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PETROLOGY OF THE BARRO VERMELHO Fe-Ti ORE BODY AND ITS
METAMAFIC HOSTROCKS, CUSTODIA-PE, NORTHEAST BRAZIL.

OTACIEL DE OLIVEIRA MELO' & HARTMUT BEURLEN'

Resume PE71W ID GIA DA OCORR ENCIA DE Fe-7i DE BARRO VERM ElllO E SUM METAMAFlCAS ENCAlXANTliS,
CUST6 f)!I\-PE, NORDESTE DO BRASIL A ocone ncia dc mincrio dc Fc-Tide Bar ro Vermclhocsta localizada a 12 aes te da cidadc
de Custodia-Pf e a 390 a oeste de Recifc-Pli, Nordeste do Brasil. A ocorrenciaCparte de urn megaenclavc inserido em ortognaisses
de compcsicao granttica a tonalitica, os quais constituem 0 embasamcnto do cinturllo de dobramento proteroz6ico Pajcu-Parafba na
Provincia Borborema. Rclucocs de campo, feicccs pctrograficas, dados geoqufmicos e datacocs U/Pb em zlrcocs sugerem que os
ortognaisscsde composicaogranitica forrnaram-sc a 2,1Ga pela migmatizccaodc tonalitos com idadc de cristalizacao2,44 Ga. Muitos
enclaves (dccimcuicos a mctricos. alguns hectomctricos) metamorfisados e de composlcao petrograficavariada. destacando-se os de
anonositos. gabros, gabronoritos. dioritos bandados a anfibolitosgabroicos. calcio-silicaticas e trondhjemitos, csuo aleatoriamente
distribufdos nos ortognaisses. 0 minerio de Fc-Ti ocorre na forma de urn corpo tabular rnacico com 0,8 m de cspcssura e urn
comprimento que varia entre 60 e 80 m, envolvido por gabro-anortositos, anfibolitos bandados e metatrondhjemitos que juntos
formam urn megaenclave hectometnco nos ortognaisses. Algumas ap6fises do minerio. fonn ado essencialmente por magnetita
martitizadae ilmenita, intcrscctamas rochas maficasencaixantes.0 anfibolito bandadoe m tomo do mincriocidcnticoaosque ocorrem
comodiquese enclaves sin-plutonicos nosortognaisses tcnalfticos,enquantoqueos gabro-anortositos sao similarcsaquelesencontrados
como xenclnos nos ortognaisses. Feicoes pctrograflcas. diagramasde variacaoe padroesde dtstnbuicao de elementos traces e de tetras
raras sugerem fortemente que os gabro-anortositos, gabronoritos e trondhjemitos sao produtos da ducrcnctacao de urn magma
tolciltico deafinidade oceanicaou originado pela fusaode uma fatiacrustalcompostade toleiftos de area vulcanico.Os metagabronoritos
parccern represcntar os magmas mais primitives a partir dos quais os anortositos teriam se formado por crtstaltzacao fracionada do
plagioclasio cnquanto que os prot61itos dos anfiholitos tcriam crismlizudo a partir da fusao residual. 0 mincrio rcprcsentariu a fra.;ao
residual mais evolufda da suite.

Palavras-chave:Mincrio de Fc-Ti, anortositos, enclaves, ortognaisscs, Barro Vermelho, Nordeste do Brasil.

Abstract The Barro Vermelho Pc-Ti ore body is located 12 km east of the town ofCust6dia and 320 km west of the city of Recife
in the State of Pernambuco (PE), Northeast Brazil. It is part of many enclaveentrained within granitic to tonalitic orthogneisses that
constitute the basement of the Proterozoic Pajeu-Parafba foldbelt in the Borborcma Province. The field relationships. petrographic
features, geochemistryand U/Pb data on zircons suggest that the gneissesofgraniticcomposition formed at2 .0 1Ga by migmatization
of the 2.44 Ga old tonalircs. Many decimetric to metric and a few hectometric metamorphosed enclaves of anorthosite. gabbro to
gabbronorite. banded diorite to gabbroic amphibolites, calc-silicate rocks and trondhjemites are randomly distributed within the
orthogneisses. The Fc-Ti ore body occurs as an almost concordant tabular massive unit. 0.8 m thick and 60 m to 80 m long, enclosed
ingabbro-anorthosite. banded amphibolite and trondhjemite that together form a hectometric mega-enclave within theorthogneisscs.
Some apophysis of the ore body. formed by martitizcd magnetite and illmenitc, crosscut the mafic wallrock. The banded amphibolite
enclosing the ore body arc identical to those found as synplutonic dykes and enclaves in the tonalitic ortbogncisses. while the gabbro­
anorthosite are similar to those found as xenoliths in the orthogneisses. Petrographic features, variation diagrams, and trace element
and REEdistribution patterns strongly suggest that the gabbro-anorthosites, gabbronorites. trondhjemites, and banded amphibolites
asenclavesare differentiation products of a tholeiitic magma ofoceanic affinityororiginated by the meltingof a crustal slabcomposed
of volcanic arc tholeiites. The mctagabbronoritcs appear to represent the most primitive magma from which the anorthosites are
interpreted to have formed hy fractional cryst allization of plagioclase while the protholiths of amphibolites may have crystallized
from the residual melt. The ore body may represent the most evolved melt of this suite.

Keywords: Fe-Ti ore. anorthosites, gabbros, enclaves, orthogneisses, Barro Vennclho, NE~ Brazil

INTRODUCTION The Barra Vennelho Fe-Tiare body is located
320 km west of Recife and 12 km east of the town ofCust6dia , in
the State of Pernambuco (PE), Northeast Brazil. It occurs within
the Paje" Paraiba foldbelt of the Borborerna Tectonic Province as
defined by Brito Neves (1983) , and, according to Santos (1995 ,
1996), it is hosted in the Paleoproterozoic basement of the Alto
Moxoto Terrain of the Transversal Domain of the Borborema
Province. The Barro Vermelh o ore body together with the Riacho
da Posse Fe-Ti ore deposit (near Floresta, 120 km southwest of
Barro Vermelho) and the Itatuba Fe-Ti deposits (200 km to the
northeast) are aligned along the same regional structural trend
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following a positive gravimetric anomaly (Rand & Manso 1990,
Fig. I). This trend extends for more than 400 km from the town of
Floresta (PE) to the town of Lucena at the coast of the State of
Parafba (PB) and possibly correspond s to a continental suture
(Beurlen et al. 1992),

Santos ( 1977, 1995) described the Barro Vermelho ore deposit
as part of a stratiform gabb ro-anorthositic complex, interpreted as
belonging to an intraplale tholeiitic suite identified by this author
in the area of'Ploresta-Pfi as the Malhada Vermelha Suite. Santos
( 1995) referred this suite as a series of small tabular intrusions or
tec tonic s lices of mafic-u ltram afic roc ks in the orthog neisses from
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Figure 1 - Regional geologic-g ravimetric map that shows the location of Barro Vermelho, Flores ta and ltutuba ore occurrences.
Modified afterBrito Neves ( /983) and Rand & Manso (/990).

the Paleoproterozoic Floresta Co mp lex, which he interp reted to
represent early tectonic magmati sm associated with a
M esoproterozoic "accretionary/contractional event" . According
to Sa ntos (1995), the Malhada Vermel ha Suite includes qu artz
diorites. diorites, anorthosites. gabbros, amphiboli tes,
hornblendites,calc-silicaterocksand act inolititcs, The same rock
types are fou nd at Barro Verme lho, but usu ally as small enclaves
within the basement orthogneisses rather than formin g well-defined
mafi c bodies. Also, ultramafic rocks associated with the Fe-Ti ore
body at Floresta are not obse rved near Barro Vermelho .

GEOLOGY OFTllE 8A RROVERMELHOAREA Detailed
geo logic mapp ing of an area of approx imately 50 km ' surro unding
the Barro Vermelh o Fe-Ti ore deposit allowed to distin guish two
lithological dom ains: I) a domain oforthogneisses containing mafic
e nc laves and the Fe-Ti ore in the so uth and 2) a domain of
supracrustal rocks including ga rnet-co rdierite-s illirnanite-biotite
schists and gneisses , migmatites and anatectic granites,
amphibolites and calc-s ilicate roc ks in the north (Fig. 2). The
supracrustal rocks be long to the Cabrob6 Complex, of assumed
Mesoprotero zoic age (Sa ntos 1995). Th e E-W striking co ntact
with the northern orthogneissic domain is parallel to the main
folia tion of both doma ins and is mostly covered by regolith .
Because the main focus of this work is related to the Fe-Ti ore
body and surrounding mafic rocks, a description of supracrustal
domain will not bepresented indetail.

Theencla ve-hen ring orthogneisses Thedomainof orthogneisses
is composed mainly of leucocratic gneisses of granitic,
monzogranitic,granodioritic, quartzdloritic totonaliticcomposition,

with variable amounts of mafic enclaves. The variations in the
bulk compositionsof banded leucocratic gneisses are due to the
variableratio betweenbandsof graniticandtonaliticcomposition,
respectively, in thesameoutcrop,andto thecommonlygradational
or diffuse contacts between these bands. Where transitional
contacts between the bands occur, K-feldspar replaces the
plagioclase in the tonalitic gneisses. In the less common cases,
however, where the contactsare sharp, the granitic bandsclearly
crosscut apreviouscompositionalbandingof the tonaliticgneisses
formed by alternating bands of leucotonalitic to trondhj emitic
composition with mafic laminae rich in amphibole and biotite (Fig .
3). All these features suggest migrnatizati on , with the ton alites
representing the melanosome and the granites the leucosome.
The pure granitic bands have augen texture with microcline
megacrysts ( I to 4 em) in a medium-grained groundmass ofqua rtz,
microcl ine, plagioclaseand biotite.

UlPb data on zirco ns indicate crystalliza tion ages of 2.44 Ga
for the tonaliti c melanosome and 2.0 1Ga forthe granitic leucosome
(Melo 1998, Me lo et of. 2002). Th ese result s are co nsis tent with
the re lative age differences indicated by fie ld re lationships and a
correlation with the Floresta Co mplex, as suggested by Sa ntos
(1995).

Enclavesof me tamafi c rocksin the orthogneissesvary insize
fromafewdecimeters(most common) toseveral meters,but intwo
cases reach up to a few hundred meters in extension. Based on
their shapes, fabrics,compositionand field relationshipswith the
tonaliticorthogneisses, the enc laves wereclassificdinto fivetypes:
1) rounded to angular gabbro-anorthositic xeno liths ; 2) tabu lar,
lenticular to e lipso ida l amphibolitic synplutonic enclavesmostly
formed by fragmentation of diorit ic to gab broic dykes: 3)
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Figure 2 - Simplified geological map around Fe-Ti occurrence of Barre Vermellw, modified f rom Melo (/998). Supracrustal
domain: a) migmatites; b) auatetic granites; c) biotite gneisses. Orthogneisse domain: d) orthogneisses; e) anorthosites; JJ
leucogabbros; g) gabbros; IE) gabbronorites; i} trondhjemites; j ) banded amphibolites; k) calc-silicate rocks; I) olivine diabase
to troctolite; Ill) Fe-Ti are. Other simbols: n) fo liation; 0) strike ami dip of banding with stretch lineation; p) infered
geological contact; q) dykes of deformed anorthosite and gabroic rock; r) and s) roads, Obs.: The size of the mafic bodies
is oW of scale and about / .5 larger than that showed by the grafic scale.

metagabbronorite enc laves; 4) calc-silica tic rocks and other
xeno liths of mafic co mpos ition; and) sy n- late- and post­
migmatitization enclaves and dykes of dioritic to monzogranitic
and aplitic compositions. apart from pegrnatitic veins. In addition
to the mentioned mafic rocks , post-tectonic dykes of o livine
gabbro to troctolite are also locally present.

The enclaves are commo nly composed of one homogeneous
lithologic type. withonly slight variations in texture or composition.
Usually no direct field relat ionsh ips between the rock types of the
different mafic enclaves can be observed. As detailed in the next
section, direct fie ld relationships between the enclaves of type I,
2 and 3 were observed only in one mega-enclave that also includes
the Fe-Ti mineralization.

Gabbro -anorthosite xenoliths exhibit a medium- to coarse­
grained tlaser texture. Plagioclase (An-50) occurs as lenticular
aggregates I to 5 cm across, alternating with elongated fine layers

of amphibole and cl inopyroxene. S lightly variable proportions
betwee n fine mafi c layers and plagioc lase aggregates are
interpreted to be the result of the recrystalli zation of former
megacrysts and are respons ible for co mpos itional variations
observed in different enclave s, from anorthos itic to gabbroic/
dioritic phases. As this banding is para llel to the main foliation, it
is interpreted as a metamorphic ratherthan igneous banding. Small
amounts of garnet may occ ur at the contact of the plagioclase
aggregates and the fine mafic layers. In some cases, where a primary
isotropic texture is preserved, the cumulate textureof the plagioclase
megacrysts and the intercumulus nature of the mafic minerals are
evide nt. Some of these enclaves display an internal foliation that
is usually oblique to the externa l foliation of the gneisses (Fig. 4),
indicatin g that the already solid and deformed anorthosite was
disrup ted and rotated during the deform at ion of the tonalitic
gneisses.
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Figure 3 - Bands of granitic (white) and tonalitic (grey)
composition in gradational diffuse call/acts.

Figure 5 - Amphibolitic synp lutonic enclaves mostly formed by
fragmentation of dykes.

Synplutonicenclaves are tine- to medium-grainedarnphibolites
of dioritic to gabbroic bulk composition (Fig.5). A compositional
banding is commonly observed, sometimes includ ing thin bands
of trondhjemitic composi tion. Loba te contacts with the enclosing
tonalitic gneisses are also common. The trondhjemitic bands in
thesynplutonic enclaves are distinguished from similar bandsin
thetonaliticorthogneisses dueto small amountsof orthopyroxene
in the latter,

Metagabbronorite enclaves always display a homogeneous
co mposition and texture . Two elongated and slightly foliated
decimetricenclavesof these rocksoccur extending parallel to the
foliationof the enclosingtonaliticgneisses. Their textureindicates
a simultaneous crystallization of plagioclase, orthopyroxene and
cl inopyroxene, with both pyroxenes being often replaced by
amphiboleattheir rims.

The Fe-T; ore bod y The Fe-Ti ore body occurs as eluvial blocks
of massi ve ore along the southern slope of an oval-shaped E-W
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Figure 4 - A decimetric xenolitli ofleucodiorite showing internal
foliat ion (Si) truncated by the external fo liation of the host
tonalitic orthogneisse.

Figure 6 - Trench 4. Rounded leucogabbroic autho littt ( Ia) ill
contact with comagmatic diorite ( Ib).

subtle topographic high extending approximately600 x 800 meters.
Fragments of trondhjemite, leucogabbro, orthogneissc and aplite
are also locally present with orthogneisses outcrops found all
around the base of this topograp hic high. Direct field observations
of the contact between the ore and its wall rocks could only be
seen in four trenches cut through the Fe-Ti ore body. A detailed
magnetometric survey was also carried out to check thesize and
structural relationships betwee n the ore body, the mafic wall-rocks
and the surrounding orthog neisses , Based on this survey it
became clear that the ore constitutes a part of a single enclave
extendi ng over 100 m parallel to the banding and foliation of the
orthogneisses. The four trenches allowed to establish the field
(and age) relationships betwee n the ore, the mafic wall-rocks and
orthognei sse s as fo llows : a) the coarse-grai ned gabbro­
anorthosites usually found as xenoliths are now observed as
rounded autholiths in the band ed amphibo lites of dio ritic to
trondhjem itic compos ition (Fig. 6); b) trondhjemitic bands form
pinch and swell fabr ics with the banded amphibolites, sometimes

Revista Srasi/eira de Geocieociss . Volume 34, 2004
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Figure 7 - Trench 2. vained apophysis ofbanded Fe-Ti are ( ItI)
cutt ing co mag matic leuco gabbro (1 a) , di orite (1b) and
trondhjemite ( Ie) suggesting that the ore represents the most
evolved melt ofthe suite.

with lobate contacts (Fig.7);c) the trondhjemitic and amphibolitic
bands are truncated by apophysis of the banded magnetite­
illmenite ore (Fig.7, also); d) the granitic augen gneisses form
apophysis crosscutting all mafic rocks, and e) all these rocks are
cut by subvertical aplite dykes.

Ore petrography The Barro Vermelho Fe-Tiore body consists of
an aggregateof"spongy" texturedmagnetite (72-76%) and iIImenite
(14-17%), having less than 10% pore space due to leached silicates
and clays. Magnetite occurs as subhedra l to polygonal, I to 3 mm
size grains. The grains usually arealmost completely rnart itized,
but large illmenite "oxidation-exsolution" (Buddington& Lindsley
1964) lamellae with 70x400 micron oriented along the octahedron
are stillrecognizable(Fig.8). In the non-martitized parts, tiny blebs
of spinel border these iIImenite "cxsolution" lamellae. A second
phase of martitized magnetite also occurs, as lamellae included
along the illmenite pinacoid (reductionexsolutions; Haggerty 1981).
The illmenite gra insare always interstitial to the magnetite grains.
At the contact with the polygonal magnetite grains a 20-micron
coat with I to 5 micron blebs ofspinel exsolutions OCUITS. IIImenitc
also shows a "pseudo" cleavage after 000 I filled by discoidal
exsolutions of spinel orcorrundum. Oblique and parallel to this
direction.narrow(-2.5micron)exsolution lamellae ofhematite are
observed. The partially preserved silicates include amphibole,
garnet,plagioclase. biotite andapatite. ~

The calculated reserves of Ti within the Barre Vermelho ore
body is about 30,000 toos.The relatively small size of this deposit
and the presence of fine hematite exsolution lamellae in the
interstitial illmcnite prevent this ore body from being economically
attractive.

GEOCHEM ISTRY Analytica l methods Major, trace and rare
element chemical analyses were performed in the ACf/ACME
labs inCanada,on24 samplesof mafic eoclaves aod 10 samplesof
the graoitic-tonalitic host gneisses . The INAA techoique was
appliedto REE, Cr, Hf, Rb, Th, U determinations and ICP to major
and other trace elements. The mafic enclaves analyzed included 7
samplesof gabbro-anorthositic xenoliths, 6 samplesofsynplutonic
enclaves, 4 samples of metagabbronorite enclaves. and 3 orc
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Figure 8 - Polished section of the Fe-Ti ore showing mart ltized
magnetite with ilmenite exsolution lamellae with tiny blebs of
spinel at the edge.

samples. The accuracyof the results was monitored by including
two samples of USGS standards (AGV- l andesite and RGM-I
rhyolite) in the sample set, In addition, two of the Barro Vermelho
sampleswereincluded induplicate.Formostelements the analytical
errors are below ± 5% in comparision with the standard values
(Govindaraju 1984) and with repeated samples. For Th,Cr,Zr, Nb,
Nd, Lu larger deviations wereobtained, always between 15 to 25%
below the standard values . This error is acce ptab le if the
displacement of the elements in geochemical diagrams is not
significant.

The mobility of major elements in the mafic rocks during
metamorphism, migmatization or some eventual hydrothermal
alteration was tested by using molecularproportion diagrams as
suggested by Pearce (1968, 1970), but normalized to Ti0

2
•P,o"

and V The Zr usually used for this purpose was avoided because
of the accuracy errors near±5%, as mentioned. According to this
approach, AI, Ca and Na are the most reliable major elements (less
mobilized) forpetrological interpretation of the Barra Vermelho
sample set. Fe and Mg were moderately mobilized while K and Si
were intensively remobilized. This result is consistent with the
observed migrnatization of the rocks in this area.

Lithogeochemical Data Variation diagrams andthe molecular
proportion diagrams allowed to distinguish two groups of mafic
rocks. The first. composed of gabbro-anorthositic xenoliths
samples and the second of synplutonic and metagabbronorite
enclaves samples. Distinct linear trends resulted for these two
groups in those variation diagrams in which the less mobilized
elements (AI, Ca, Ti, Fe, Mg) are used, as shown in figure 9.Calc­
silicate and other mafic rocks have been omitted because they
never co nform to the trends. In the diagrams the gabbro­
anorthosites xenolithsdisplay a positive correlation forTilFe. Til
Mg and MglFc (Figs. 9B, 0 and F) and a negative correlation for
TilAl,TilCa and MglAI(Figs. 9A, C and E).These correlations are
explained as the result of mixing in different proportions of the
plagioclase cumulus and mafic minerals intercumulus ratherthan
by igneous differentiation trends. The group of synplutonic
enclaves together with metagabbronorites presents positive M gt
AI(Fig. 9E) and negative TilCa and MglFe correlations (Figs. 9C
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Figure 9 - Variation diagrams for Ti0 2 and MgO versus major element oxides (weigh percent) . Note the presence oftwo distinct
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Figura 10 - Chondrite-normatized REE patterns of comagmatic
are, leucogabbros and ga bbros of Laramie Range massi ve
complex (G o ldenberg, 1984) and of comagmatic s imila r
lithotypes of Barro vermelho. Normaliz ation facto rs f rom
Nakamura ( /977).
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mentioned groups. suggesting that metagabronorites may
representtheoriginal (ormore primitive) magmaof the suite, from
which anorthositicrocksfractionated byflotation.Theremaining
magma may have laterproduced the synplutonic enclaves while
the Fe-Ti a re wo uld represe nt the most e volved, res idual me lt of
thesamesuite, similar to thenelsonitesof themassiveanorthosite

and F) , trend s that are in opposition to those observed in the
gabbro-anorthositic xenoliths. Simultaneous plagioclase and
clinopyroxenefractionation from asingleparental magmasource
co uld expl ain these trends. The fractionatio n of plagioclase wou ld
imp ly in loss of Ca and AI in the residual melt, from which the
plagioc lase co uld separate by flotation fanning the anorthosites
in the upper part of the magma cha mber; the fractionation of
clinopyroxene would reduce the Ca and Mg contents in the melt,
with the pyroxene crystals settling in the basal part of the mag ma
chamber toformultramafic layers.

The chondrite normalized rare eart h element (REE) diagram for
the Barra Vermelho roc ks (Fig. 10) shows that samples of gabbro­
anorthositic xenoliths and synplutonic enclaves have patterns
approx imately parallel to each other, but with oppositeEu anomalies.
Synplutonicenclaves are enriched in REE by a factor approximate ly
5 times than gabbro-anorthositic xenoliths, and the synplutonic
e nc la ves d isplay negative Eu a nomalies w hile the ga bbro­
anortositic xenoliths show positive anomalies. The total amount
of REE increases and the intensity of the positive Eu anoma ly
decreases with the percentage of interstitial mafic minerals in
different samples of gabbro-anorthositic xeno liths. These pattern s
arevery similar tothoseof massiveanorthositecomplexes suchas
the Laramie Range (Go ldberg 1984) shown in figure 10. In addition
to thegeochemical data, the cogenetic nature of the synplutonic
enclaves andgabbro-anorthositicxenolithsisalso clearly indicated
by their field relationships. The RE E contents of a re samples from
Burro Vermelho also show a distribution para lle l to gabbro­
anothosi tic xenoliths and synplutonicenclaves. Contrasting with
the strong enrichment observed in Laramie Range ores, at Barro
Verme lho the REE contents are dep leted as compared to gabbro­
anothosit ic xe no liths. This de plet io n could be the result of
weathering of the Barro Venn elho a re samples, in which the greatest
part of silicates andapatitewere leachedout.Themetagabbronorite
enclaveshavea nearly horizontal REEdistribution,absenceofEu
anomaly and an intermediate position between the two previous
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Figure 11 - Chondrite-norma lized REE patterns fo r rocks of
Hidra Massif(Demaiffe & Henogen., 1981) , Stillwater (Salpas
et al., 1983), Bad vermilion Lake and Fiskenaesset (Ashwal,
1993). Nonna lizationfactors from Nakamura (1977).
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Figu re 12 - Chondri te-normalized trace element varia tion
diagram for rocks ofRogaland-Norway (Duchesne et aI., 1989)
an d for typica l xe no lith, synp lutonic encla ve and
metagabbronorite ofBarra Vermelho. Normalizationfactorsfrom
Thompson et al. (1984).
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high SmlNd ratios ( 47Sm/(44Nd > 0.12) yield anomalously high
T(p~ model ages that should be ignored. As such, only samples
OM: l64A and OM-153B yield meaningfulT(DMl model ages, 2.30
and 2.73 Ga, respectively. These data suggest that some older
Archean crustal material was incorporated duringthe genesisof
the2.44 Ga tonalitic gneisses, while themafic enclaves appearto

Figure 13 - MORB -lIormali zed REE pattern s for
metagabbronorite of Barra Vermelho and island arc basa lts.
Note that the pattern fo r metagabbronorite (average of two
samples) is similar to that showed by volca nic arc tholei itic
basalts. Values after Pearce (1982), including the normalization
factors.

complexesor likejotunite and ferronoriteoredykes of Rogaland in
Norway(Duchesne 1999).

An opposing patterns observed between gabbro-anorthositic
xenoliths and synplutonic enclaves samples is also seen in the
chondrite normalized spidergram of figure 12, for Ba,Th,Ta,Sr,P,
Zr andTi (inaddition to the REE): depletion ofTa,La,Ce,Nd, P,Zr,
Ti and Y and enrichment in K and Sr in gabbro-anorthositic
xenoliths and strong enrichment ofBa, Rb, Th, Ta, La, Ce, Nd, P,
Sm,Zr,Hf, Y anddepletion inK,Sr, and Ti insynplutonicenclaves.
Again the metagabbronorite samples lie between the other two
groups. The metagabbronorite pattern in a MORB normalized
spidergram (Pearce 1982), fits well the pattern of Volcanic Arc
TholeiiticBasaltsdistinguished from other basaltsby lower Cr,Zr,
Nb,Sr, Ba and K values (Fig.13). The same oceanic and tholeiitic
affinity of the metagabbronorite enclaves is observed in the
diagrams Ti/KO/P,O, (Fig. 14) and FeOtlMgOlNa,o+K,O (Fig.
15). The metagab bronorite samples were selected for the
interpretation of these diagrams becausethey are interpreted to
be the best representatives of the most primitive magma of the
Barra Vennelhomaficsuite.

SmlNd isotopic analyses were performed on both the mafic
enclavesand the surroundinghost gneisses. T(DMJmodel agesfor
the maficenclaves show a range between 2.3 and 3.1Ga (Table I,
Fig. 16). Such a large variation in model ages does not have any
bearing on the postulated cogenetic formation of the gabbro­
anorthositicxenoliths, synplutonicenclaves and metagabbronorite
enclaves. Rather, the range can be attributed to the variations in
the SmlNd ratios (which influencecalculated T(DMlmodel ages) in
thedifferentrocks. These variationsarecommonlyduetodifferent
abundances of mafic mineral phases (and garnet) that are
preferentially enriched in Sm relative to felsic mineral phases.
Althoughmetamorphism candisturbSmlNdratios, it isnot common
on a wholerockscale. Because theequation forT(DMJmodel ages
was developed to help understand the evolution of fels ic crust,
data from mafic rocks must be interpreted carefully. Rocks with

Revista Brasileira de Geociencies, Volume 34, 2004 527



Petrology of the Barra Vermelho Fe-Ti are bodyand its metamafic hostrocks, Cust6dia·PE, Northeast Brazil

110,
have beenderived from a Paleoproterozoic source.
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DIS CUSSION Dur ing the detailed geologic mapping in the area
surrounding the Barro Verrnelho Fe-Ti body it was not possible to
detec t a well defined layered mafic complex or body related to the
ore, as expectedfrom information in the literature. As a matterof
fact,onlyalarge numberofmaficenclaves withrandomdistribution
in a complex of granitized/migmatitized tonalitic gneisses were
observed. Few enclaves reach sizes in the order of two or three
hundred meters in length while the great majority ranges between
a few decimeters to two orthree decameters. Five types of enclaves
formed by different mafi c rock s were distingu ished. Most of the

K,O

Figure 14 - Tectonomagmatic diagram after Pearce et al.( 1975)
that discriminates between oceanic basa lts (field A) and
continental basalts (field B). Note that the metagabbronontes,
whose protholiths better represent the original magma of the
mafic suite ill terms ofcomposition, fa ll ill the field A.
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Figure 15 -A FM diagram, curve oflrvine & Baragar,(1971)for
lithotypes of Barro Vermellw. Note that the metagabb ronorites
f all ill the tholeiitic fi eld. Symbols as ill figura 14.

Figure 16 - Model ages (Sm/Nd - Tim) of .\pme lithotypes of
Barre vennelho. See numeric date ill table J and comments ill
the text.

Table 1 - Isotopic dat e (Sm -Nd) and model ages f or some lithotypes of Bar ra Verme /ho.

Sa mple Nd Sm U7Sm I lUNd lUNd I lUNd EI)5110 n Nd Epsilo n Nd Eps ilo n Nd TU"'1l
ppm ppm >2. (Ioday) (600 M a) (1,000 M a) Ga

OM · 49 N 3,66 1,01 0,16714 0,5 12126 ~9 · 10,0 ·7,7 ·6.2 3,08
(Xe nolith)
OM ·164 A 13,93 1,74 0,07560 0,5 10967 ~ II · 32.6 - 23,3 . 17, 1 2,30
(Xenolith)
O M· 139 Meta-
gabbronorite with 12,5 1 4,01 0,1937 1 0,5 12714 ~ 12 I.S 1.7 ·1,9 2.56
garnet
OM . 46 A

18,38 4,07 0,13407 0,511646 :is · 19,4 - 14,6 - 11,4 2.70
Sy nplutonic enclave
OM · 153 8 12,37 1.50 0.07307 0,5 10544 :i 17 - 40,9 - 3 1,4 · 25.1 2,73
To nalitic cncanetsse
OM· 63 D 27,7 1 5,94 0, 12969 0,5 11374 :i 8 - 24,7 . 19,5 ·16,1 3,07
(Calc-s ilicate)
OM · 38 () 14,42 3,11 0,13022 0,5 11755 :i 9 • 17,2 . 12,1 ·8,7 2,36
(Troctoli te)
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enclaves are composed of one single roc k type, with only slight
compositional or textural variations. One hectometric enclave
includes the Fe-Ti ore and is the only where various rock types
occur together. Four trenchescut through thisenclave allowed to
ob se rve the co mmo n fie ld rel ation ships be tween gab bro­
anorthositic xenoliths, synplutonicenclaves,ore, graniticgneisses
and later dykes. Fie ld relationships with the other types of mafic
enclaves unfortunately were notobserved.Thissituationrequired
to resort to lithogeochemistry to try to understand the petrological
relations between the different mafic rocks and their relationship
to the ore . It is clear that the use of geoc hemica l diagrams, mostly
produced from unmetamorphosed Mesozoic or younger rocks, to
understand Paleoproterozoic or Archean and metamorphosed
rocks occurring as enclaves in migmatitized orthogneisses is
somewhat tenuous. We emphasize, however, that it is the only
tool presently availab le to help unravel this problem .

According to this approach and in agreement with the field
relationships observedbetweenore, gabbro-anorthositic xenoliths,
synplutonic enclaves and metagabbronorites. these lithotypes
belong to the same mafic suite . The other mafic enclave types
observed were either modified too much durin g metamorph ism
and migmatitization or do not be long to this suite

The geochemica lcharacteristics and specially the REE patterns
of gabbro-anorthositic xenoliths, synplutonic enclaves and
metagabbronoriteenclaves resemble thoseof massiveanorthosite
co mplexes (La ra m ie Ra nge , Ad iro ndack, etc .) . Arc hea n
anorthositeshaveREE levelsaboutthree to five timeslower than
those observed at Barro Vermelho , a lthough equally pronounced
Eu anomalies (Figs. 10and II ). Anorthosites of the Stillwater layered
co mplex behave like the Archean anorthosites and have sma ll or
no Eu anomaly when they reach REE levels close to those of
massive type anorthosites (Fig. 11, also). In the Bushveld layered
complexnoEuanomaly isobservedin theB2 magmafrom which
the anorthosites derived (Harmer & Sharpe 1985). In addition, the
anorthite co ntent o f the plagioclase of the Barro Vermelho
anorthos ites around 50% or less is distinctly lo wer than usually
observed in Archean or layered complexes. In layered co mplexes
large variationsof the anorthitecontent in plagioclase from 55%
to 80% would be expected. On the other hand , thc REE level of the
Barro Vennelho anorthosites is about four times lower than the
observed in anorthos ites and leucogabbros of jotunit ic affiliation
(Damaiffe& Hertogen 198 I).

So me rocks of the jotunit ic se ries at Rogaland-Norway
(Duchesne et al. 1989) show chondri te-normalized spidergrams
with conspicuous depletions ofRb, Th , Nb-Ta, Sr,Zr, Hf and Ti, in
comparison withtheother trace elements whichform a plateau at
100 to 200 times chondrite values (co mpare Figs. 10 and II ). At
first glance, this pattern resembles the distribution observed in
synplutonic enclaves of Barro Vermelho, in which a strong
dep letion (at about 10 times that of chondrite) ofNb,Ta, Sr and Ti
is also observed (Fig.12). However, an outstand ing differe nce of
the synplutonic enclaves is that the "plateau" is at the 20 to 50
times chondrite level, and not at 100 to 200 , as in samples from
Rogaland . In addi tion, Th and Zr show no depletion at Barro
Vermelho and K forms a negative anomaly while in Rogaland K
lies on the plateau.Therefore , it seems that the greatest geochemica l
similarity of the Barro Vermelho anorthosites is with massive
anorthosites of tholeiitic affiliation such as Laramie, Ana Sira,
Egerund,etc. Oneproblem with thisinterpretationariseswith the
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geochemical indication ofa \bleanic Arc Tholeiitic Basalt (oceanic)
affiliation for the Barro Vermelho anorthosites (Figs. 13 and 14)
contrastingwith thesuppositionof a thickcontinental crustsetting
for most massive anorthosite occurrences of the world (Ashwal
1993).However, theoceanicsignatureatBam)Vermelhocould be
exp lained easily if the source magma had formed along a plate
margin setting, by melting of an oceanic crustal slab subducting
or underp lating a thick continental crust, in analogy to the model
suggested by Duchesne et al. (1998) and Morgan et al. (2000). A
seco nd prob lem in accepting the Barro Vermelho anorthosites as
being of the massif type is the minimum age of 2.44 Ga, well
constrained by the UlPb data on the host gneisses . This would be
an unusually old age for a massif type anorthosite.

Other Fe-Ti ore occurrences of the Pajeu-Parafba foldbe lt in
the Borborem a Province include: the occurrence of Itatuba-PB
where a Vo lca n ic Arc T ho le iitic Basalt af fi liation and a
Paleoproterozoic age is also supposed (Almeida et at. 1997); the
Fe-Ti ore in the midd le Proterozoic (1.7 Ga, Accioly et al. 2000)
massive anorthosite complex of Passira - PE; and the Fe-Ti ore
deposits near F1oresta-PE, hosted in ultramafic rocks of supposed
ophiolitic affiliation (Beurlen 1988, Beurlen et al. 1992) and middle
Proterozoic age (Santos 1995, 1996).The minimum ageof2.44 Ga
for the Barro Vermelho anorthos ites , co nstrained by UlPb data in
zircons of the tonalitic gneisses that host the anorthositeenclaves
(Melo et at.2002) sugges t that this occurrence is older than those
of Floresta and Passira and also older than those ages known for
massif anorthosites elsewhere.

CONCLUSIONS The Barro Vermelho Fe-Tiore body is part of
one hectometric mafic enclave within granitic to tonalit ic
orthogneisses. Numerousdecimetric tometricgabbro-anorthositic
xeno liths, sinplutonic dykes/enclaves of banded amphibolites and
various typesof xenoliths (composed of mafic and calc-silicatic
rocks) arealsofound asenclaves with random distribution in the
orthogneisses . Geochemical analyses sugges t that three types of
enclaves, respec tive ly ga bbro-a no rthos itic xe noliths , banded
amphibolitic sinplutonic dykes/encla ves (dioritic to trondhjemiti c
in composition) and gabbronoritic enclaves belong to the same
mafic suite responsible for the ore formation. This mafic suite is
interpreted to have been derived from a tholeiitic magma in
Paleoprot erozoic (SmlNd data) volcanic arc setting or by melting
ofsimilar maficsourcerocksinasubductingor underplatingcrustal
slab in a continen tal plate margin setting (based on trace and rare
earth element patte rns) . The gabbronorites are the most primitive
rocks of this suite and the gabbro-anortho sites the ear liest
d ifferentiat io n product s (floating cumu la tes) . Th ese ea rly
crystalizationproducts wereentrained as xenoliths byan ascending
tonalitic intrusion at 2.44 Ga . Simultaneously the residual tholeiitic
magma produced the synplutonic dyk es of gabbroic-dioritic­
trondhjemitic composition, including the Fe-Ti ore. The ore
probab ly represents the most evo lved (residual) melt of the sa me
suite. At 2.0 1 Ga the already deformed tonalitcs and the enclaves
underwent a rnigmatitization/granitization and a new phase of
deformation
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