002 0.000
Formula Units based on 6 Oxygens

wo 2.31 0.75 1.18 0.79 1.10 1.32 1.10 1.12

en 47.54 59.07 49.56 59.60 55.70 55.35 57.19 56.60

fs 50.15 40.18 49.26 39.61 43.21 43.34 41.70 42.29

different series ofigneous rocks. The first originatedcalc-alkalic magma originated from the partial melt-
from the partial melting of the mantle. This was pre- ing of the continental crust, but with strong influence
viously enriched in incompatible elements, low andof mantle-derived melts due to crustal delamination.
intermediate REE and some HFS-elements. Thig he coevalrise of the two magmas consisting of con-
first series produced hyperthene - gabbros, quartarasting crystal mushes resulted in a restricted min-
diorites to quartz-monzodiorites that underwent agling between them, until the final emplacement as
second enrichment in LREE and incompatible el-diapirs.
ements due to the mingling with a crustal granitic The depth difference between the intrusions of
magma. This mingling process changed the comthe outer (charnoenderbitic) and inner rims (bimodal
position of the original mantelic magma towards apluton) is not larger than ca. three kilometers (3
medium-K calc-alkalic magma to produce a serieskm ~ 1Kb). The temperature difference is in the
of basic to intermediate rock types. magnitude of ca. 10@. This means that the time
The granitic magma from the second high-K, gap of around 25 Ma between the crystallization of
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TABLEV

Representative Microprobe analyses of Amphiboles.

VA-10 VA-10 VA-160 VA-119 VA-06 VA-202

SiOp 46.10 45.10 43.73 4413 4277 41.99
TiO2 1.32 1.22 1.47 1.38 1.72 1.20
Al203 8.37 10.30 9.92 10.26  11.09 10.10
FeO 1396 13.71 16.12 1440 16.82 18.79
MnO 0.00 0.36 0.52 0.25 0.35 0.57
MgO 13.76  13.40 11.49 13.15 10.44 9.27
CaO 11.67 12.16 12.24 11.89 11.53 11.10
NapO 1.16 1.17 1.36 1.31 1.16 1.57
K20 1.07 1.14 1.37 1.22 1.53 1.57
Total 97.41  98.56 98.22 97.99 9741 96.15

Siv 6.80 6.57 6.51 6.50 6.42 6.47
Allv 1.20 1.43 1.49 1.50 1.58 1.53
AlVYi 0.26 0.34 0.27 0.28 0.38 0.31
Fet2 1.61 1.39 1.76 1.46 1.73 2.05
Fe'3 011  0.27 0.25 031 0.33 0.33
Mg 3.03 2.91 2.55 2.88 2.34 2.13
Mn 0.00  0.04 0.07 0.03  0.02 0.04
Ti 0.15 0.13 0.16 015  0.19 0.14
Ca 1.84 1.90 1.95 1.87 1.85 1.84
Na-A 0.33 0.33 0.39 037 0.26 0.38
K 020 0.21 0.26 023  0.29 0.31

Asite 0.53 0.54 0.65 0.60 0.55 0.69

Formula Units based on 24 (O, OH, F, ClI)

XMg 0.65 0.68 0.59 0.66 0.52 0.47

the two plutons (inner and outer rims) do not repre-sible for maintaining high crustal temperatures for
sent a remarkable change in the regional P-T cona longlasting late orogenic period.
ditions. The middle crust remained warm during a
long post-collisional period, providing sub-solidus
temperatures to reequilibrate most of the pyroxene
crystals. The authors are particularly grateful to Isabel
The evolution of calc-alkalic suites through P. Ludka for the critical review of the manuscript.
magma mixing processes is recurrent and characteFruitful discussions with other colleagues, particu-
istic for the Neoproterozoic late- to post-collisional larly Jdlio Cesar Mendes and Ariadne C. Fonseca
magmatism of the Ribeira Belt (Pedrosa-Soares &were also of great help. The field work for this
Wiedemann-Leonardos, 2000). This may indicateproject was supported by the financial help of the
an important underplating mechanism of mantleBrazilian FINEP and CNPq (financial agencies).
magmas at the end of the orogen, which was respormost of the laboratory work was undertaken and
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TABLE VI

Representative Microprobe analyses of Biotites.

VA-09 VA-10 VA-62 VA-119 VA-160

SiO 36.03 36.25 36.74 36.64 37.14
TiOy 5.32 4.38 5.85 5.09 4.14
Al,03 | 13.31 13.93 1381 13.95 14.09
FeO 1852 16.50 17.85 16.26 18.23
MnO 0.13 0.00 0.14 0.16 0.15
MgO 12.14 12.89 11.95 13.39 12.89
BaO 0.59 0.84 0.45 0.66 0.64
CaOo 0.09 0.25 0.00 0.07 0.07
NaO 0.01 0.02 0.06 0.03 0.07
K20 9.48 9.56 9.86 9.65 9.59
Total 95.62 94.62 96.71 95.90 97.01

siv 5.52 5.56 5.53 5.53 5.57
Allv 2.40 2.44 2.45 2.47 2.43
AV 0.53 0.51 0.65 0.58 0.47
Fe2 2.37 2.12 2.25 2.05 2.29
Fe3 0.02 0.00 0.02 0.02 0.02
Mg 2.77 2.95 2.68 3.01 2.90
Ba 0.04  0.05 0.03 0.04 0.04
Ca 0.01 0.04  0.00 0.01 0.01
Na 0.00 0.01 0.02 0.01 0.02
K 1.85 1.87 1.89 1.86 1.84

Formula Units based on 24 (O, OH, F)

XMg 0.53 0.58 0.54 0.59 0.56

funded by the Department of Geochemistry of theplexos pés-colisionais. A intrusdo mais jovem consiste
University of Utrecht, in the Netherlands. We are de uma estrutura de multiplos estagios, envolvida por um
also grateful for the help of CPRM (The Brazilian largo anel de rochas charnoenderbiiticas megaporfiricas
Geological Survey) for complementary geochemi-d€ posicionmento anterior.

cal data. Last but not least, thanks to all the student§ combinacao de dados de campo, petrograficos e geo-
who participated in this project. quimicos revela a presenca de pelo menos duas séries dis-
tintas de rochas igneas. A primeira foi originada por fuséo
RESUMO parcial do manto. Este era previamente enriquecido em

elementos incompativeis, em ETR leves e intermediarios
No final do ciclo tecténico que originou 0 segmento norte

do Cinturdo Mével Ribeira (de idade Proterozdica Su- . . e
em ETR leves e elementos incompativeis nessa série foi

perior a Paleozobica), uma série de complexos plutdni- . e N

. ! L _ devido ao “mingling” com o magma granitico crustal.
cos tardi- a pos-colisionais, consistindo de larga gama o s
de litotipos, intrudiu todas as unidades metamorficas. dEsse processo  demingling mudou a composicéo

Complexo Intrusivo de VArzea Alegre é um desses comd® magma toleiitico original para um magma calcio-

e em alguns elementos HFS. Um segundo enriquecimento
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TABLE VII

Representative Microprobe analyses of Feldspars.

VA-119 VA-09 VA-62 VA-119 VA-34 VA-34 VA-10
SiOp 64.05 63.95 63.07 57.68 5522 5535 55.20
Al203 18.46  18.63 18.59 26.30 2861 2821 2821
FeO 0.26 0.27 0.36 0.15 0.00 0.00 0.18
BaO 0.27 1.40 0.96 0.04 0.00 0.07 0.04
CaO 0.15 0.18 0.17 799 1079 1112  10.77
Na;O 0.84 0.97 1.19 6.71 5.39 5.36 5.43
K20 1553 1541 14.99 0.48 0.31 0.35 0.23
Total 99.56 100.81 99.33 99.35 100.32 100.46 100.06
Sit4 1192 11.89 11.86 10.37 9.86 9.89 9.93
Al*3 4.05 4.08 4.11 5.62 6.10 6.08 6.03
Ca'? 0.03 0.01 0.02 1.61 2.14 212 2.06
Fet2 0.04 0.01 0.02 0.03 0.04 0.03 0.02
K* 3.69 3.56 3.52 0.08 0.06 0.08 0.06
Na't 0.30 0.35  0.44 2.29 1.81 1.82 1.95
Ba'l 0.02 0.10 0.08 0.00 0.00 0.00 0.00
Formula Units based on 32 Oxygens
Or 91.83 91.04 88.67 2.01 1.50 1.99 1.47
Ab 7.43 8.71 10.84 5754 4514 4527 4791
An 0.74 0.25 0.49 4045 5336 52,74 50.61
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