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relativa ao evento de alojamento do complexo Quatipuru.
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A) Diques de diabdsio que cortam pods de cromitito apresentam-se boudinados. Localizagdo: 22L
645200W/9044495N.

B) Fotomicrografia de milonito de harzburgito. Luz natural. Aumento de 40x. Campo horizontal da foto é de 2 mm.
C) Fotomicrografia de milonito de dique de olivina gabro. Luz polarizada. Cpx= clinopiroxénio. A matriz
corresponde a cristais diminutos de plgioclasio e clinopiroxénio.

Xi



D) Aspecto de campo de zona de cisalhamento com formac&o de filonitos (fragmentos de rocha soltos no solo), em
meio as rochas do complexo Quatipuru.

E) Fotomicrografia de dique de olivina gabro mostrando uma associacdo de clorita-actinolita (Clo-Act). Luz
polarizada.

F) Fotomicrografia de microdobra pitgmatica em camada de talco-clorita xisto da zona de contato inferior do
Complexo Quatipuru (contato oeste), pertencente ao envelope de listwanito.
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A) Afloramento de frente de pedreira mostrando porc¢des de basalto fresco (roxo) e porcdes espilitizadas e (ou) de
material interpillow (verde). Notar as formas arredondadas ou elipsoidais das porcGes arroxeadas definindo o
contorno das pillow-lavas. A escala corresponde ao martelo de geélogo realcado em vermelho. Localizagdo: 22L
0666772W/9025822 N.

B) Vista em planta no piso superior da pedreira mostrando o contorno das pillow-lavas (evidenciado pelo tracejado
preto).

C) Detalhe do material interpillow com varios fragmentos de pillows menores. Lupa na porcao inferior esquerda da
foto como escala.

D) Detalhe da zona mediana Il correspondente ao contato entre basalto ndo alterado (roxo) e a porcao esverdeada da
zona mediana |, caracterizada pela zona de escape de variolas.

E) Fotomicrografia de variola com forma arredondada, composta por material muito fino em suas bordas;
internamente, algumas delas apresentam diminutos gréos de epidoto correspondendo a antigos graos de plagioclasio.
Luz natural.

F) Fotomicrografia de variola com provaveis antigos graos de olivina e clinopiroxénio em suas bordas. Luz natural.
G) Brecha de hialoclastito com tipica textura quebra-cabega (jig-saw texture).

H) Faixa de alteracdo hidrotermal em basalto caracterizada por forte epidotizacéo e aspecto brechado.
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RESUMO

Os tratos oceénicos existentes entre 0s blocos continentais descendentes do supercontinente
Rodinia sdo registrados na Faixa Araguaia por meio de corpos ofioliticos. Tais corpos frequentemente nédo
apresentam a classica pseudo-estratigrafia de ofiolitos, sendo representados principalmente por peridotitos
mantélicos serpentinizados e derrames basélticos. Dois dos maiores e mais bem preservados complexos
ofioliticos da Faixa Araguaia, 0 Complexo Quatipuru e 0 Complexo Morro do Agostinho compreendem
uma associacdo de peridotitos serpentinizados e pillow-lavas basélticas. A sequéncia mantélica €
composta por um arranjo interacamadado de harzburgito e dunito. Tais rochas abrigam uma suite de
diques e sills piroxeniticos e gabroicos, além de pods de cromitito com texturas nodulares e envelopes
duniticos, tipicos de complexos ofioliticos. As relagdes litoestruturais entre os peridotitos mantélicos, a
suite de diques e 0s pods de cromitito apontam uma associa¢do caracteristica da zona de transi¢do de
Moho, e relatam uma historia de multiplos estagios magmaticos e tectdnicos operantes durante a
edificacdo de litosfera oceénica. Estudos de litogeoquimica e quimica mineral demonstram a natureza
depletada e residual dos peridotitos, bem como sua similaridade com peridotitos do tipo MORB e/ou de
SSZ (supra-subduction zone). A cromita dos cromititos é do tipo alto-Al com baixos teores de EGP,
sugerindo filiacdo de liquidos MORB, formados em zona de expansdo oceédnica sobre uma zona de
subduccdo (SSZ), a semelhanca de outras sequéncias ofioliticas da América do Sul e Central. Dados
isotopicos de Sm-Nd corroboram o carater MORB desta sequiéncia ofiolitica, dado por valores positivos
de eng de basaltos (eng= +5) e diques gabroicos (eng= + 6,7) que cortam os peridotitos. Tais diques foram
utilizados na obtencdo de uma idade isocrbnica Sm-Nd de 757+ 49 Ma, que marca o estagio de
oceanizacdo da Faixa Araguaia. O ambiente tectonico inferido para a associacdo espacial de peridotitos
mantélicos e pillow-lavas do Complexo Quatipuru-Morro do Agostinho é uma zona de expansao oceanica
préxima a uma zona de falha transformante, a exemplo de associagdes semelhantes descritas em litosfera
oceénica moderna (e. g., falhas transformantes de Terevaka e Garrett). A obduccdo desta litosfera
oceénica em terrenos da Faixa Araguaia constitui-se como marcador de zonas de sutura na amalgamacéo
do paleocontinente Gondwana Oeste. A similaridade de terrenos da Faixa Araguaia com sua extenséo sul
que bordeja o Craton Amazénico, a Faixa Paraguai, juntamente com suas contrapartes em territorio
africano e sul-americano, a Faixa Mauritanides-Bassarides-Rokelides e a Faixa Pampeana,
respectivamente, demonstra que tais faixas sdo cronocorrelatas e co-participes da evolucdo de ciclos de

fragmentacdo e edificacdo de paleocontinentes.

Palavras-chaves: Faixa Araguaia, Quatipuru-Morro do Agostinho, ofiolito Neoproterozbico, cromitito podiforme,

Gondwana Oeste.
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ABSTRACT

The oceanic realms present between crustal blocks descendents of the Rodinia supercontinent are
recorded in the Araguaia Belt by the presence of ophiolite bodies. These bodies frequently do not present
the classic ophiolite pseudo-stratigraphy; rather they are mainly represented by serpentinized mantle
peridotites and basaltic lavas. Two of the largest and better preserved ophiolite complexes in the Araguaia
Belt, the Quatipuru and the Morro do Agostinho complexes are comprised of serpentinized peridotites
and basaltic pillow lavas. The mantle sequence is composed of an interlayered arrangement of harzburgite
and dunite. These sequences host a suite of pyroxenitic and gabbroic dikes and sills, in addition to
chromitite pods with nodular textures and dunitic envelopes typical of ophiolite complexes. The
lithostructural relationship among the mantle peridotites, the suite of dikes and sills, and chromitite pods
is a characteristic association indicative of the Moho Transition Zone and reveals a history of multiple
magmatic and tectonic stages during the development of the oceanic lithosphere in the Araguaia Belt.
Lithogeochemistry and mineral chemistry demonstrate the depleted and residual nature of the peridotites,
as well as its similarity with MORB and/or SSZ peridotites. Chromite from the chromitites is high-Al
type-ophiolite with low tenors of PGE, suggesting derivative MORB magmas formed in a spreading
center in a supra-subduction zone, similar to South and Central America ophiolite sequences. Sm-Nd
isotopic data also demonstrate the MORB character of this ophiolitic sequence, as indicated by positive
values of gyg from basalts (eng = +5) and gabbroic dikes (eng = + 6.7) that cut the peridotites. Samples
from dikes resulted in a Sm-Nd isochron of 757+ 49 Ma age, dating the oceanization stage of the
Araguaia belt. The tectonic setting inferred from the spatial association of mantle peridotites and pillow
lavas of the Quatipuru-Morro do Agostinho complexes resemble an oceanic spreading centre close to a
transform fault, as exemplified by similar associations described in modern oceanic lithosphere (e. g.
Terevaka and Garrett transform faults). The obduction of this oceanic lithosphere in the Araguaia Belt
terrains constitutes a suture zone marker in the amalgamation of the West Gondwana paleocontinent. The
similarity between the terrains of the Araguaia Belt and its southern extension the Paraguai Belt, both
bordering the Amazonian Craton, and their West African and south American counterparts, the
Mauritanides-Bassarides-Rokelides and Pampeana belts, respectively, demonstrates that the belts are
probably contemporaneous and co-participants during fragmentation and amalgamation cycles in the

evolutionary history of paleocontinents, i.e. the ties that bind.

Key words: Araguaia belt, Quatipuru-Morro do Agostinho, Neoproterozoic ophiolite, podiform

chromitite, West Gondwana.
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CAPITULO 1 - INTRODUCAO

A historia geologica do supercontinente Gondwana Ocidental durante o Neoproterozdico
envolveu a colisio de blocos continentais entre América do Sul e Africa, iniciada durante o
evento Brasiliano/Panafricano, ao redor de 850-750 Ma (Trompette, 1994; Castaing et al., 1994,
Thover et al., 2006, Trindade et al., 2006) e estendendo-se até 550-500 Ma. A localizagdo dos
limites dos blocos crustais, geralmente representados por sistemas de nappes e sequéncias
ofioliticas marcando zonas de sutura, constitui um dos pontos chave para os modelos de
reconstru¢ao. Os ofiolitos representam antigas litosferas oceanicas geradas em ambiente de
cordilheiras meso-ocednicas, e posteriormente obductadas em ambientes de bacia back-arc ou
fore-arc. A reconstrugdo de tais ambientes em terrenos geologicos que sofreram intenso
desmembramento tectdnico por vezes ¢ uma tarefa dificil.

Modelos de reconstrucao geoldgica de faixas de dobramentos do Neoproterozoico no
oeste do Gondwana (Trompette, 1994; Cordani et al., 2003) apresentam uma possivel jungo
entre a Faixa Araguaia e a Faixa Rokelide-Mauritanide no noroeste da Africa (Figura 1.1). A
identificagdo de antigos restos de litosfera oceanica na Faixa Araguaia (Trouw et al., 1976,
Paixao & Nilson, 2002; Kotschoubey et al., 2005) tem contribuido para um melhor entendimento
da evolugdo geolodgica desta faixa. Tal evolugdo inicia-se com a formag¢do de um rift continental,
levando a formagdo da bacia ocednica Araguaia e seu posterior fechamento, devido a colisdo
entre o Craton Amazdnico e outro bloco crustal a leste (Craton do Sao Francisco, Craton do
Oeste Africano, ou Bloco Parnaiba). Contudo, as principais caracteristicas da litosfera oceanica
neoproterozoica tais como idade, natureza das rochas mafico-ultramaficas e das rochas
metassedimentares encaixantes, além do ambiente tectonico de geracdo sdo ainda questdes em
aberto.

Os complexos Quatipuru e Morro do Agostinho sdo dois dos maiores e mais bem
expostos fragmentos de litosfera ocednica neoproterozoica da Faixa Araguaia. O objetivo da
presente tese ¢ estudar as fei¢Oes estruturais, petrograficas, petrologicas e de geoquimica
isotdpica destes fragmentos ofioliticos, comparando-os com os exemplos classicos de ofiolitos
(e. g., ofiolito de Semail) e com as atuais cordilheiras meso-oceanicas (e. g. East Pacific Rise),
na tentativa de estabelecer o ambiente de formagdo dos mesmos. Os dados obtidos permitiram
reconhecer os processos envolvidos na constru¢do de litosfera ocednica neoproterozoica e o
posicionamento geotectonico dos corpos ofioliticos, bem como reconhecer similaridades com
relagdo a litoestratigrafia, ambiente tectonico e evolugao geoldgica da Faixa Araguaia com faixas

de dobramentos brasilianas e pan-africanas, respectivamente Faixa Paraguai e Faixa Rokelides-



Mauritanides, traduzindo o elo de ligagdo destas faixas de dobramentos na evolugdo do

continente Gondwana ocidental.
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Figura 1.1 — Relagdes estruturais entre as faixas Pan-Africanas do oeste da Africa e as faixas Brasilianas. MB, Faixa
Mauritanide—Bassaride; RO, Faixa Rokelide; TS, Faixa Trans-Saharan; A, Faixa Araguaia; P, Faixa Paraguai; B,
Faixa Brasilia; R, Faixa Ribeira; DF, Faixa Dom Feliciano; SP, Faixa Sierras Pampeanas; O, Faixa Obanguides;
WC, Faixa West Congo; D, Faixa Damara. Modificado de Trompette (1997).

1.1. Organizacao da tese

A tese ¢ composta por cinco capitulos apresentados na maneira tradicional e na forma de
artigos. O Capitulo 1 introdutdrio apresenta aspectos relativos a area de trabalho e aos métodos e
materiais utilizados na pesquisa. O Capitulo 2 corresponde ao artigo intitulado *“The
Neoproterozoic Quatipuru ophiolite and the Araguaia fold belt, central-northern Brazil,
compared with correlatives in NW Africa”, publicado como capitulo de livro em volume

especial da Geological Society of London, ¢ baseado em dados de geoquimica isotdpica,



litogeoquimica e geocronologia, apoiando as discussdes de geologia regional e reconstrucao
geotectonica do Gondwana oeste. O Capitulo 3 apresenta dados adicionais sobre a geologia da
area e aspectos quimicos das rochas do Complexo Quatipuru-Morro do Agostinho.

O Capitulo 4 escrito na forma de artigo intitulado “Neoproterozoic podiform
chromitites in the Quatipuru Ophiolite: evidence of a supra-subduction zone in Central
Brazil” apresenta dados de quimica mineral e litogeoquimica dos cromititos e peridotitos
associados. Tal artigo foi submetido a Precambrian Research. A numeracao das paginas obdece o
mesmo critério do capitulo anterior.

O Capitulo 5 agrupa as discussdes e conclusdes finais sobre os corpos ofioliticos, desde
os aspectos petrologicos de sua formacdo em litosfera ocednica neoproterozodica até seu

posicionamento tectonico final nos estagios tardios do Brasiliano.

1.2. Localizacéo, vias de acesso e fisiografia da regiao

O Complexo Quatipuru e o Morro do Agostinho situam-se na regido norte do pais,
respectivamente no municipio de Concei¢cdo do Araguaia (Pard) e Araguacema (Tocantins), onde
a divisa de estados ¢ marcada pelo Rio Araguaia. A area do Complexo Quatipuru fica proxima
ao municipio de Santa Maria das Barreiras (PA), consistindo de um poligono, cujos vértices sao
delimitados pelas latitudes 8°20°00°” a 8°50°00 e pelos meridianos 49°30°00°” ¢ 49°50°00°°. O
Morro do Agostinho situa-se a 15 km a leste da cidade de Araguacema, onde as principais
exposicdes de basalto almofadado sdo exploradas para brita pela prefeitura municipal (frente de
lavra com coordenadas UTM 22L 0666772 W e 9025822 N).

A principais vias de acesso para a area saindo da capital federal sdo (Figura 1.2):

- BR-060/BR-153 (Belém-Brasilia), saindo de Anépolis (GO) at¢é 5 km a norte do
municipio de Miranorte (TO), tomando-se a oeste a TO-235 e depois a TO-164 rumo a

Araguacema (TO). A travessia para o estado do Par4 ¢ feita por balsa.
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Figura 1. 2 — Mapa de localizacdo ¢ vias de acesso para a area estudada (retaingulo em vermelho)

BR-060/BR-153 (Belém-Brasilia), saindo de Anapolis (GO) até o municipio de Guarai
(TO), seguindo a oeste pela rodovia TO-336 em sentido a Couto Magalhaes, cruzando-se
o Rio Araguaia e chegando ao municipio de Concei¢dao do Araguaia (PA).

BR-010/GO-118 (Rodovia Coluna Prestes) saindo de Brasilia rumo a Campos Belos
(GO), depois em Tocantins passando pelos municipios de Natividade, Porto Nacional,

Palmas, Miracema do Tocantins e finalmente Miranorte. Desta seguem-se as rotas
descritas acima.




Os municipios utilizados como base para a realizagdo dos trabalhos de campo no
Complexo Quatipuru foram os de Conceicdo do Araguaia e Santa Maria das Barreiras, ambos no
Para. O municipio de Araguacema no Tocantins foi base para os estudos no Complexo Morro do
Agostinho.

As estacdes climaticas na regido sdo bem definidas com um periodo seco que vai de maio
a setembro e outro chuvoso, que vai de outubro a abril. A vegetacdo ¢ do tipo transicional entre
cerrado e floresta amazonica, embora nas regides de serra onde ocorrem as rochas ultraméficas a
vegetacdo ¢ do tipo campo, mais rasteira (Figura 1.3).

A geomorfologia desta regido apresenta grandes areas com platds lateriticos e solos com
cobertura lateritica, desenvolvidos via de regra em dareas de ocorréncia de rochas
metassedimentares. As dreas de serra nessa regido sdo herangas de fei¢des litoestruturais, tais
como corpos ultramaficos e zonas de silicificacdo associados a zonas de empurrdo e falhas

transcorrentes (Figura 1.3).

Figura 1.3 — A. Vista do tipo de vegetagdo na area de serra. A parte verde clara corresponde a areas de exposicao de
rochas ultramaficas, enquanto que a por¢do verde escura (topo direito da serra) ¢ area de ocorréncia de listwanitos.
B. Visao do plato lateritico na por¢do oeste ao Complexo Quatipuru (plano inferior da foto).

1.3. Materiais e métodos

A presente pesquisa teve as seguintes etapas:

Revisdo bibliogréafica

Consistiu na compilagdo de trabalhos que versavam sobre a geologia regional e local da
regido enfocada, bem como sobre o tema de complexos ofioliticos. Além disso, esta etapa
também envolveu a reunido da base cartografica que consistiu em mapas topograficos em escala

1:100.000 (folhas Conceicdo do Araguaia e Araguacema) e fotografias aéreas em escala

1:60.000, do projeto USAF do ano de 1967.



Mapeamento geoldgico

Tal etapa teve inicio com a execu¢do do reconhecimento regional das rochas do Grupo
Estrondo e Grupo Tocantins, além do reconhecimento de outros corpos ofioliticos, tais como
Morro Grande, Pau Ferrado, Olho D’Agua, Serrinha e Morro do Agostinho para efeitos de
comparag¢do com as rochas do Complexo Quatipuru.

O mapeamento geoldgico do Complexo Quatipuru se deu por meio da elaboragdo de
perfis transversais a estruturacao do complexo e rochas encaixantes, com auxilio das fotografias
aéreas. Foram descritos 128 pontos de afloramentos com coleta de dados estruturais e de
amostras de rochas, que serviram para analises tectonica, petrografica, quimica e geocronologica.

No Complexo Morro do Agostinho nao foi elaborado mapa geologico, sendo feito apenas
perfis e descri¢cdes detalhadas de afloramentos, com objetivo da caracterizagdo petrografica dos
litotipos reconhecidos em campo, que ganharam importancia devido a sua associa¢do espacial

com o Complexo Quatipuru e a presenga de basaltos almofadados.

Litogeoquimica

As analises quimicas foram realizadas no Lakefield Laboratorios (GEOSOL), onde os
elementos maiores e os elementos Th, Ta, Nb, Rb, Hf, Sr, Y, Sc, V e Zr foram analisados por
fluorescéncia de raios-X, sendo os elementos maiores por meio da fusdo com tetraborato de litio,
enquanto os outros por meio de pastilha de po prensado. Os elementos Ni e Cr foram analisados
por meio de ICP-AES (digestao multiacida). A calcinagdo a 1000°C em peso constante foi o
método utilizado para determinag¢do da perda ao fogo. Andlises também foram realizadas no
ACME Laboratério, onde os principais 6xidos e elementos menores foram determinados por
ICP-AES, enquanto os elementos terras-raras e refratarios por ICP-MS.

O limite de deteccao para os elementos terras-raras foram para La, Ce, Tb, Tm e Lu 0,01,

Eu, Pre Ho 0,02, Nd e Er 0,03, Sm, Gd, Dy e Yb 0,05.

Quimica Mineral

As analises quimicas dos minerais foram feitas no Laboratério de Microssonda Eletronica
da Universidade de Brasilia, utilizando Microssonda Eletronica CAMECA, modelo SX-50, com

quatro espectometros e com EDS (Energy Dispersive System) associado. As analises foram



feitas por WDS (Wavelength Dispersive System) sob as seguintes condigdes: corrente de feixe de
elétrons 20 nA, aceleracdao de voltagem de 15 kv e didmetro do feixe de 4 a 10 um. Padroes de
minerais naturais do proprio laboratério foram utilizados e no minimo trés analises pontuais por

mineral foram realizadas.

Geocronologia

As andlises geocronoldgicas e de geoquimica isotopica foram feitas no laboratorio de
Geocronologia da Universidade de Brasilia. As andlises em rocha total foram feitas pelo método
Sm-Nd, a partir de aliquotas de 100 mg de amostra de rocha por digestdo multidcida, com
separagdo dos elementos terras-raras (coluna primdria) e posterior separagao dos elementos Sm e
Nd. O espectrometro utilizado foi Finnigan MAT 262 com 7 coletores tipo Faraday Cup, tendo
as andlises sido realizadas em modo estatico, utilizando o arranjo de filamento duplo de rénio
(Re), onde foi depositado 1 pl de amostra. A idade modelo foi obtida no Isoplot/Ex (versao
2.47), os erros 2o foram de 0,003% e 0,1 % para '*Nd/'**Nd e '*" Sm/'** Nd, respectivamente.

Os procedimentos analiticos utilizados foram aqueles descritos por Gidia & Pimentel (1997).



CAPITULO 2

The Neoproterozoic Quatipuru ophiolite and the Araguaia fold belt,
central-northern Brazil, compared with correlatives in NW Africa

M. A. P. PAIXAO!, A. A. NILSON! & E. L. DANTAS?

'Department of Mineralogy and Petrology, Institute of Geosciences, University of Brasilia,

Brasilia, DF 70910-900, Brazil (e-mail: pires_paixao@ig.com.br)

2Geochronology Laboratory, Institute of Geosciences, University of Brasilia,
Brasilia, DF 70910-900, Brazil

Abstract: The Araguaia Belt, the northern branch of Neoproterozoic Tocantins tectonic province,
developed during West Gondwana amalgamation as a result of collision between the Amazon and
West African and/or Sdo Francisco/Congo cratons. The external zone of the belt consists of
ophiolitic slices and fragments, sedimentary rocks derived from magmatic arc sources, volcanic
rocks, and part of a passive continental margin with low-grade metamorphic rocks, while the
internal zone corresponds to a pile of low- to medium-grade metasedimentary rocks. The
largest and best preserved ophiolitic bodies occur in the southern part of the belt, where the
Quatipuru and Morro do Agostinho ophiolites are composed predominantly of mantle peridotites
(mainly residual harzburgite) representing the base of the Moho transition zone. They contain
chromitite pods, dunitic lensoid bodies and a suite of mafic—ultramafic dykes and/or sills resulting
from partial melting, magma impregnation and diapiric up-rise. A Sm—Nd isochron age of
757 + 49 Ma indicates oceanic crust formation during the Early Neoproterozoic. NW African
correlatives of the Araguaia Belt, the Mauritanide—Bassaride—Rokelide belt, show similarities
with respect to lithostratigraphic units, the ages of basement and supracrustal rocks, the presence
of Neoproterozoic ophiolitic slices and fragments, suture zones characterized by high gravity
anomalies and centrifugal tectonic vergence. We conclude that these belts were probably

formed around the same Neoproterozoic ocean or several small coeval oceans.

The evolutionary history of the western Gondwana
supercontinent involved continental collision
between South American and African crustal
blocks, starting at around 850-750 Ma (Porada
1989; Castaing et al. 1994; Trompette 1994; Brito
Neves et al. 1999; Cordani et al. 2003) and extend-
ing until 550-500 Ma. However, the location of
crustal block boundaries, generally represented by
nappe systems and ophiolitic sequences marking
suture zones, remains one of the most intriguing
problems for reconstruction models of correlation
between them. Ophiolites represent ancient
oceanic crust, formed in a mid-ocean ridge or
back-arc environment, but they are difficult to
recognize when they have undergone intense
tectonic fragmentation and dismemberment.

The presence of Neoproterozoic suture zones
has been recorded in the Mauritanide—Bassaride—
Rokelide orogenic belt bordering the western
portion of the West African Craton (Villeneuve &
Dallmeyer 1987; Léchorché er al. 1989). This oro-
genic belt displays a sinuous form in a general
north—south direction, extending through more
than 2000 km with a variable width of up to
120 km. The belt appears to have developed as a
result of successive collisions of magmatic
arcs, accretionary mélanges and/or previously

amalgamated terranes (Hefferan et al. 2000). A
rifting event has been proposed at around 700 Ma
on the western border of the West African Craton
(Villeneuve & Dallmeyer 1987) as well as sub-
sequent convergence with arc magmatism and two
collisional events (660—-640 Ma and 550 Ma), of
which the younger one is related to west-dipping
subduction and docking between the Guyana
Craton and the southwest part of the West African
Craton (Villeneuve & Cournée 1994). However,
palaeogeographical reconstruction models suggest
that West Gondwana was not formed until after
630 Ma. One of the principal requirements for
such models is to know where the suture zones in
the South American counterpart are located and
what do they represent (Tohver er al. 2002;
Kroner & Cordani 2003).

Geological reconstructions of Neoproterozoic
fold belts in West Gondwana (Porada 1989;
Trompette 1994) show a possible link between the
Araguaia fold belt in northern Brazil and the
Mauritanide—Rokelide belt in northwestern Africa
(Fig. 1). The identification of dismembered ophio-
lites in the Neoproterozoic Araguaia fold belt
(Paixdo & Nilson 2002; Kotschoubey et al. 2005)
is an important recent contribution to a better under-
standing of its geological evolution. This evolution

From: PANKHURST, R. J., TROUW, R. A. J., BRITO NEVES, B. B. & DE WIT, M. J. (eds) West Gondwana:
Pre-Cenozoic Correlations Across the South Atlantic Region. Geological Society, London, Special Publications,

294, 297-318.
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Fig. 1. Structural relationships between the Pan-African fold belts of western Africa and the Brasiliano fold belts.
MBB, Mauritanide—Bassaride belt; ROB, Rokelide Belt; TSB, Trans-Saharan Belt; AB, Araguaia Belt; PB, Paraguay
Belt; BB, Brasilia Belt; RB, Ribeira Belt; DFB, Dom Feliciano Belt; SPB, Sierras Pampeanas Belt; OB, Obanguides
Belt; WCB, West Congo Belt; DB, Damara Belt. Modified from Trompette (1997).

would have started with crustal rifting leading to the
formation of the Araguaia ocean basin and later to
ocean closure during collision of an eastern
crustal block with the Amazon Craton. However,
the exact age, size, and main geochemical charac-
teristics of the Araguaia basin oceanic lithosphere
are still an open question. Correlations between
these and other Brasiliano and Pan-African fold

belts have been attempted, but the lack of key geo-
logical information and the scarcity of geochronolo-
gical data have hampered reliable reconstructions.

This paper describes structural, textural and pet-
rological features of the different rock units, and
isotopic data for the Quatipuru and Morro do Agos-
tinho ophiolites and associated rocks. A review and
comparison of geological data pertaining to the
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Braziliano (Araguaia—Paraguay) and Pan-African
(Mauritanide—Rokelide, and perhaps Dahomeyide)
belts reveals clear and partial similarities in lithos-
tratigraphy, type of basement and supracrustal
rocks, calc-alkaline intrusive and extrusive rocks,
ophiolite type and age, suture zones, glacial depos-
its and other features.

Geological setting

The Araguaia Belt is a Neoproterozoic geotectonic
unit  consisting of metasedimentary and
meta-igneous rocks that extends north—south for
more than 1200 km in length and is 100 km wide,
bordering the eastern edge of the Amazon Craton
(Almeida et al. 1986), while its northern and
western limits are covered by Palacozoic sediments
of the Parnaiba Basin (Fig. 2). The southeastern
contact is not well defined.

The Araguaia Belt is divided into different struc-
tural domains (Costa et al. 1998; Fonseca et al.
1999). The eastern domain corresponds to basement
terrains composed of granulites and gneisses
exposed in antiformal structures (e.g., the
Xambioa and Colméia domes), in addition to gran-
itoid bodies and the supracrustal rocks of the
Estrondo Group. Low-grade metamorphic rocks
represent the western domain and distinguish it
from rocks of the Tocantins Group.

The basement in the western part of the Ara-
guaia Belt is characterized by two orthogneissic
suites: (a) Colméia Complex TTG-type Archaean
gneiss domes (e.g., the Colméia and Xambioa
domes, c. 2.85 Ga old), and (b) Palaeoproterozoic
Cantdo gneiss (1.85 Ga), geochemically similar to
anorogenic granites of the southeastern Amazon
Craton, thus possibly representing reworking of a
part of this cratonic region (Dall’Agnol et al
1987; Gorayeb et al. 2000). To the southwestern
border of the belt, a small Archaean fragment
belonging to the Serra Azul shear belt is recognized
by Pimentel er al. (2000) and is characterized by
orthogneiss with a Sm-Nd isochron age of
3058 + 120 Ma. Such a crustal fragment could be
a part of the Goias Archaean block or of the south-
eastern margin of the Amazon Craton. It is inter-
preted as part of the basement of the Araguaia Belt.

The Araguaia Belt is represented by the Baixo
Araguaia Supergroup (Abreu 1978), consisting of
the Estrondo and Tocantins groups. The Estrondo
Group consists of the following lithotypes: quartzite
and muscovite quartzite with associated Kyanite
quartzite, magnetite quartzite and oligomictic meta-
conglomerate (Morro do Campo Formation), fol-
lowed upwards by muscovite—biotite schists and
calc-schists, minor marble, staurolite, kyanite or
fibrolite  schists (Xambiod Formation) and

feldspathic schists with quartzite, biotite schist
and calc-schist intercalations (Canto da Vazante
Formation, Abreu 1978). The Tocantins Group con-
sists of slate, meta-siltstone, meta-arkose, meta-
greywacke and quartzite with associated ophiolitic
mafic—ultramafic bodies (Couto Magalhdes For-
mation), chlorite schists, quartz—chlorite schists,
sericite—chlorite schists and metabasite bodies
(Pequizeiro Formation), and a top unit consisting
of meta-greywackes and basalt flows (Tucurui For-
mation, Trouw et al. 1976).

Costa & Hasui (1997) suggested that the evol-
ution of the Araguaia Belt began with the formation
of a semi-graben type basin, where deposition of the
Baixo Araguaia sedimentary pile took place in a
passive-margin transgressive sequence. Moura
et al. (2000), propose that the formation of the Ara-
guaia basin started at approximately 1.0 Ga through
a crustal rifting event, as evidenced by the occur-
rence of felsic alkaline plutons. Several authors
(e.g., Kotschoubey et al. 1996; Osborne 2001)
agree that the ocean-basin forming event reached
the oceanization stage as represented by ophiolitic
mafic—ultramafic bodies such as the Serra do
Tapa and Quatipuru ophiolites.

The Brasiliano event which was responsible for
the inversion of the Araguaia basin was also marked
by the intrusion of granitic bodies, such as the
660 Ma old Santa Luzia Granite (Moura & Gaudette
1993; Moura et al. 2000). Associated granitic
dykes yield a 513 +17Ma age (Cambro-
Ordovician). Granitic plutons such as the Lajeado,
Matanca and Palmas plutons in the Porto Nacional
region in southeastern Tocantins State yield an
age close to 550 Ma. Some granites show mylonite
borders related to the Porto Nacional Shear Zone
(Gorayeb et al. 2000).

Detrital zircons from Tocantins Group rocks,
(meta-rhythmites and meta-greywackes), suggest
sedimentary provenance involving reworking of
Brasiliano and Palaeoproterozoic sources, the latter
possibly indicating that the intra-oceanic arc was
close to a continental border (Osborne 2001). Detri-
tal zircons from the rocks that represent the passive
continental margin portion of the Tocantins Group
(carbonate rocks and banded iron formation) show
that the basin closed after 544 Ma (Osborne 2001).

The Estrondo Group consists dominantly of
psammo-pelitic rocks that characteristically show
contributions from the basement inliers. Zircon
ages obtained in Morro do Campo Formation for-
merly indicated contribution from both Archaean
(2909 + 5 and 2668 + 2Ma) and Palaeoproterozoic
sources (1748 +5 and 1747 +6 Ma), but none of
Brasiliano provenance. Nevertheless, other units
(e.g., the Xambioa Formation) have Sm-Nd
model ages which point to the contribution of Bra-
siliano rocks, indicating that Tocantins and
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Estrondo groups were either part of the same basin
or different basins that were temporally correlated
(Osborne 2001).

Tectonic models imply that early structures
associated with the inversion of the Araguaia basin
consist of a first phase of thrusts with a sinistral
oblique component verging towards the WNW and
a second phase of overthrusts with associated
lateral ramps (Hasui & Costa 1990; Abreu et al.
1994; Costa & Hasui 1997; Fonseca et al. 2004). A
second generation of structures is represented by Bra-
siliano age transcurrent, ductile—brittle shear zones.

Evidence of continental collision in the Ara-
guaia Belt is characterized by slip-line features,

developed close to the border with the Amazon
Craton. Such features are defined by linear struc-
tures identified in satellite images (e.g., elongated
hills) and by curvilinear magnetic anomalies
present in magnetometric maps (Fig. 3). These indi-
cate that crustal block (Amazon Craton) behaved as
arigid indenter and had a straight limit in relation to
the Araguaia Belt (Fig. 3). This is in agreement with
the Amazon plate border defined by Ussami &
Molina (1999) using gravimetric methods. The
Quatipuru and Morro do Agostinho ophiolites, as
well as other ophiolitic bodies, occur along the
boundaries of gravimetrically-defined crustal
blocks and correspond to magnetic anomalies that

Plastic
Rigid material
Indenter ‘
(Amazon Araguaia
Craton) Belt
w
Quatipuru
ophiolite

Fig. 3. Magnetometric (analytical sign) map of the Quatipuru region. Letter A corresponds to Sao José Hill
(metasedimentary rocks from Tocantins group), while the hachured area represents the Quatipuru ophiolite; both have
topographic relief and a high magnetic signature in this map (dark grey). The other structures indicated by letters B and
C, are not identified on the ground or in satellite images. All structures define slip-line features indicating a straight
limit to the Amazon Craton in this region. Modified from Paixdo & Nilson (20015). The schematic model on right
corresponds to a slip-line model of a rigid indenter with straight limit (Molnar & Tapponier 1975).
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extend for approximately 1000 km (Almeida et al.
1986).

Ophiolitic bodies in the Araguaia Belt

The main ophiolitic slices of the Araguaia Belt are
located in the southern portion of this belt, between
parallels 6°30'S and 9°00’S. These complexes
consist of serpentinized and/or metamorphosed
(magnesian schists) peridotite, basaltic lavas and fer-
ruginous silexite' forming tectonic slices of deca-
metric to kilometric scale. The silexite unit may
occur as isolated bodies or in association with ser-
pentinized peridotite and/or magnesian schist.

In a general way the ophiolite complexes are
preferentially aligned in a north—south direction,
with inflections generating an anastomosing
pattern. Such structural features are generally con-
cordant with equivalent structures in the
country rocks.

The mafic—ultramafic bodies in the Araguaia
belt have been variously interpreted as alpine
bodies (Cordeiro & McCandless 1976; Nilson
1984), as magmatic intrusions emplaced along
deep-seated faults, related to the Tocantins—Ara-
guaia suture (Almeida 1974; Gorayeb 1989), and
as thrust slices of a probable volcano-sedimentary
terrane (Souza et al. 1995). However, most
authors now agree that they are slices of ophiolite
(Trouw et al. 1976; Hasui et al. 1977; Kotschoubey
et al. 1996; Osborne 2001; Paixdo & Nilson 20014,
b; Kotschoubey et al. 2005). Paixdo & Nilson
(2001a) characterize some of these ophiolites as
remnants of the Moho transition zone in Neoproter-
ozoic oceanic lithosphere.

The age of the ophiolites is regarded as Neopro-
terozoic, based on U—-Pb ages (c. 630 Ma) for mag-
matic zircons from rhyolitic tuffs which, according
to Osborne (2001), were related to ocean-basin vol-
canism in the proximity of the Quatipuru Complex.
Below we present a Sm—Nd isochron age of
757 + 49 Ma for narrow gabbroic dykes cross-
cutting harzburgite of the Quatipuru ophiolite.

The largest ophiolites of the Araguaia Belt are
represented by the Quatipuru and Serra do Tapa
complexes (Fig. 2). The principal concentration of
ophiolitic slices is located in the southern part of
this belt, where the largest and/or best preserved
are represented by the Quatipuru and Morro do
Agostinho complexes (Fig. 4). They appear to be
part of a single complex that was tectonically
dismembered into two portions. Morro do Agos-
tinho is characterized by a distinct association of
serpentinized harzburgite and pillow basalts; in
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contrast the Quatipuru Complex consists of serpen-
tinized harzburgite and a suite of scattered mafic—
ultramafic dykes and/or sills and chromitite pods.

The Quatipuru ophiolite

The Quatipuru Complex strikes north—south; it is
40 km long and only about 1.5 km wide, showing
some NE and NW inflections (Fig. 5), and dips
approximately 45°E in structural parallelism with
the country rocks. It shows boudinage features in
the central-north and extreme southern portions.

The country rocks pertaining to the Tocantins
Group are represented by a metasedimentary
pile consisting of a metric to decametric alternation
of incipiently metamorphosed meta-siltstone,
meta-sandstone, slate, meta-greywacke and meta-
rhythmite (turbidite), as well as rare meta-limestone
lenses. The country rocks show sub-greenschist to
greenschist-facies metamorphism (chlorite and
muscovite in meta-greywacke), and structural
elements (foliation and folds) with tectonic
vergence towards the Amazon Craton.

The Quatipuru Complex consists of serpenti-
nized peridotites in the central part involved with
a ferruginous silexite envelope. The envelope is
wider in the eastern part of the complex and consists
of massive, brecciated and veined parts, with local
mylonite bands. These rocks are grey-coloured
when fresh (hematite) and reddish brown when
weathered (goethite) due the strong iron oxide/hyr-
oxide impregnation. The presence of tectonic fea-
tures (foliation and fractures) and fresh pyrite
grains distinguish it from birbirite (derived by
weathering of ultramafic rocks).

The serpentinized peridotites of the com-
plex correspond to a lenticular litho-structural
arrangement of predominant harzburgite with
small sparse (decametric) lensoid dunite intercala-
tions. In addition, the peridotites host chromitite
pods and a suite of mafic and ultramafic dykes/sills.

The harzburgites exhibit a diffuse foliation and
mantle structures, such as proto-granular texture
(Mercier & Nicolas 1975) (Fig. 6) and local web-
steritic banding. The original modal composition,
estimated from the inferred primary mineralogy, is
olivine 70-71%, orthopyroxene 28-29%, and
chromite 1-2%.

The dunite lenses are small (up to 5 m thick and
30 m long) and orientated parallel or sub-parallel to
the harzburgite foliation. Their modal composition
is olivine 97-98%, chromite 2—3% and ortho-
pyroxene <1%. Locally such lenses contain
chromitite micro-pods and magma impregnation

'Silexite is a light grey, usually massive, coarse-grained quartz rock (>95% quartz) with irregular interlocking grains,
sometimes showing mylonitic foliation; it may form an envelope around the peridotite bodies.
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structures, features commonly described in ophioli-
tic complexes and in the oceanic lithosphere
(Boudier & Nicolas 1995).

The harzburgite—dunite contact consists of a
narrow transition, interpreted as the result of
partial melting, with dissolution of orthopyroxene
grains generating a dunitic residue, as proposed by
Kelemen et al. (1995). These authors interpret
such dunite residue as having formed through reac-
tive porous flow between ascending melts and harz-
burgite host beneath a mid-ocean ridge axis in
asthenospheric mantle.

Harzburgites and dunites from the Quatipuru
ophiolite show a characteristic chemical signature
of residual mantle, as demonstrated by the compari-
son with peridotite samples from modern oceanic
lithosphere and peridotite from the Maqsad diapir
(Semail ophiolite, Oman) (Fig. 7).

The chromitites appear as pods and lenses, varying
from 1 to 10 m in length (parallel to the main foli-
ation), 0.3 to 4.5 m thick and 5 m wide along the foli-
ation dip. Commonly, these chromitite pods show a
dunite envelope and three distinct textural types: dis-
seminated, massive and nodular (Fig. 8). Both the
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nodular texture and the dunitic envelope are charac-
teristic features of ophiolite complexes (Nicolas
1989). In the discriminant diagram for podiform and
stratiform chromites (Fig. 9), Quatipuru chromites
plot in the podiform composition field typical of
ophiolite complexes such as Troodos (Cyprus) and
Semail (Oman) ophiolites.

Dyke suite

One of the most interesting features of the Qua-
tipuru ophiolite is the occurrence of a suite of
scattered narrow ultramafic and mafic dykes and
sills intruding harzburgites and dunites. It is
divided in two groups: (1) ultramafic dykes
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Fig. 6. Harzburgite with proto-granular texture. Dark grey grains correspond to bastite (orthopyroxene) immersed in a

serpentine matrix (olivine). Pen is 12.5 cm long.

(and sills) and (2) gabbroic dykes (and sills). The occur throughout
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Fig. 8. Nodular chromite with discoidal nodules. Pen is 14 cm long.
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plot for podiform and stratiform chromites (fields with
solid and dashed line, respectively). Small fields with
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Skaergaard layered complexes and the arrows indicate
differentiation trend (data from Wall 1975 and Jackson
1969). Podiform chromite field from Thayer (1970).

Pegmatoid orthopyroxenite sills average 0.5 m
thick and occur only locally. They are usually
associated with orthopyroxenite pockets and centi-
metric websteritic banding. Both these sills and
banding exhibit tight folds formed in response to
asthenospheric—lithospheric mantle flow (Fig. 10),
as proposed by Suhr (1992) for similar features in
the Bay of Islands ophiolite (Canada), where such
structures are thought to have formed very close
to the expanding mid-ocean ridge axis, marking a
flow component normal to the ridge.

Pegmatoid clinopyroxenite dykes and/or
pockets are of metric dimension (Fig. 11), where
the thickest portions exhibit internal differentiation,
both in mineralogy (originating wehrlitic portions)
and grain-size. The contact between dyke and harz-
burgite is marked by a dunite depletion halo. Dunite
and harzburgite xenoliths commonly occur within
the dykes.

Wehrlite dykes are strongly serpentinized,
showing medium grain size and harzburgite xeno-
liths, occurring locally in the complex. A folded
pegmatoid orthopyroxenite sill has undeformed
orthopyroxene grains and random orientation in the
fold hinge, showing that its intrusion took place
simultaneously with the formation and folding of
the harzburgite mantle foliation. Effects of this
folding can also be seen in the websteritic banding
and are associated with melt migration processes.

Olivine gabbro dykes are narrow (3—15cm
thick) and characteristically present weak to
strong propylitic alteration. Some of them do
not display chilled margins, indicating that the
temperature of the dyke was very close to that
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Fig. 10. Folded pegmatitic orthopyroxenite sill hosted in harzburgite. Orthopyroxene crystals in the hinge
are not deformed, indicating that crystallization occurred concomitantly with folding. Pen is 12.5 cm long.

of the harzburgite host, while others display com-
positional and textural banding (layering) parallel
to sub-parallel to the contacts with the host-rock.

Diabase dykes vary somewhat in thickness
(2 ecm—1.5 m) and cut all lithotypes, including chro-
mitite pods. Sometimes they form boudins in

serpentine schist as a result of deformation along
local shear zones within harzburgite. In this
instance its original mineralogy is transformed to
an actinolite, chlorite and epidote-rich assemblage.

Hence, based on textural features and field
relationships between the pyroxenitic and gabbroic

Fig. 11. Wedged-shaped pegmatitic clinopyroxenite dyke (dark grey) cutting harzburgite (pen on harzburgite is

12.5 cm long.).
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dykes, we suggest that the Quatipuru ophiolite
peridotites record several stages of uplift in the
oceanic environment, beginning in asthenospheric
conditions (ductile deformation below the ocean-
spreading zone) to shallower levels in an oceanic
crustal environment. In the next stage they became
detached and were subsequently obducted onto con-
tinental crust. The evolution of the mantle peridotite
diapir, as well as the dyke formation process, is
similar to those described in the Semail ophiolite
(Ceuleneer et al. 1996). In this model, mantle
ductile flow conditions were maintained until the
injection of the clinopyroxenite sills (Fig. 12).
Subsequently crustal conditions were marked by
the intrusion of wehrlite and olivine gabbro dykes
and, at still shallower conditions, by the injection
of dolerite dykes (Fig. 12). The preservation of the
mesh texture and of structural elements of mantle
origin in the peridotites indicates that serpentiniza-
tion took place under static conditions, as suggested
by, for example, for serpentinized peridotites of the
Hess Deep region of the East Pacific Ocean
(Friih-Green et al. 1996).

The deformational history recorded in the Qua-
tipuru ophiolite rocks is divided into high tempera-
ture and low temperature structures, like as
proposed by Nicolas et al. (1999). High temperature
structures are represented by imperfect, diffuse foli-
ation in harzburgite, associated websterite banding
and the litho-structural arrangement of dunite
lenses within harzburgite. The latter probably origi-
nated from the combination of deformational and
melt migration processes (cf. Kelemen et al
1995). Low temperature structures correspond to

ductile shear zones, represented by zones of
serpentine-schist with anastomosing main foliation,
intrafolial westward-verging microfolds and harz-
burgite and olivine gabbro dyke boudins, the latter
exhibiting the chlorite—actinolite association and
recrystallised plagioclase indicating shear zone for-
mation under greenschist facies conditions.

The Morro do Agostinho ophiolite

The Morro do Agostinho ophiolite is located in the
vicinity of the city of Araguacema (Tocantins
State), and is about 3 km long in the NW—SE direc-
tion (Fig. 3). It consists of an association of harzbur-
gite and basalt with pillow structures. Such rocks
form mega-lenses in the general NNE direction, iso-
lated and tectonically emplaced in metasedimentary
country rocks. The harzburgite outcrops show alter-
nating preserved and strongly deformed portions,
with a characteristic silexite envelope. In contrast,
basalt outcrops are largely undeformed.

The harzburgite exhibits proto-granular texture
with local sheared bands of serpentine schist. It is
cut by pegmatoid websterite dykes with dunite
and harzburgite xenoliths. These relationships,
together with the presence of ferruginous silexite
associated with serpentinized peridotites, are
similar to those found in the Quatipuru Complex.

The basalts exhibit pillow structures, pillow
breccia fragments and hyaloclastite breccia
(Fig. 13). Individual pillows show variolitic

texture along the contact of the unaltered basalt
with the highly spillitized external parts of
the pillows.

Fig. 13. Pillow lavas (rounded limits indicated by traced line), Morro do Agostinho Complex.
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The pillow breccia fragments are mostly sub-
rounded and subordinately sub-angular and vary
from 0.5 to 10cm in diameter. The geometric
arrangement with the groundmass that supports
such fragments indicates movement, though
restricted, during lava flow. The hyaloclastite
breccia exhibits a fragmentary texture (Cas &
Wright 1988), characterized by abundance of
lithic fragments of variable size; the lapilli fraction
predominates in relation to larger vitreous ground-
mass supported fragments (blocks).

Late hydrothermal activity associated with
these basalts is represented by metrical parts of
epidotized breccia, commonly having associated
carbonate and quartz fine-veins; sulphide is
characteristically absent.

Structures found in basaltic rocks from Morro do
Agostinho, are similar, for example, to those
described by Busby-Spera (1987) for different
facies of basaltic lava flows in the back-arc basin
of Cedros Island, Mexico.

Isotope geology of the Quatipuru
ophiolite and associated rocks

Geochronological and isotopic geochemical ana-
lyses were carried out in the Geochronology Lab-
oratory of the University of Brasilia, according to
procedures described by Gidia & Pimentel (2000).

Age of the Quatipuru ophiolite

The major peridotite rocks of the Quatipuru ophio-
lite represent residual mantle (harzburgite) and con-
sequently are not appropriate for dating the ocean
crust formation stage in the Araguaia Belt. For
this reason, we selected five dyke rocks cutting
the mantle peridotites of the Quatipuru ophiolite
for Sm—Nd analysis (three olivine gabbros and
two dolerite samples; Table 1). Such rocks corre-
spond to the latest and most differentiated mag-
matic crystallization products in the process of the
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Fig. 14. Sm—Nd isochron diagram for dykes from the
Quatipuru Complex. Letters db represent dolerite dyke
samples, while the other three points represent olivine
gabbro samples.

The Sm—Nd data yield a whole-rock isochron
age of 757 + 49 Ma (Fig. 14), with a calculated
initial ~ "Nd/"“'Nd  ratio of  0.512002
(eNd) = +6.6). The positive eNd,, values from
all analysed rocks are indicative of a depleted
mantle source (MORB). We may conclude that
contamination by continental crust material is
not evident for these rocks. Thus, we interpret
our result as the crystallization age of magmatic
products related to the construction of oceanic
lithosphere  of the  Araguaia Belt in
Neoproterozoic times.

Isotopic composition of basaltic
and country rocks

Sm—Nd analyses of some representative samples
were also obtained for the Morro do Agostinho
ophiolite and metasedimentary rocks of Estrondo
and Tocantins groups (Table 2).

Positive eNd,, values of the Morro do Agos-

oceanic lithosphere formation. tinho basalt shows typical MORB signature,
Table 1. Sm—Nd isotopic data for Quatipuru ophiolite dyke rocks

Sample Rock type Sm (ppm)  Nd (ppm)  '"Sm/'Nd  'Nd /'"*Nd (+20) eNdgs7,
QT-55.B Diabase 1.173 2.207 0.3213 0.513590 (31) +6.55

QT-36.5B  Diabase 3.0799 10.228 0.1820 0.512915 (11) +6.88

QT-53.C Olivine gabbro 0.495 1.062 0.2820 0.513409 (15) +6.65

QT-48.B Olivine gabbro 1.038 3.136 0.2001 0.512980 (25) +6.39

QT-47.N Olivine gabbro 0.3193 0.6773 0.2850 0.513420 (33) +6.76

143Nd/l44Nd normalized to 146Nd/l44Nd = 0.71290. Model ages (Tpy) calculated according to the single-stage depleted mantle model of
DePaolo (1981); the primary age used for eNdy, is based on the Sm—Nd isochron obtained in this paper, assuming 20 errors of 0.1 % for
478m/'**Nd and 0.003 % for '**Nd/'*Nd.
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Table 2. Sm—Nd data for basalt from the Morro do Agostinho ophiolite and metasedimentary
rocks from the Tocantins and Estrondo groups.
Sample Rock type Sm Nd (ppm) '"Sm/'Nd 'Nd /"Nd  eNd,, Tpm(Ga)

(ppm) (+20)

Morro Agostinho Complex
MA-01 Spillitized basalt 3.61 10.38 0.2103 0.512979 (33) +5.39 -
MA-01.F  Unaltered basalt 3.69 11.0 0.2028 0.512907 (17) +4.71 -
Estrondo Group
QTR-01 Amphibole schist 3.99 18.35 0.1316 0.512056 (28) —6.18 1.81
QTR-02 Amphibolite 8.41 41.92 0.1213 0.511998 (07) —6.43 1.70
Tocantins Group
QTR-05.B Slate 10.27 51.04 0.1216 0.511709 (19) —12.09 2.19
QT-04 Phyllite 11.02 49.25 0.1375 0.511920 (14) —9.25 223
NO-03 Greywacke 1.75 8.895 0.1200 0.511975 (08) —6.77 1.72

which together with the values of mafic dykes from
the Quatipuru Complex, clearly points to a depleted
mantle derivation for the ophiolitic rocks of the
Araguaia basin.

Negative eNd,, for the metasediments, consid-
ering an age of deposition around 600-630 Ma,
point to reworked continental crust as the main
source rock. Samples QT-04 and QTR-05.B
belong to the Tocantins Group and their model
ages, when interpreted as a rough estimate of
crustal residence, indicate a Palaeoproterozoic
source age. Sample NO-3, from near the western
border of the Quatipuru ophiolite, is an epiclastic
country rock that was previously described by
Osborne (2001). The 1.72 Ga Ty model age may
be considered as an average for the crustal residence
of the metasediment, but U-Pb data for detrital
zircons obtained by Osborne (2001) indicate that
these meta-greywackes show contributions of both
Palaeoproterozoic and Brasiliano source rocks.
Samples QTR-02 and QTR-01 from the Estrondo
Group have comparable Ty model ages. Although
only a few samples have been analyzed for a prove-
nance study, all show a contribution from Palaeo-
proterozoic  sources, whereas  sedimentary
provenance studies in the Baixo Araguaia Super-
group rocks show contribution from younger ter-
ranes (Meso—Neoproterozoic ages) and suggest a
more complicated scenario for the evolution of
this belt (Moura et al. 2005, 2008).

Discussion and correlations

The possible continuity of the Araguaia—Paraguay
belts into the Mauritanide—Bassaride—Rokelide
belt or Dahomey Belt in north of West Africa is
based on similarities between several geological
features: the age and nature (lithotypes) of the base-
ment rocks, the lithostratigraphic record, ophiolite

type and age, suture zones, extrusive and intrusive
calc-alkaline suite rocks, glacial deposits, etc.
(Table 3). Some geological features of the Araguaia
Belt are also similar to those found in the Dahomey
Belt: (1) a suture zone, identified by high gravity
anomalies, sometimes associated with magnetic
anomalies related to mafic—ultramafic bodies, (2)
mafic—ultramafic bodies, such as the Amalaoulaou
and Timetrine complexes, are interpreted as ophio-
lites (Black et al. 1979) and (3) the age of the Time-
trine Complex is about 800 + 50 Ma (Caby 1987).
In the Araguaia and Mauritanide belts the base-
ment rocks show similar ages and sometimes crop
out as inliers bordered by supracrustal rocks; in
the former these inliers are spatially associated
with high gravity anomalies in the Bouguer profiles,
suggesting that the structural framework is caused
by the uplift of portions of the upper mantle.
From the stratigraphical point of view the Ara-
guaia and Paraguay belts have similar platform
cover sequences represented by banded iron for-
mation and carbonates with fossils of Vendian age
(Alvarenga et al. 2000; Osborne 2001). Together
with their marginal location relative to the
Amazon Craton, this indicates that these belts can
be treated as a single Brasiliano fold belt
(Almeida 1974). In addition, the Araguaia and Para-
guay belts show a clear tectonic—metamorphic
polarity, with increasing metamorphic grade and
deformation intensity from west to east, exemplified
by amphibolite-facies of the Estrondo Group on the
eastern part of the Araguaia Belt compared to non-
metamorphic conditions in the external zone and
cratonic covering of the Paraguay Belt (e.g., the
Puga and Diamantino formations, the former
characterized by the presence of glacial sediments).
The Mauritanide Belt is characterized by a fore-
land succession, represented by a sequence of very
low-grade, immature, flyschoid metasedimentary
rocks of the upper Proterozoic Tichilit el Beida
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Table 3. Comparative aspects of the Mauritanide and Araguaia belts

M. A. P. PAIXAO ET AL.

Mauritanide Belt

Araguaia Belt

Basement age
Basement lithologies
Basement inliers

Metamorphism

Calc-alkaline suites

Ophiolitic material

Liberian (2.7 Ga)

Eburnian (2.0-1.8 Ga)

Gneisses, granite and
volcano-sedimentary rocks

Eastern Senegal and Kayes

Low to absent close to cratonic
region, reaching amphibolite facies
in the internal zone

Intrusive (Kelbé Complex) and
extrusive (El Hneikat Unit)

El Aoueija Unit and Oued Amoiir
Unit; Termesse and Guinguan

2.85 Ga Colméia Complex
1.85 Ga Cantdo Gneiss
TTG-type gneisses

Colméia, Xambiod, Lontra and Grota
Rica

Low to absent close to cratonic
region, reaching amphibolite facies
in the internal zone

Extrusive (624 Ma)

Quatipuru, Morro do Agostinho, Serra
do Tapa complexes

groups Farkaka Association

Age of ophiolitic material 650 to 700 Ma

Glacial deposits

Geophysical patterns High gravity

Tichilit el Beida Group; Rokel River
Group (Rokelide Belt)

757 + 49 Ma

Documented only in the southern
portion (Paraguay Belt—Puga
Formation)

High gravity associated with high
magnetic anomalies

Group. Early Cambrian microfossils (Aldanella)
were identified in a similar stratigraphic level in
the Rokelide orogen. The basal portion is character-
ized by a distinctive Neoproterozoic tillite associ-
ated with baritic carbonate, chert and stromatolitic
dolostone (Dallmeyer & Lécorché 1989).

In the Mauritanide—Bassaride—Rokelide belt
the stage of oceanic lithosphere formation is indi-
cated by the presence of a fragmented ophiolite
sequence represented by the El Aoueija and Oued
Amour units and tholeiitic volcanic rocks of the
Guinguan Group and Farkaka Association, related
to plutono-volcanic calc-alkaline suites whose
ages range between 650 and 700 Ma (Dallmeyer
& Villeneuve 1987; Dallmeyer & Lécorché 1989).
Island-arc associated terranes, such as the Kouloun-
tou branch, are characterized by calc-alkaline vol-
canic and plutonic rocks with ages varying from
683 to 673 Ma (Dallmeyer & Villeneuve 1987).

The beginning of the crustal rifting stage in the
Araguaia Belt is marked by alkaline rocks approxi-
mately 1 Ga old (Moura et al. 2000). The oceaniza-
tion stage of the Araguaia Belt is dated as 757 + 49
Ma ago, represented by the rectilinear ophiolitic
assemblage, forming an expressive lineament in
the Araguaia Belt. This lineament borders the
Amazon Craton, extending over 500 km from the
Araguacema (Quatipuru and Morro do Agostinho
ophiolites) as far as the Tucurui Formation
(Trouw et al. 1976) (Fig. 2). Another important

ophiolite occurrence is located halfway between
these two extremes, represented by basaltic pillow-
lavas and serpentinites of the Serra do Tapa ophio-
lite. It has been interpreted as representing a proto-
oceanic basin, similar to the north and central
portions of the modern Red Sea, or similar to
poorly evolved Alpine—Apennine oceanic basins
(Kotschoubey et al. 2005).

Ophiolitic bodies have not been identified in the
Paraguay Belt. However, the eastern portion of
the Cuiaba Group makes contact with volcano-
sedimentary sequences of the Goids magmatic arc
terrane. This terrane is represented in this area by
the Bom Jardim de Goias and Arendpolis—Piranhas
sequences (Seer 1985; Pimentel & Fuck 1992),
which correspond to island-arc basins with juvenile
isotopic signatures that could have associated
ophiolites. We suggest that the age of the ophiolite
could be used as a diagnostic correlation element
for the Neoproterozoic fold belts during western
Gondwana assembly, especially with reference to
central Brazil and Africa. Figure 15 illustrates a
proposed model for this Neoproterozoic scenario.

In contrast, the oceanic lithosphere of the Brasi-
lia Belt was formed around 800 Ma ago, as deter-
mined in Araxd Group amphibolites in the
Bonfindpolis region (Piuzana et al. 2003). Diachro-
nous subduction occurred between 0.9 and 0.85 Ga,
leading to accretion of the Mara Rosa intra-oceanic
arc over the continental fragment of the Goias
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Fig. 15. Schematic model proposed for Araguaia belt and Quatipuru ophiolite formation. (a) initial break-up of
continental crust (c. 1 Ga); (b) development of an island-arc due to intra-oceanic subduction (900-800 Ma); (c)
formation of a supra-subduction zone with an oceanic spreading centre in a back-arc setting, with associated transform
faults (Quatipuru original site), ¢. 700 Ma; (d) inversion and ocean closure c. 650—600 Ma; (e) final disposition of the

Araguaia Belt with late granite intrusions ¢. 550—500 Ma.

Archaean block around 0.79 Ga (Pimentel et al.
1997). Two events of young intra-oceanic crust for-
mation occur between 860 and 630 Ma in the Bra-
silia Belt (Viana er al. 1995; Laux et al. 2004).
The age of 634 Ma obtained by Osborne (2001)
from a rhyolitic tuff was interpreted as not repre-
senting the upper sequence of ophiolitic body, but
instead as corresponding either to calc- alkaline
magmatism associated with inversion of the

Araguaia basin, or to arc magmatism as identified
in Mauritanide—Bassaride—Rokelide and Brasilia
belts (Dallmeyer & Villeneuve 1987; Pimentel
et al. 1997).

The centrifugal structural vergences in the
Araguaia and Mauritanides—Rokelides belts are
compatible with a model of a closing ocean, with
mass escape and tectonic transport towards the
cratonic blocks, respectively the Amazon and
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Fig. 16. Principal events for correlation between Brasiliano and Pan-African fold belts.

West Africa cratons. This is corroborated by gravi-
metric profiles of both belts, where high gravity
anomalies are located in the respective internal
zones of these belts, indicating that portions of
upper mantle were involved in the tectonic evol-
ution and suggesting the development of suture
zones between these belts (Dallmeyer & Villeneuve
1987; Ussami & Molina 1999). Ritz & Robineau
(1988), based on geological and geophysical data
(geo-electrical models and gravity), proposed that
the Mauritanide Belt is the result of a continental
collision, with a west-dipping suture zone charac-
terized by the presence of tholeiitic volcanic and
volcaniclastic rocks (Dallmeyer & Villeneuve
1987).

The final framework of the Tocantins Province
(Araguaia, Paraguay and Brasilia belts) is marked
by the stabilization of the Brasiliano orogenesis
and the intrusion of post-orogenic granites
between 550 and 500 Ma (Moura et al. 2000). In
contrast, during the Cambrian, deformation and
metamorphism in the Bassaride and perhaps in the
central Mauritanide belts are interpreted as distal
effects of a continent—continent collision that led
to formation of the Rokelide orogen.

In a general way we can outline some principal
events that occurred between the Araguaia—
Paraguay belt and the Mauritanide—Bassaride—
Rokelide belt (Fig. 16). Such events allied to
geological characteristics shown in Table 3
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demonstrate a strong correlation between these
areas—‘ties that bind’—in West Gondwana.

Conclusions

The following points are stressed as conclusions of
this study.

(1) The Araguaia Belt borders the eastern part
of the Amazon Craton, and its geometry can be
related to the original boundaries of the craton.
The Quatipuru ophiolite and its correlatives in
Africa are the best markers of the suture zones,
marked by high gravimetric anomalies, sometimes
associated with magnetic anomalies, and linking
the Araguaia—Paraguay and Mauritanide—Bassaride—
Rokelide belts.

(2) These belts present similarities in the base-
ment age and lithology, stratigraphic record,
glacial deposits, metamorphic polarity, pattern of
Bouguer anomaly and age of ophiolites, demon-
strating that magmatic and tectonic processes or
events were operating at the same time and/or in
the same region and indicating that a branch of a
large Neoproterozoic ocean surrounded the West
African palaeocontinent.

(3) The largest ophiolitic slices in the Araguaia
Belt indicate a straight planar limit bordering the
Amazon Craton, the best being represented by the
elongate Quatipuru ophiolite (40 km long) and the
smaller Morro do Agostinho ophiolite.

(4) The Quatipuru ophiolite is characterized by
associations typical of the base of the Moho Tran-
sition Zone, where the record of partial melting
process and magma impregnation is represented
by refractory harzburgites (residual mantle),
dunite bodies, a suite of scattered narrow mafic
and ultramafic sills and dykes, and chromitite
pods, indicating a high rate of magma supply and
consequently an environment of fast spreading mid-
ocean ridge (Nicolas 1989; Hekinian et al. 1992;
Constantin 1999). However, field evidence points
to restricted outpouring of magma, forming pil-
lowed basalts. Morro do Agostinho is characterized
by a distinct association of serpentinized harzbur-
gite and basaltic pillow-lavas similar to that found
in the modern ocean floor (e.g., the Garret Trans-
form Fault in the Pacific Ocean), showing that the
outcrop level of ophiolitic slices and fragments in
the Araguaia Belt could reflect the original structure
of its oceanic site.

(5) Olivine gabbros and diabase dykes signify
shallow conditions during magma uprise and yield
a Sm—Nd isochron age of 757 + 49 Ma for the ocea-
nization stage of the Araguaia Belt. We also suggest
that the age of the Quatipuru ophiolite can be used as
a major correlation element between the Neoprotero-
zoic fold belts of central Brazil and NW Africa.

(6) The final position of the ophiolitic bodies of
the Araguaia Belt was controlled by thrusting
towards the WNW, resulting from obduction and
accretion of this mobile belt to the Amazon
Craton border. The resulting deformation imprinted
on the peridotite is represented by serpentine schist
(mylonite) bands with microfolds showing ver-
gence towards the Amazon Craton.

(7) A model of ocean closure due to block col-
lisions is characterized by centrifugal structural ver-
gences between the Araguaia and Rokelide belts,
with mass escape and tectonic transport towards
the cratonic blocks, respectively the Amazonian
and West Africa cratons. Slip-line features ident-
ified in the Araguaia Belt show that the Amazon
Craton (a rigid indenter) had a straight limit in the
Quatipuru region. However, this geometry could
have been different in the region of the Paraguay
Belt, thus contributing to differences in the lithos-
tratigraphical record of the two belts.

Some issues are not yet solved, such as: (1)
when did the ophiolite obduction occur? (2) when
exactly did the Brasiliano collision take place?
and (3) did another block, besides the Amazon
and West African cratons, participate in the col-
lision process (intra-oceanic arc)?
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CAPITULO 3 - DADOS GEOLOGICOS E GEOQUIMICOS ADICIONAIS
DOS COMPLEXOS QUATIPURU E MORRO DO AGOSTINHO

3.1. Histdrico de exploracdo mineral da area

Os primeiros trabalhos realizados no Complexo Quatipuru devem-se ao consorcio
Terraservice/Docegeo, no periodo entre 1972 e 1976, onde foi avaliado o potencial
metalogenético para cromo e niquel lateritico, como descrito por Cordeiro & Mc Candless
(1976).

Posteriormente, no inicio da década de 80, a Beta Minera¢ao Ltda pertencente ao grupo
Magnesita S/A, realizou trabalho direcionado para as ocorréncias de cromita nos diversos corpos
ultraméficos da Faixa Araguaia, com aberturas de trincheiras e furos de sondagem, com posterior
lavra das cromitas por meio de processo mecanico-manual, no Complexo Quatipuru (PA) e no
corpo ultramafico do Morro Grande (TO).

Em 1999-2000 a WMC realizou projeto para pesquisa metalogenética na Faixa Araguaia,
interpretando tal terreno como possuidor de tratos ocednicos e com potencial para mineralizagdes
neste tipo de ambiente, tais como sulfetos de metais basicos (Osborne, 2001).

No ano de 2001 o grupo Falconbridge/Xstrata retomou os trabalhos para niquel lateritico
no Complexo Quatipuru, porém ndo se tem informag¢do da atual cubagem do deposito.
Atualmente, o Morro do Agostinho ¢ alvo de explotacdo de brita e pedra ornamental, pela

prefeitura do municipio de Araguacema (TO).

3.2. Geologia do Complexo Quatipuru

O Complexo Quatipuru esta situado na porcdo sul da Faixa Araguaia (Figura 3.1) e
possui extensao de 40 km, e largura que varia de 600 metros a 2,4 km, orientando-se na dire¢cdo
N-S e tendo algumas inflexdes nas diregdes NE-SW e NW-SE, que originam aspecto sigmoidal
em mapa (Figura 3.2). E constituido predominantemente por rochas ultramaficas (serpentinitos)
com um envelope de listwanitos.

As rochas encaixantes do complexo pertencem ao Grupo Tocantins e sdo representadas
por filitos, metarenitos, metarritimitos, metagrauvacas ¢ raras lentes de metacalcario possuindo
grau metamorfico baixo (facies xisto-verde baixa) a auséncia de metamorfismo.

Crostas lateriticas formam extensos platds nas d4reas das rochas encaixantes,

principalmente na por¢do oriental ao complexo, onde sdo raros os afloramentos. No complexo
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Quatipuru espessos perfis lateriticos com enriquecimento em niquel ocorrem principalmente em

pequenas bacias entre topos da serra, conforme descrito por Cordeiro & Mc Candless (1976).
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Figura 3.1 — Mapa geologico regional da Faixa Araguaia mostrando a localizagdo dos corpos ofioliticos, em especial
o Complexo Quatipuru (CQ). O retangulo tracejado na figura da direita corresponde a area da Figura 3.2.

3.2.1. Rochas encaixantes

As rochas encaixantes sdo representadas por um pacote metassedimentar, dado pela
intercalagdo métrica a decamétrica de camadas de filitos, ardosias, metarritmitos, metarenitos e
metagrauvacas, tendo ainda raras lentes de metacalcéario.

Os metarritmitos sdo constituidos por alternancia de laminas milimétricas a centimétricas
de areia, silte, argila e microconglomerados (Prancha 1A). Algumas observagdes de campo em
pontos distintos mostram decréscimo da granulometria destas ldminas em direcdo a ESE, mas tal
fato deve ser interpretado com cautela, devido a ocorréncia de dobras que podem ter invertido o
posicionamento original das camadas. Tais metarritmitos, associados com a presenca de

metagrauvacas, indicam que as rochas metassedimentares fazem parte de ciclos turbiditicos.
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Os filitos, ardosias e metarenitos finos constituem camadas mais espessas que afloram
por vezes de forma mais continua dentro da seqiiéncia metarritmica, principalmente na porc¢ao
ocidental ao complexo. Os dois primeiros variam de amarelo a creme, com foliagdo bem
evidenciada, enquanto que os metarenitos finos sdo branco-avermelhados ¢ de aspecto macico.
Nas ardodsias nota-se laminagdo cruzada, com bissetriz paralela a foliagao principal.

As metagrauvacas tém sua drea-tipo na por¢do noroeste ao complexo e exibem duas
formas de ocorréncia bem distintas. A primeira ¢ dada por aglomerados de matacdes cinza, onde
a rocha exibe um aspecto macico, isotropico, sendo cortada por fraturas preenchidas por quartzo.
A outra forma ¢ dada por afloramentos em matacdes verde-acinzentados, com clivagem
ardosiana bem marcada (Prancha 1B). Sob o microscopio, as metagrauvacas sdo rochas
inequigranulares, marcadas por bimodalidade granulométrica, dada por uma matriz muito fina (<
0,5 mm) de graos silicaticos e carbonaticos, servindo como arcabougo para graos minerais mais
grossos ¢ fragmentos de rocha (Prancha 1C). A mineralogia da matriz é representada, de acordo
com a ordem de abundancia, por quartzo, plagioclasio, microclinio, minerais opacos, clorita,
sericita e carbonato, estes trés ultimos ocorrendo em maior propor¢do nas rochas foliadas;
epidoto, zircdo e rutilo ocorrem como tragos. Comumente, os graos de quartzo variam de
arredondados a subangulosos, enquanto que alguns graos de plagioclasio tém habito em ripas
com terminagdes arredondadas, exibindo ainda maclas deformadas. Os fragmentos de rocha sao
representados em sua maioria por rochas quartzosas, caracterizadas como arenitos, quartzitos e
chert, além de fragmentos de dique de diabésio, vulcanica riolitica e xisto, que internamente
apresenta-se crenulado com clivagem de dissolugdo associada.

Os metarenitos que ocorrem no extremo sudeste da area sao bege a marrom-amarelados,
formando camadas dobradas que originam uma sucessao de anticlinais e sinclinais de dimensdes
métricas (Prancha 1D). Tais rochas sdo constituidas essencialmente por graos de quartzo
subangulosos a angulosos, e subordinadamente subarredondados (Prancha 1E); granulometria
varia de média (250-350 p) a fina, com intervalos granulométricos que variam entre 177-250 p e
125 —177 p. Raras e diminutas palhetas de mica branca sdo vistas localmente. A maioria dos
graos de quartzo exibe extingdo ondulante, e alguns deles evidéncias de processos de
recuperagao bem desenvolvidos. Finas vénulas quartzosas ocorrem entrecortando a rocha.

Os metacalcarios ocorrem como lentes localizadas proximas ao contato oeste do
complexo com dimensdes métricas, intercaladas com filitos. Sdo rochas cinza, com forte
anisotropia estrutural, marcada por clivagem ardosiana e¢ dobra apertada (Prancha 1F). A

mineralogia ¢ composta predominantemente por graos de carbonato (97%), quartzo (2-3%),
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minerais opacos (1%) e muscovita (< 1%). Os grdos de quartzo apresentam as maiores
dimensdes com granulometria fina a muito fina (muito menor que 1 mm), e a maioria tem forma
subangulosa a angulosa com seu eixo maior orientado a folia¢do, e por vezes exibindo extingao
ondulante. Os minerais opacos apresentam forma subédrica a euédrica (habito quadratico),
granulometria fina a muito fina e formam concentragdes paralelas a foliagdo, de espessura
submilimétrica, por vezes associadas com graos de quartzo. Finissimas plaquetas de muscovita
encontram-se dispersas na rocha e fortemente orientadas. Vénulas de 1 a 0,5 mm de carbonato

cortam a foliacdo da rocha e por vezes estdo dobradas.

3.2.2. Rochas do complexo

Listwanito

O termo listwanito, introduzido pelos gedlogos russos para rochas ultramaficas e maficas
alteradas de complexos ofioliticos, refere-se preferencialmente a uma suite de rochas resultantes
da alteracdo hidrotermal, e ndo propriamente a um tipo de rocha especifico (Ash, 2001). No
Complexo Quatipuru, o listwanito refere-se a uma associacao de finas camadas de talco-clorita
xisto e possantes camadas de rocha silico-hematitica que predominam, freqlientemente, sobre as
primeiras.

O envelope de listwanito nas porgdes silico-hematiticas apresenta diversos aspectos, tais
como maci¢o, brechado/venulado e milonitizado. Tais rochas s3o cinza quando frescas, e
avermelhadas quando fortemente intemperizadas, devido a forte impregnacao com oxido de
ferro. Nos termos macicos ocorrem graos de pirita disseminados, varias geracdes de vénulas de
quartzo, e planos de clivagem de fratura penetrativos. O listwanito brechado ¢ marcado pelo
rompimento de antigas porgdes quartzosas e por vénulas tardias de quartzo (Prancha 1G). O
listwanito milonitizado ocorre na regido norte do complexo, sob a forma de pequenos blocos
vermelhos soltos no solo, onde planos de cisalhamento com indicadores cinematicos estdo
presentes, estes ultimos dados por graos de calcedonia e fragmentos de serpentinito. Analises de
difratometria de raios-X caracterizaram a presenca de antigorita e lizardita, refletindo que tal
rocha ¢ produto de extrema silicificagdo do harzburgito.

Birbiritos formados pelo intemperismo das rochas ultramaficas sdo encontrados por todas
as regides intermontanas da serra, apresentando caracteristicamente aspecto cavernoso e/ou
laminado e densidade baixa (Prancha 1H), associados com porc¢des esverdeadas mais ricas em

garnierita.
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Rochas ultraméficas

As rochas ultramaficas possuem dois protolitos distintos, um predominantemente de
natureza harzburgitica e o outro dunitico. Tais rochas sdo encaixantes de uma suite de diques
gabroicos e piroxeniticos, além de pods de cromitito. O estudo da litogeoquimica dos peridotitos
¢ de sua quimica mineral ¢ descrito no artigo “Neoproterozoic podiform chromitites in the

Quatipuru Ophiolite: evidences of the supra-subduction zone in central Brazil”.

Harzburgitos

O harzburgito em afloramento apresenta clivagem espacada e cristais de bastita cinza
azulado, em meio a massa de serpentina verde palida (Prancha 2A). Em lamina delgada
pseudomorfos de bastita marcam antigos cristais de ortopiroxénio apresentando extingdo do tipo
lamelar, microgranular, em Kinks ¢ em bandas. Os antigos grdos de ortopiroxénio sdo
hipidiomorficos a xenomorficos, por vezes com habito ameboidal. Possuem dimensdao média de
5,5 X 3 mm, podendo alcangar até 11 mm.

A associagdo lizardita-crisotila ¢ produto de substitui¢do total da olivina, formando
textura mesh, onde a reconstitui¢do do contorno original dos graos ¢ feita pela presenca de
finissimos aglomerados de magnetita. Tais contornos indicam graos originais hipidiomorficos,
por vezes com habito arredondado e dimensdao média de 5 X 3,5 mm (Prancha 2B). Localmente, a
textura mesh apresenta-se deformada, principalmente em zonas de cisalhamento onde o
harzburgito ¢ transformado para serpentina xisto.

Os graos de cromita sdo avermelhados com forma anédrica a subédrica e ocorrem como
aglomerados de graos diminutos sobre cristais de bastita com extingdo microgranular,
acompanhando linhas de clivagens, ou ainda em contato intergranulares. Além disso,
apresentam-se também como inclusdes de aspecto vermiforme em graos de bastita/ortopiroxénio
(Prancha 2C), feicdo esta semelhante aquela encontrada na base da zona de transicdo de Moho
em complexos ofioliticos (Boudier & Nicolas, 1995) e indicativa de processo de fusao
incongruente de cristais de ortopiroxénio.

A composi¢ao modal, estimada pela recomposi¢do da mineralogia original ¢ dada por
olivina (70-71 %), ortopiroxénio (28-29 %) e minerais opacos (1-2 %), com cromita sendo < 1%.
A textura ¢ classificada como do tipo protogranular, de acordo com Mercier & Nicolas (1975).
Graos de ortopiroxénio possuem habito ameboidal e contatos em bainha e alguns destes possuem
inclusdes de olivina, assemelhando-se a texturas cumulaticas formadas por processo de

fracionamento e cristalizagdo magmatica. No entanto, as mesmas formas e relagdes de contato
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podem ser obtidas por processos de fusdo parcial, conforme descrito na base da zona de transi¢ao
de Moho, do ofiolito de Semail, Oma (Boudier & Nicolas, 1995).

Estas feicdes marcam o processo de fusdo parcial do harzburgito e transformacdo para
dunito, que ocorre concomitantemente com eventos de migracdo de magma num diapiro

ascendente (Kelemen et al., 1995; Suhr, 1999).

Dunitos

Os dunitos do Complexo Quatipuru sdo verde claros com presenca de grdos finos a
médios de cromita dispersos na massa de serpentina (Prancha 2D). Correspondem a lentes
métricas com dimensdes aflorantes de até 5 X 30 m, cuja transi¢ao para as rochas harzburgiticas ¢
rapida. Sob o microscopio sdo rochas totalmente serpentinizadas com textura mesh, onde por
vezes a reconstituicdo dos limites originais dos graos se da pela maior concentracdo de finos
graos de magnetita (Prancha 2E). A dimensdo média dos grdos de olivina é de 1 mm. Raros
graos de bastita (ortopiroxénio) apresentam-se amarronzados, dimensdao de at¢ 3 mm e com
inclusdes vermiformes e (ou) franjadas de cromita. Localmente, ¢ possivel identificar limites de
antigos graos idiomorficos de olivina lembrando textura adcumulética, no entanto, segundo
Nicolas & Prinzhofer (1983), fei¢des texturais de idiomorfismo ndo sdo critérios de acumulagado
magmatica, podendo apenas refletir a interacdo de cristal com liquido, onde o processo atuante
poderia ser tanto de crescimento como de dissolugdo do grao (fusdo). Os grdos de cromita sdo
subédricos a euédricos, com borda de magnetita e granulacdo média (1-3 mm). Os graos de
magnetita ocorrem com tamanho diminuto e dispersos por toda a rocha, sendo produto do
processo de serpentinizagdo. A composi¢cao modal dos dunitos ¢ dada por 97 - 98 % de olivina, 2
- 3% de cromita e <1% de ortopiroxénio.

Uma ocorréncia de lente de dunito apresenta bandamento branco, fino e descontinuo
(Prancha 2F), com espessura média de 5 mm. Sob o microscopio revela composicio
mineralogica dada predominantemente por plagioclasio e clinopiroxénio, de acordo com a ordem
de abundancia relativa, onde o primeiro tem hébito ameboidal (assemelhando-se a um liquido
intercumulus), fortemente propilitizado e por vezes com graos de epidoto (Prancha 2G). Tal
bandamento se coloca paralelamente a uma foliagdo interna da lente de dunito, sendo
interpretado como impregnagdes de antigas fracdes de magma (baséltico?) que foram
fossilizadas durante o processo de substitui¢do (fluxo poroso) para formagdo dos dunitos, de
acordo como descrito por Kelemen et al. (1995) e Suhr (1999). Esta rocha foi classificada como

plagioclasio dunito, conforme descrito para rochas de composi¢ao similar em ofiolitos e litosfera
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ocednica (e. g. Nicolas, 1986, Nicolas, 1989; Cannat et al., 1990; Girardeau & Francheteau,
1993; Edwards & Malpas, 1996).

Os dunitos também ocorrem como envelopes ao redor dos pods de cromitito, com
espessura centimétrica (£ 5 cm), sendo tal feicdo tipica de cromititos podiformes em complexos

ofioliticos (Nicolas, 1989).

Outra feicdo marcante nas lentes de dunito ¢ a presenga de trilhas milimétricas e
descontinuas (10 x 2 cm) de graos médios de cromita (Prancha 2H), subédricos a euédricos,
sendo semelhante ao micropod de cromitito na regido de Hess Deep (Pacifico Equatorial),
descrito por Arai & Matsukage (1998).

Igualmente como descrito na zona de transi¢do de Moho do complexo de Semail
(Boudier & Nicolas, 1995), a transicao harzburgito-dunito no Complexo Quatipuru tem feigoes
petrograficas marcantes, caracterizada, por:

(a) inicio de processo de fusdo incongruente no harzburgito causando a dissolu¢do de graos
de ortopiroxénio, marcada pela diminui¢do do tamanho, mudanga da forma, ¢ formacao

de inclusdes de graos de cromita de aspecto vermiforme (Figura 3.3),

(b) tal processo além da formacao de cromita gera olivina, originando assim,
(c) dunitos, onde os graos de cromita sdo subédricos a euédricos e associados com olivina,

como produtos finais da transi¢ao (Figura 3.3).

Figura 3.3 — Mudanga de forma de ortopiroxénio e espinélio através da transi¢do harzburgito-dunito (Leblanc et al.,
1980; in Nicolas & Prinzhofer, 1983). As fotomicrografias estdo localizadas proximas aos estagios identificados
desta transi¢do, e a escala ¢ igual para todas e referendada abaixo das mesmas.
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Suite de diques e sills

Uma das feigdes mais interessantes no Complexo Quatipuru corresponde a suite de
diques e sills que cortam as rochas harzburgiticas e duniticas, que pode ser dividida em dois
grupos: (1) diques piroxeniticos e (2) diques gabrdicos.

Os diques e sills do Complexo Quatipuru apresentam efeitos de alteragdo propilitica e
serpentinizac¢do, por vezes preservando litotipos com mineralogia original, permitindo anélises
de grdos de clinopiroxénio, ortopiroxénio, olivina e espinélio, porém ndo de forma sistematica.
Os graos de plagioclasio devido a forte propilitizagdo ndo puderam ser analisados. A andlise
quimica dos minerais serviu como base para estudos comparativos com outros exemplos de
ofiolitos e litosfera oceanica, além se subsidiar as interpretacdes sobre a petrogénese do
Complexo Quatipuru.

Os diques e/ou sills piroxeniticos correspondem a ortopiroxenitos e clinopiroxenitos
pegmatoides. Os diques gabroicos sdo representados por olivina gabros e diabasios. Além disso,
diques de wehrlito ocorrem localmente cortando diques piroxeniticos.

Embora tratando-se na maioria das vezes de rochas cumulaticas, excetuando-se os diques
de diabasio, analises litogeoquimicas foram realizadas na suite de diques/sills com o propoésito de
caracterizagdo quimica (Tabela 1). O diagrama com elementos utilizados como indices de
diferenciacdo magmatica mostra trend de diferenciacdo similar as relagdes cronologicas
observadas em campo (Figura 3.4). As andlises dos diques de diabdsio auxiliaram na

caracteriza¢cdo do ambiente de formagao dos mesmos.
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Figura 3.4 — Diagramas para elementos maiores dos diques piroxeniticos e gabroicos, mostrando os primeiros na

por¢do mais primitiva de ambos os diagramas (porgdo direita).

41



As relagdes temporais entre os diques e Sills sdo dadas, do mais antigo para o mais novo
por: ortopiroxenito pegmatoide, clinopiroxenito pegmatodide, wehrlito, olivina gabro e diabasio.
As relacdes espaciais entre estes diversos diques evidenciam que os peridotitos mantélicos
possuem uma histéria magmatica e estrutural de multiplos estagios, que sera descrita em maior

detalhe posteriormente.

Ortopiroxenito

Ortopiroxenito pegmatdide ocorre localmente como Sill ou bolsao métrico, onde o
primeiro encontra-se dobrado no plano da clivagem espagada dos harzburgitos (Prancha 3A).
Cristais individuais de ortopiroxénio podem alcancar 13 cm em dimensdo (Prancha 3B), e na
zona de charneira da dobra ndo estdo deformados, evidenciando que o posicionamento do Sill se
deu concomitante com a formagdo da foliagdo nos harzburgitos. Tal sill contém xenolitos de
dunito e harzburgito. Localmente, os bolsdes sdo marcados pela dissipacdo de megacristais de
ortopiroxénio na encaixante harzburgitica, que se apresenta empobrecida em grdos de
ortopiroxénio nesta regido de contato, podendo tal fato tratar-se de uma reagao entre Sill e
encaixante (Prancha 3C), i. e., dissolugdo de ortopiroxénio no harzburgito encaixante.

Os cristais de ortopiroxénio (94 % da moda) sdo hipidiomorficos, por vezes
serpentinizados, onde alguns exibem linhas de clivagem deformadas e extingdo ondulante. Perfil
longitudinal através de um unico cristal ndo apresentou variacdo composicional. A média
composicional ¢ dad por En= 90,78, Wo= 2,64 e Fs= 6,58, com Cr,0s3 de 1,12 e média de Mg#
0,93 (Mg/[Mg+Fe]). A média do nlimero de 4&tomos de cromo ¢ de 0,03, o que de acordo com
Morimoto et al. (1988) classifica o ortopiroxénio como cromo-enstatita.

Os valores de Cr,O; dos cristais de ortopiroxénio sdo em média trés vezes maiores,
quando comparados com graos de ortopiroxénio de diques de ortopiroxenito da se¢do mantélica
de Lewis Hills, ofiolito de Bay of Islands (Edwards, 1995). A olivina (4%) ocorre na maioria das
vezes como inclusdes hipidiomorficas a idiomorficas em ortopiroxénio, ou como cristais
xenomorficos em limites de grdos de ortopiroxénio. As poucas analises realizadas mostram
valores de Fo entre 84 ¢ 91,6, e NiO entre 0,25 ¢ 0,57.

Clinopiroxénio ocorre como lamelas ou inclusdes em cristais de ortopiroxénio (Prancha
3D), e a média composicional dos mesmos apresenta En= 50,04, Wo= 45,21 e Fs= 4,85, com
Cr,03 na ordem de 1,07 e Mg# 0,91, classificando-se como cromo-diopsidio a cromo-augita
(Morimoto et al., 1988). Apresentam os mais altos teores de Na,O e TiO, de todos os diques,

correspondendo, respectivamente, na média a valores de 0,52 e 0,53.
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Rocha Basalto Diabésio Olivina gabro Ortopirox. | Clinopirox. Wehrlito
Amostras | MA-01 | MA-O1.F | QT-39.F | QT-55.B | QT-48.B | QT-53.C | QT-53.A QT-39.C QT-50.A
SiO, 51,80 50,39 44,77 45,50 49,10 40,30 52,20 49,10 37,80
TiO, 1,40 1,48 1,29 0,62 0,41 0,24 0,02 0,34 0,14
AlL,Os 14,00 14,21 13,79 14,20 7,10 12,50 3,30 4,60 3,10
Fe,0O3 11,50 13,00 9,63 10,80 7,60 8,70 5,80 7,80 11,00
MgO 4,30 4,29 12,19 13,30 18,50 18,90 31,40 19,90 34,70
MnO 0,15 0,11 0,16 0,18 0,16 0,36 0,13 0,17 0,13
Ca0O 9,30 8,20 12,41 9,70 13,50 11,30 2,60 15,10 0,07
Na,O 4,00 5,39 1,79 2,00 0,49 0,19 <0,10 0,36 <0,10
K;0 0,86 0,02 0,35 0,58 0,27 0,04 0,01 0,02 0,02
P20s 0,12 0,13 0,16 0,04 <0,010 <0,010 <0,010 <0.010 0,015
P.F. 2,53 2,40 3,40 2,82 2,33 6,84 2,72 1,88 12,55
Total 99,96 99,62 99,94 99,74 99,46 99,37 98,18 99,27 99,53
Th <5 0,4 1,3 <5 <5 <5 <5 <5 <5
Ta <10 0,2 1,0 <10 <10 <10 <10 <10 <10
Nb 7 2,1 13,8 <5 <5 <5 <5 <5 <5
Rb 9 0,5 7,1 <5 <5 <5 <5 <5 <5
Hf <10 2,2 2,0 <10 <10 <10 <10 <10 <10
Sr 41 34,3 84,4 75 87 16 8 14 8
Y 33 36,3 21,9 19 11 5 <3 10 <3
Sc 36 37 36,0 27 36 27 18 41 <10
\Y 338 294 240,0 208 297 135 113 306 63
Zr 82 71,1 69,0 18 16 12 14 13 12
Ni 81 141 267,0 461 609 642 803 643 1840
Cr 241 218,95 759,5 918 2629 1082 > 5000 3852 1026
La 5,37 4,6 10 5,41 3,57 1,20 1,67 3,77 0,56
Ce 8,98 11,2 20 7,70 6,14 2,34 3,13 6,61 1,00
Pr nd 1,96 2,69 nd nd nd nd nd nd
Nd 4,94 11 12,9 4,91 3,49 0,80 1,23 3,34 0,48
Sm 1,30 4 33 1,38 0,93 0,18 0,22 1,02 0,09
Eu 0,40 1,49 1,26 0,32 0,31 0,12 0,11 0,22 0,08
Gd 1,29 5,23 3,64 1,39 1,08 0,15 0,24 1,05 0,08
Tb nd 0,93 0,62 nd nd nd nd nd nd
Dy 0,98 5,43 3,82 1,44 1,06 0,18 0,23 1,11 0,11
Ho 0,17 1,28 0,79 0,27 0,21 0,04 0,04 0,21 0,02
Er 0,35 3,42 1,97 0,69 0,53 0,09 0,13 0,54 0,06
Tm nd 0,56 0,39 nd nd nd nd nd nd
Yb 0,18 3,44 2,12 0,52 0,37 0,09 0,13 0,36 0,08
Lu 0,03 0,56 0,34 0,07 0,06 0,02 0,03 0,05 0,02

Tabela 1 — Analises litogeoquimicas dos diques mafico-ultramaficos do Complexo Quatipuru e basaltos do Morro
do Agostinho. Amostra MA-01 representa basalto espilitizado e a amostra MA-01.F representa basalto fresco.
Oxidos dos elementos maiores ¢ menores em porcentagem de peso. Elementos tragos e terras raras em ppm.

Cristais de cromita marrom-avermelhados, bastante fraturados, granulometria grossa,

alcangam até 2 % na composi¢do modal. Minerais opacos ocorrem como inclusdes diminutas em
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ortopiroxénio, perfazendo menos do que 1%. A textura destas rochas pode variar de
mesocumulatica a adcumulatica.

Espacialmente associado ao Sill ¢ bolsdo de ortopiroxenito pegmatdide ocorre
bandamento websteritico na encaixante harzburgitica (Prancha 3E), dado pela concentragdo de
trilhas de cristais de ortopiroxénio e subordinadamente clinopiroxénio, que podem ser seguidas
por varios metros ao longo da dire¢do. Localmente, este bandamento pode exibir dobras. Sob o
microscopio, além da predominancia de graos de ortopiroxénio e clinopiroxénio, delgadas faixas
de olivina serpentinizada ocorrem nos espacos intergranulares e comumente a serpentinizagao
ocorre nas bordas do ortopiroxénio. Os minerais opacos sdo representados por cromita,

magnetita e pirita, perfazendo menos de 1% desta zona bandada.

Clinopiroxenito

Os diques e/ou sills de clinopiroxenito pegmatdide correspondem a corpos tabulares ou
em forma de bolsdes. Os corpos tabulares (Prancha 3F) tém dimensdes de 0,70 a 3 m de largura
por 3 a 5 m de comprimento aflorante, localmente apresentando margens de menor granulagdo
(grossa) e apofises. Por vezes o contato destes diques com a encaixante harzburgitica ¢ marcado
por zona de empobrecimento em ortopiroxénio, gerando por¢des duniticas, o que pode refletir
interagdo entre estas rochas. Os corpos com maiores dimensdes apresentam porgoes
diferenciadas, tanto mineralogicamente como texturalmente, gerando por¢des wehrliticas e
alternancia de porgdes pegmatiticas a grossas, além de possuirem xendlitos de harzburgito e
dunito. Os bolsdes podem variar de centimétricos (Prancha 3G) a métricos (Prancha 3H), e por
vezes, um dos seus limites pode ser marcado pela dissipacdo de megacristais de ortopiroxénio,
presentes de forma esparsa na encaixante harzburgitica.

Microscopicamente, estas rochas sdo compostas predominantemente por clinopiroxénio,
perfazendo até 97% da moda, seguido por olivina, ortopiroxénio, anfibolio e minerais opacos,
em propor¢des menores do que 2%. Os cristais de clinopiroxénio sdo hipidiomorficos a
xenomorficos, variando em dimensdo de menos do que 1 mm a mais de 5 mm, tendo em suas
bordas graos menores comumente associados de olivina, ortopiroxénio e anfibolio, os primeiros
ocorrendo também na forma de inclusdes. Anfibolio e talco ocorrem como produto de alteracao
de clinopiroxénio, e de clinopiroxénio e ortopiroxénio, respectivamente. Alguns dos maiores
graos de clinopiroxénio apresentam lamelas de ex-solucdo e por vezes estdo deformados
(Prancha 4A), com presenga de Kinks e extingdo ondulante. Minerais opacos perfazem até 1% da

composi¢ao modal, com granulometria fina a muito fina, forma anédrica a subédrica, ocorrendo
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como inclusdes em clinopiroxénio e olivina, tratando-se muito provavelmente de magnetita.
Espinélio marrom esverdeado ocorre como graos finos a muito finos ou como intercrescimentos
vermiformes em graos de clinopiroxénio, ortopiroxénio e olivina. Vénulas milimétricas de
serpentina cortam e alteram grdos de clinopiroxénio. As textura ¢ classificada como
adcumulatica (Bard, 1986).

As porcdes wehrliticas sob o microscopio exibem texturas que variam de adcumulatica a
mesocumulética, com cristais de clinopiroxénio hipidiomorficos a xenomorficos, com dimensao
variando de 1 a > 5 mm, onde alguns deles exibem extin¢gdo ondulante, geminagdo, lamelas de
ex-solucdo e inclusdes de minerais opacos, olivina e espinélio marrom, além de bordas
fortemente serpentinizadas. A olivina apresenta-se em cristais com dimensdes menores do que 1
mm até 5 mm e sdo xenomorficos, formando faixas quase que continuas entre cristais de
clinopiroxénio. O ortopiroxénio ¢ xenomorfico predominantemente, colocand-se nos espacos
intergranulares, o que traduz um material tipo intercumulus.

Em termos de quimica mineral, os cristais de clinopiroxénio apresentam valores médios
de En=48,01, Wo=46,79 e Fs= 5,20, além de valores de Mg# 0,91, de Al,O3 de 4,97 e de Cr,0s
de 1,16, classificando-se como cromo-diopsidio a cromo-augita. Os graos de ortopiroxénio
possuem valores médios de En= 86,05, Wo= 12,38 ¢ Fs= 1,57, com valores de Mg# de 0,88,
Al,Os de 3,76 e Cr,03 de 0,81, classificando-os como cromo-enstatita.

A quimica mineral do clinopiroxenito ¢ comparavel aquela de diques de clinopiroxenito
da falha transformante de Terevaka (Constantin, 1999), conforme o grafico da Figura 3.5. O
ambiente desta falha tem sido apontado como uma por¢do de manto ocednico fortemente

impregnada por magmas ascendentes (Hekinian et al., 1992, Constantin, 1999).
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Figura 3.5 — Diagrama Cr,O; vs. TiO, apresentando o campo composicional de diques de clinopiroxenito da falha
transformante de Terevaka (Constantin, 1999) e os dados de clinopiroxénio de diques de clinopiroxenito do
Complexo Quatipuru (pontos vermelhos).
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Wehrlito

Diques de wehrlito foram identificados apenas numa regido do complexo, variando de 2
at¢ 50 cm de espessura. Trata-se de rocha fortemente serpentinizada, granulagao
predominantemente média, com xendlitos de harzburgito e cortando diques de clinopiroxenito
pegmatdide (Prancha 4B e 4C). O exame microscOpico revela que os graos de olivina e

clinopiroxénio estdo totalmente serpentinizados.

Olivina gabro

Os diques de olivina gabro ocorrem por toda a extensdo do complexo e a maioria deles
ndo apresenta margens de resfriamento rapido (chilled margins), indicando que a temperatura de
intrusdo dos diques era muito proxima a do harzburgito encaixante, porém tal harzburgito nao
apresenta halos duniticos no contato com estes diques, como descrito anteriormente para os
diques piroxeniticos.

Os diques de olivina gabro variam em espessura de 3 a 25 cm (Prancha 4D). Alguns
exibem bandamento composicional e/ou textural, de espessura centimétrica, paralelo a
subparalelo aos contatos com a encaixante (Prancha 4E), sendo tal bandamento definido por
bandas leucogabrodicas e gabrdicas com textura mesocumuldtica.

Esses diques comumente mostram sua mineralogia original bastante alterada, devido a
processos de propilitizagdo. Por vezes a mineralogia mafica original é preservada e representada
por cristais de clinopiroxénio, olivina e ortopiroxénio, enquanto os graos de plagioclasio
encontram-se fortemente alterados (Prancha 4F). As propor¢cdes modais desses minerais sdao
variaveis e a definicdo de uma média ou de uma composicdo mais freqliente parece ser um
exercicio inutil. Os tipos texturais variam de mesocumulados, adcumulados até
heteroadcumulados, como também diques que apresentam crescimento harrisitico e
granulometria grossa nas bordas e centro mais fino e equigranular. A granulometria varia de fina
a média e as principais fases acessorias sdo minerais opacos, anfibolio e zircao.

Alguns diques de olivina gabro apresentam textura milonitica em fluxo mosaico (Bard,
1986), sendo a matriz formada por graos muito finos (< 1mm) e recristalizados de plagioclésio,
clinopiroxénio e anfibolio marrom, onde o primeiro encontra-se mais preservado da alteracao,
marcado pela presenca de geminagdo polissintética. Graos finos, de habito arredondado, de
clinopiroxénio e olivina correspondem a porfiroclastos, enquanto graos subédricos de anfibolio
marrom correspondem a porfiroblastos, por vezes formando faixas submilimétricas quase

continuas, 0 mesmo acontecendo com minerais opacos.
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Estudos de quimica mineral mostram cristais de ortopiroxénio com valores médios de
En= 81,35, Wo= 17,10 e Fs= 1,55, com Mg# de 0,83, Al,Os; de 0,28 e Cr,O3; de 0,43,
classificando-os como enstatita. Cristais de clinopiroxénio apresentam valores médios de Mg# de
0,91, de Al,0O5 de 4,67, Cr,03 de 1,08 e de En= 49,03, Wo= 46,15 e Fs= 4,82. De acordo com o
numero de cations de cromo tais graos classificam-se como cromo-diopsidio a cromo-augita

(Morimoto et al., 1988).

Diabasios

Os diques de diabasio ocorrem por todo o complexo e sdo os mais abundantes,
juntamente com os diques de olivina gabro. Variam em espessura de 2 cm a 1,5 m, com textura
predominantemente afanitica (Prancha 4G). Sob o microscopio apresentam mineralogia primaria
bastante modificada, mas por vezes algumas ilhas da textura original subofitica a intergranular
sdo preservadas (Prancha 4H). Por vezes tais diques sdo vistos cortando pods de cromitito,
formando boudins em meio ao serpentina xisto, ou ainda deformados em zonas de cisalhamento,
onde sua mineralogia ¢ transformada para uma assembléia rica em actinolita e clorita. As
relagdes espaciais e temporais destes diques indicam que os peridotitos mantélicos alcangcaram
niveis rasos, com temperaturas inferiores a 600° C, situagdo esta igualmente descrita no diapiro
de Magsad (ofiolito de Semail, Oma, Ceuleneer et al., 1996). A caracterizagdo quimica destas
rochas pode ser vista na Tabela 1, e suas similaridades com os basaltos serdo discutidas adiante

(item 3.3 Geologia do Complexo Morro do Agostinho).

Outros tipos petrograficos

Alguns diques de diabasio sdo relacionados ao evento de magmatismo bésico da Bacia do
Parnaiba, sendo portanto de idade Mesozoica e ndo cogenéticos com os outros diques de diabésio
da suite de diques e sills. Sao intrusdes de maior espessura, variando de 3 a 40 metros (os mais
espessos encontram-se nas rochas encaixantes do complexo), exibindo assim por¢des de margem
afanitica a microfaneritica e por¢des centrais com granulagdo média. Comumente, apresentam
textura subofitica preservada, porém com mineralogia alterada por processos intempérico-

hidrotermais.
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3.2.3. Aspectos estruturais relacionados ao Complexo Quatipuru

O Complexo Quatipuru é um corpo alongado na dire¢do norte-sul, estendendo-se por
cerca de 40 km e com largura variavel entre 600 e 2.400 m, apresentando ligeiras inflexdes para
NW e NE, o que gera um aspecto sigmoidal em estreita conformidade estrutural com as rochas
encaixantes (Figura 3.6). Além disso, sua geometria de boudins evidencia forte estiramento na
dire¢do N-S. De maneira geral apresenta uma dominante foliagdo com caimento para leste,
concordante com as rochas encaixantes (Prancha 5A).

Nas rochas encaixantes, o pacote metassedimentar ¢ marcado por uma foliacao principal
S; bem caracterizada em todos os litotipos, apresentando atitude média de 086729  (dip
direction). Comumente o acamamento é preservado, facilmente identificado nos metarritmitos
tipo flysch, dado pela alternancia de laminas de argila, silte e areia, por vezes também com
alguns niveis microconglomeraticos. O arranjo destas laminas comumente indica topo para leste
(Prancha 1A), muito embora a presenca de dobras no pacote sedimentar possa inverter esta
relacdo.

As dobras (D;) podem ser identificadas em escala métrica (Prancha 5B e Prancha 1D) e
centimétrica com eixos E; de orientagcdes para SE e NE, de caimento entre 10" e 20.
Redobramentos suaves das dobras D; geram eixos E, com orientacdo para SSE e caimento de
55", sugerindo a presenga de padrdes de interferéncia relacionados a processos de deformagcio
heterogénea na regido.

O Complexo Quatipuru possui caracteristicamente um envelope de listwanito que o
separa das rochas encaixantes (Prancha 1G). Nas regides de contato, zonas de cisalhamento
alcangam até dois metros em espessura sendo expressas pela milonitizagdo do harzburgito,
evento este Sin tectonico com intenso processo de alteragdo hidrotermal responsavel pela
formacdo do envelope de listwanito. Tal envelope ¢ interpretado como produto de trocas
metassomaticas entre o nucleo de serpentinitos e as rochas encaixantes metassedimentares.
Talco-clorita xisto ocorre localmente na borda oeste do complexo e corresponde a um produto
intermediario de tais trocas, localizando-se na interface entre os serpentinitos e as rochas silico-
hematiticas, compondo com estas ultimas a associagao litologica denominada listwanito.

As estruturas deformacionais identificadas nas rochas do Complexo Quatipuru podem ser
divididas em dois tipos, conforme descrito por Nicolas et al. (1999) no ofiolito de Mirdita
(Albania), de acordo com a temperatura de formagdo em: (i) de alta temperatura (cerca de
1200°C), formadas durante processo de acres¢do mantélica, e (ii) de baixa temperatura (800 -

1000° C), formadas apds a incorporagao das rochas dentro da litosfera.
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Figura 3.6 — Mapa geologico estrutural do Complexo Quatipuru. A. Estereograma (hemisfério inferior) das rochas
metassedimentares. B. Estereograma (hemisfério inferior) das rochas peridotiticas.

As estruturas de alta temperatura sdo representadas pela textura protogranular (Prancha

2A) e pelo bandamento websteritico associado (Prancha 3E), e pelo arranjo bandado das lentes
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de dunito em meio ao harzburgito (Prancha 5C), originado a partir da combinacao de processos
deformacionais ¢ de migragdo de liquidos (cf. Nicolas, 1999; Kelemen et al., 1995), durante a
acres¢ao do didpiro mantélico a niveis litosféricos.

O sill de ortopiroxenito pegmatdide dobrado apresenta graos de ortopiroxénio ndo
deformados e com orientagdo cadtica na charneira da dobra, evidenciando que a intrusao deste se
deu concomitante com a formacdo e dobramento da foliagdo mantélica dos harzburgitos
(Prancha 3A). Efeitos deste dobramento sdo vistos também no bandamento websteritico e se
associam a processos de migragdo de liquidos (Prancha 5D).

As estruturas de baixa temperatura sdo caracterizadas por zonas de cisalhamento ducteis,
marcadas pela formacao de milonitos, localizadas nos contatos harzburgito-listwanito (Prancha
5E) e nas porg¢des centrais do complexo, representadas por por¢des de serpentina-xisto (Prancha
5F). Nestas porgoes, a foliacdo S; apresenta-se anastomosada e com microdobras intrafoliais com
vergéncia para oeste, sendo paralela a S, (foliagdo mantélica). Boudins de harzburgito
protogranular (Prancha 5G) e de diques de olivina gabro (Prancha 5H) ocorrem em meio as
porcdes de serpentina xisto. Sob o microscopio o serpentina xisto ¢ caracterizado por um forte
achatamento das celas individuais da textura mesh e maior preservacdo dos grios de bastita,
enquanto que nos diques de olivina gabro graos de plagiocldsio apresentam-se recristalizados.
Dique de diabasio que corta pod de cromitito apresenta-se boudinado (Prancha 6A), marcando a
deformacdo posterior ao ultimo evento de magmatismo relacionado a constru¢do de litosfera
oceanica. A média de S; nas porgdes de estruturas de baixa e alta temperatura ¢ de 083/55°,
conforme o estereograma da Figura 3.7.B.

Nas porgdes centrais do complexo as zonas de cisalhamento variam em espessura de 1 a
13 metros, bem como na intensidade da milonitizagdo, formando por¢des de ultramilonitos e
milonitos, tanto no harzburgito (Prancha 6B) como nos diques basicos (Prancha 6C). Uma destas
zonas com largura de 13 m e estruturas in situ mostra padrdo anastomosado (Prancha 6D), onde
améndoas individuais tém 5 m de largura e atitudes que variam de 080/55 a 090/55 (dip
direction). Associado a esta zona tem-se uma faixa de 1 metro de espessura de silicificagdo. Sob
0 microscopio, tal zona apresenta graos de quartzo com forte extingdo ondulante associados com
finos graos de minerais opacos.

A composicao mineralogica dos serpentinitos, caracterizada pela presenga de lizardita e
crisotila, posiciona estas rochas em facies metamoérfico de grau baixo (até xisto-verde). A

preservagdo da textura mesh e¢ de elementos estruturais de origem mantélica nas rochas
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peridotiticas, indica que o processo de serpentinizacdo se deu de maneira estatica,
conformesugerido por Frith-Green et al. (1996; in Dilek et al., 1998) para peridotitos

serpentinizados da regido de Hess Deep (Pacifico leste).
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Nas rochas encaixantes a paragénese mineral melhor desenvolvida ¢ encontrada nas
metagrauvacas, onde as presengas de clorita e muscovita definem a fécies xisto-verde baixa. O
melhor indicador do grau metamorfico nas rochas do complexo sdo os diques gabroicos. Os
diques de olivina gabro deformados exibem uma associacdo de clorita-actinolita (Prancha 6E),
além do que a recristalizacdo de grdos de plagioclasio em boudins de olivina-gabro indica
condigdes proximas de 400° C, indicando que as zonas de cisalhamento se posicionam na facies
xisto-verde. Tais fei¢des deformacionais podem ser heranca de eventos de desnudagdo tectonica
ainda em ambiente ocednico, ou serem resposta ao evento de obduccdo, quando do
posicionamento do complexo na zona de sutura.

Localmente, na regido do Bananal o contato dos serpentinitos com o as rochas silico-
hematiticas ¢ marcado pela presenga de talco-clorita xisto, que constitui uma estreita faixa de 0,5
m de espessura, com presenca de microdobras pitgmaticas (Prancha 6F) e crenulacdes, as
primeiras formadas por intenso achatamento.

O estilo de deformacao e o baixo grau metamorfico das rochas do Grupo Tocantins, bem
como o grau de preservacdo dos corpos ofioliticos associados, indicam que tais rochas tiveram
baixo grau de soterramento crustal, igualmente como descrito na regido do sistema Alpino-
Apenino por Dilek et al. (2007). Sendo assim, a amalgamacgdo ou ancoragem (docking) entre os
diversos terrenos envolvidos se deu em condigdes rasas, ¢ o desmebramento dos corpos
ofioliticos ¢ resposta ou ao forte achatamento devido a colisdo frontal ou a movimentos com
componente obliqua, conforme descrito por Abreu et al. (1994).

Baseado em informagdes de trabalhos anteriores e deste trabalho, o arranjo
litoestratigrafico para as rochas do Grupo Tocantins ¢ caracterizado pelo empilhamento de
terrenos de ambientes geologicos distintos, caracterizados por: cobertura plataformal, sedimentos

de fundo marinho e litosfera oceanica (Figura 3.7).
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Figura 3.7 — Perfil litoestratigrafico das rochas metassedimentares da Faixa Araguaia, com detalhe para porgdo oeste
do Grupo Tocantins (figura colorida), associado com perfil Bouger. Baseado em informagdes de campo, de Osborne
(2001; com. verbal) e Villas et al. (2007) e Abreu et al. (1994).

3.3. Geologia do Complexo Morro do Agostinho

Localizado proximo a cidade de Araguacema (TO), este complexo tém cerca de 3 km de
extensao e orientagdo preferencial NW-SE (Figura 3.1). As melhores exposi¢des estdo na por¢ao
leste, sendo representadas pela associacdo de harzburgito e basalto variolitico com estruturas em
almofadas. Tais rochas formam megalentes de direcdo geral NNE, isoladas e tectonicamente
alojadas nas rochas metassedimentares encaixantes. Possuem também envelope de listwanito. O
harzburgito apresenta textura protogranular com faixas cisalhadas locais compostas por
serpentina xisto. E frequentemente cortado por diques de clinopiroxenito pegmatéide com
xenolitos de dunito e harzburgito a semelhan¢a do Complexo Quatipuru.

O basalto ocorre em extenso afloramento de frente de pedreira com area aproximada de
2.500 m’, apresentando estruturas almofadadas (Prancha 7A e 7B), brechas de fragmentos de
almofadas e brechas de hialoclastitos. A andlise das almofadas individuais de basalto variolitico
mostra que elas possuem dimensdes do eixo maior variando de 0,5 a 1 m e revela uma zonagao

caracteristica, semelhante aquela descrita por Dimroth et al. (1978) em lavas arqueanas na area
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de Rouyn-Noranda (Canada), com quatro zonas principais, que sao: (a) zona externa: material
interalmofadas, esverdeado, por vezes com a presenga de variolas deformadas por fluxo do
material interalmofadas e fragmentos de almofadas de dimensdo centimétrica (Prancha 7C); (b)
zona mediana I: rocha afanitica a vitrea, esverdeada, com presen¢a de grande quantidade de
variolas, variando de 0,5 a 8 milimetros em dimensdao, por vezes exibindo zoneamento
concéntrico, podendo formar aglomerados (Prancha 7C); (c¢) zona mediana II: correspondente ao
contato entre basalto ndo alterado, castanho arroxeado, e a por¢ao esverdeada da zona mediana I,
caracterizada por um contato onde aparentemente ocorreu escape de variolas (Prancha 7D) e (d)
basalto ndo alterado, arroxeado, afanitico, cortado por vénulas de quartzo (Prancha 7D). A
estrutura variolitica destas lavas pode indicar imiscibilidade de liquidos.

Ao microscopio, a zona mediana I exibe variolas com formas arredondadas a irregulares,
compostas por material muito fino em suas bordas; internamente, algumas delas apresentam
diminutos cristais de epidoto correspondendo a antigos cristais de plagioclasio (Prancha 7E). Por
vezes, algumas destas variolas possuem em suas bordas provaveis antigos cristais de olivina e
clinopiroxénio, alguns deles formando aglomerados (Prancha 7F). O basalto ndo alterado
apresenta textura variolitica, caracterizada por leques formados por ripas divergentes de

plagioclasio associadas com graos finos de plagioclésio e clinopiroxénio.

A brecha de fragmentos de almofadas apresenta fragmentos que variam de 0,5 até 10 cm
de didmetro, em sua maioria com forma subarredondada e subordinadamente subangulosa. Um
fino zoneamento concéntrico nas bordas destes fragmentos ¢ comumente observado, além da
presenga de esferulitos nas porgdes centrais (de dimensdo menor do que as variolas presentes nas
bordas das almofadas). A matriz que suporta os fragmentos ¢ composta por material vitreo e por
fragmentos de tamanho diminuto. Nota-se ainda um aspecto sigmoidal quando esta matriz
envolve certos fragmentos, levando a crer que estes sofreram alguma movimentagdo, mesmo que
restrita, durante o fluxo da lava.

A brecha de hialoclastito exibe uma textura fragmentaria (Cas & Wright, 1988),
caracterizada pela abundancia de fragmentos liticos de tamanhos variados, sendo predominante a
fragdo lapili, em relagdo aos fragmentos maiores (blocos), suportados por matriz vitrea (Prancha
7G). Os fragmentos variam de angulares a arredondados e possuem carater cognato; alguns dos
fragmentos estdo plasticamente deformados, enquanto outros estdo fraturados. O exame
microscopico destes fragmentos revela a presenca de grande quantidade de micrdlitos (e mais
raramente microfenocristais) de plagiocldsio, com sobrecrescimento esferulitico, em meio a uma

matriz vitrea. Vénulas de quartzo, clorita ¢ epidoto cortam a rocha de maneira aleatoria.
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Esferulitos e microélitos representam feigdes de resfriamento rapido (quenching), o que, aliado ao
aspecto bandado e por vezes deformado de alguns fragmentos, evidencia a formagdo de crostas
de resfriamento quando do contato da lava com a 4gua do mar. Admite-se que, posteriormente,
tais crostas foram envolvidas pelo fluxo continuo de lavas, gerando estruturas de autobrechacao
do tipo brechas de hialoclastitos (cf. Cas & Wright, 1988).

Atividade hidrotermal tardia associada a estes basaltos ¢ representada por porcdes
métricas de brechas hidraulicas fortemente epidotizadas, comumente com vénulas de carbonato e
quartzo associadas, sendo marcante a auséncia de sulfetos (Prancha 7H). Tal atividade
corresponde ao evento mais tardio identificado, pois corta todas as estruturas descritas
anteriormente.

Um estudo preliminar da composi¢do quimica de duas amostras de rocha basaltica do
Morro do Agostinho, uma espilitizada (MA-01) e outra ndo hidrotermalizada (MA-01.F), e duas
amostras de diques de diabasio do Complexo Quatipuru (QT-39.F e QT-55.B) permitiu a
caracterizagdo do ambiente tectonico de formacdo da sequéncia ofiolitica e a comparagdo com
basaltos da Serra do Tapa (Kotschoubey et al., 2005).. O plot de SiO, versus FeO'/MgO (Figura
3.8) das lavas e dos diques identifica o carater toleitico dos mesmos, classificando-os como
basaltos sub-alcalinos (Figura 3.9). As amostras de lavas e dos diques quando plotadas em
diagramas discriminantes de ambiente tectonico (Figura 3.10) mostram comumente assinaturas
do tipo MORB e/ou basaltos de bacia back-arc (BABB; Pearce & Cann, 1973; Shervais, 1982),
exceto para um dique de diabasio que plota no campo de toleito de arco. Todos estes diagramas
demonstram que os diques de diabasio possuem composi¢cao quimica mais primitiva do que as

lavas basalticas, devido a maiores conteudos de Cr e MgO, e mais baixos de SiO,, Tie V.
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Figura 3.8 - Diagrama SiO-,% versus FeO'/MgO dos basaltos e diques do complexo ofiolitico Quatipuru-Morro do
Agostinho (modificado de Miyashiro, 1974). Os basaltos da Serra do Tapa (ST) corresponde a média de seis
amostras apresentadas em Kotschoubey et al. (2005). FeO' corresponde a soma de Fe,O; e FeO.
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Figura 3.9 — Classificacdo geoquimica dos basaltos e diques do complexo Quatipuru-Morro do Agostinho, no
diagrama de Winchester & Floyd (1977).
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Os elementos terras raras dos diques de diabasio mostram trends fracionados entre ETRL
e ETRP (Figura 3.11), sendo também este o padrdo do basalto espilitizado (MA-01). O basalto
preservado (MA-01.F) mostra um padrdo levemente enriquecido em ETRM (MREE) sobre
ETRL e ETRP e quando comparado a basaltos de vérios ambientes tectonico, mostra
similaridade com o padrao de MORB (mid-ocean ridge basalts) ¢ de BABB (back-arc basin

basalts). A amostra de dique de diabasio QT-39.F mostra padrao semelhante a basalto de arco.
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Figura 3.11 — Padrdes de ETR para amostras de basalto fresco (MA-01F) e basalto espilitizado (MA-01) do Morro
do Agostinho e diques de diabasio (em vermelho) do Complexo Quatipuru. SFM: representam a média de 22
amostras do sul da fossa de Marianas; MORB: média de 26 amostras frescas de vidro e ARC: tipico basalto do Arco
de Marianas, todas compiladas de Gribble et al. (1998). Normalizagdo para o condrito de Boyton (1984).

Outros elementos tracos foram plotados no diagrama de Pearce (1983) tentando
estabelecer o comportamento dos elementos moéveis (Sr, K, Rb e Ba) e imdveis normalizados a
MORB (Figura 3.12). Com relagdo aos elementos iméveis, apesar de alguns picos negativos em
amostras de basalto (MA-01) e dique de diabésio (QT-55.B), o comportamento de tais elementos
assemelha-se aqueles de MORB e de BABB. A amostra de basalto fresco MA-O1F apresenta
padrdo mais proximo ao de MORB do que todas as outras amostras. O restante das amostras
apresenta padrdo enriquecido dos elementos imdveis com tendéncia de suavizagdo da curva para
os elementos imoveis mais incompativeis (Th, Ta, Nb e Ce), ficando entre um padrao tipo OIB

(oceanic island basalt) e BABB (representado por uma média de amostras de sul da fossas de
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Marianas — SFM), similar ao padrao E-MORB (enriched-MORB de Sun & McDonough, 1989)
(Figura 3.12).
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Figura 3.12 — Diagrama multielementar de Pearce (1983) para basaltos do Morro do Agostinho e diques de diabésio
do Complexo Quatipuru. Dados plotados para comparacdo sdo o de OIB de Sun (1980), N-MORB de Saunders &
Tarney (1984) e SFM de Gribble et al. (1996; in Gribble et al., 1998).

3.4. Discusséao dos dados obtidos

Ceuleneer (1991) estudou a estrutura diapirica do macico de Magsad (ofiolito de Semail)
e descreveu estruturas de fluxo mantélico subdividindo-a em duas zonas que sdo (a) zona de
ascensdo ¢ (b) zona divergente. A zona de ascensdo ¢ marcada pela presenga de foliacdo e
lineacdo de alto angulo em harzburgitos, estes interpretados como residuos de fusdo apos
extragdo em grandes profundidades no didpiro. A zona divergente ¢ marcada por foliacdo e
linea¢do de mais baixo angulo nos harzburgitos e por uma zona de transicdo de menor espessura
quando comparada aquela sobre a zona de ascensao.

Na zona de ascensdo, abaixo de 2 km da paleo-Moho, raros relictos de liquido no
harzburgito sdo presentes, porém as mais comumente observadas sdo bandas duniticas
discordantes, de espessura decimétrica a centimétrica. Tais bandas sdo marcadas em alguns
locais por pequenos e descontinuos bolsdes gabroicos ou por cristais individuais de plagioclasio
e (ou) clinopiroxénio, cristalizados provavelmente de um magma basaltico retido durante seu

caminho a niveis mais rasos. Os dunitos sdo interpretados como produto de reagdo solido-
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liquido, refletindo intensa circulagdo e reagao entre um liquido basaltico ascendente e peridotito
mantélico, conforme discutido por Kelemen et al. (1995) e Suhr (1999). Esta zona ainda é quase
totalmente ausente de diques maficos bem desenvolvidos e quando presentes apresentam
margens duniticas apontando a fusdo incongruente ou dissolugdo reativa de enstatita no
harzburgito (Leblanc & Ceuleneer, 1992).

Em contraste a esta zona de ascensdo, a zona divergente do didpiro ¢ marcada por fluxo
horizontal e pela auséncia de estruturas de reagdo. Tal zona ¢ caracterizada por intensa
deformacdo plastica e intrusdes de diques gabroicos (gabros de granulagdo grossa, microgabros e
diabasios), dispondo claras relagdes intrusivas com os harzburgitos e sem margens duniticas,
marcando significante diminui¢ao de temperatura a distancia da zona de ascensdo (Ceuleneer,
1991; Leblanc & Ceuleneer, 1992).

O Complexo Quatipuru possui registros de estruturas de fluxo mantélico tanto da zona de
fluxo vertical (zona de ascensdo) quanto da zona de fluxo divergente. As lentes duniticas,
presentes por todo o complexo, representam antigos condutos de migracdo de magmas para a
superficie, e por vezes possuem congeladas evidéncias destes magmas, exemplificadas pelas
segregacdes de plagiocldsio e clinopiroxénio (Prancha 2H). Tais condutos por vezes
comportaram-se como pequenas camaras magmaticas onde houve a precipitagdo de noédulos de
cromita. Os dunitos e cromititos representam os mais antigos produtos de processos magmaticos
de reagdo e acumulacdo, marcando estruturas de fluxo vertical (Ceuleneer, 1991) durante a
ascensdo do diapiro do Quatipuru.

O bandamento websteritico e o plano axial da dobra do sill de ortopiroxenito pegmatoide
definem um plano de foliagdo interpretado como estrutura de fluxo divergente. Tal fluxo marca
também a estabiliza¢do final e formacao da textura protogranular dos harzburgitos. Interpreta-se
que a foliagdo da zona de ascensao foi paralelizada a foliagdo da zona de fluxo divergente.

A cronologia, textura e relagdes estruturais dos diques no Complexo Quatipuru (Figura
3.13) apontam que apd6s um evento astenosférico com fluxo plastico associado,
aproximadamente 2 km abaixo da paleo-Moho, a por¢do mantélica do diapiro Quatipuru atingiu
nivel litosférico, onde o harzburgito teve sua recristalizacdo final (formagdo da textura
protogranular) e a intrusao de alguns diques de clinopiroxenito pegmatéide tardios (corpos
tabulares), e de diques de olivina gabro. Posteriormente, esta mesma por¢ao mantélica elevou-se
para niveis litosféricos de crosta rasa como indicado pela intrusdo dos diques de diabasio (Figura
3.14). Este nivel foi propicio a a¢do intensa de processos hidrotermais, como o de

serpentinizag¢do nos peridotitos e o de propilitizagdo nos diques basicos.
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Figura 3.14 — Modelo para evolugdo da suite de diques mantélicos do Complexo Quatipuru em ambiente de litosfera
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harzburgito encaixante (halo dunitico), indicando efeitos de dissolugdo do ortopiroxénio do harzburgito. Diques de
wehrlito, olivina gabro e diabasio indicam posicionamento da por¢do de manto em condi¢cdes mais frias e mais
elevadas em litosfera ocednica. O nivel mais raso alcangado em litosfera oceanica foi marcado pelas intrusdes dos
diques de diabasio e pela agdo do processo de serpentinizagdo. Modificado de Suhr (1999).

As rochas do Complexo Quatipuru e suas relacdes estruturais sdo semelhantes aquelas
associadas a Zona de Transicdo de Moho em muitos complexos ofioliticos (e. g. Semail),
conforme descrito por Boudier & Nicolas (1995). Comparagdes com analogos modernos sio
encontradas em Constantin (1999), que estudando a falha Garrett, descreve harzburgitos

impregnados com lentes irregulares e diques de composi¢do gabroica e/ou piroxenitica, ¢ ainda
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troctolitos e dunitos associados, propondo que esta associacdo litoestrutural corresponderia a
uma tipica zona de transi¢do de Moho.

As estruturas encontradas nas rochas basélticas do Morro do Agostinho, tais como
brechas de hialoclastitos e brechas de fragmentos de almofadas, sdo semelhantes, por exemplo,
aquelas descritas por Busby-Spera (1987) para facies de lavas basalticas extravasadas na bacia de
back-arc na Ilha de Cedros, México.

A proximidade espacial dos complexos Quatipuru e Morro do Agostinho, expressando
uma associacdo harzburgito-lavas basalticas, ¢ semelhante aquela descrita por Hekinian et al.
(1992) na falha transformante Garrett, na dorsal do Pacifico Leste. Nesta falha, estes autores
descreveram uma exposicdo crosta-manto caracterizada pela associacdo de peridotitos
serpentinizados e brechas vulcanicas metamorfisadas (Figura 3.15), além do que registraram
atividade vulcanica recente na referida falha, na forma de lavas basalticas extravasadas em

contato direto sobre os peridotitos mantélicos.
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Figura 3.15 — Modelo interpretativo apresentando o principal modo de distribuicdo das unidades litologicas do fundo
oceanico, observada na porgdo leste da falha transformante de Garrett. Notar que derrames basalticos recentes
comumente extravasam nas partes mais profundas da falha transformante (encostas e vales) durante movimentos
tensionais. Uma por¢do da cordilheira mediana sofre deformacao tipo ruptil e alteragdo metamorfica (metabrecha da
facies zeolita e xisto verde) durante a colocagdo das rochas ultramaficas. ZTA- zona tectonica ativa. Modificado de
Hekinian et al. (1992).

As rochas e estruturas encontradas nos complexos Quatipuru e Morro do Agostinho
apontam que tais complexos fazem parte da mesma secdo de litosfera oceanica construida no
Neoproterozoico, registrando historia de eventos ocorridos desde condi¢des mantélicas até de
crosta rasa em ambiente oceanico, evidenciando o dindmico estagio de oceanizagdo da bacia

Araguaia.
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Abstract

The Quatipuru-Morro do Agostinho complex is one of the best preserved ophiolite
complexes in the Araguaia Belt and is characterized by podiform chromitites that are hosted by
mantle peridotite (serpentinite) associated with basaltic pillow-lavas. The mantle peridotite is
composed predominantly of harzburgite interlayered with minor dunite, and hosts a suite of
pyroxenitic and gabbroic dikes and sills. These structures demonstrate that this Neoproterozoic
ultramafic oceanic lithosphere was crosscut and impregnated during intense magma migration.
This association of mantle peridotites, podiform chromitites and the suite of dikes is
characteristic of the Moho transition zone (MTZ) in some ophiolite complexes (e. g., the Semail
ophiolite, the Moa ophiolite complex in Cuba and the Limassol Forest part of the Troodos
ophiolite complex in Cyprus).

Geochemical characteristics of the peridotite demonstrate a residual character with high
values of MgO (>35 wt%) and very low abundances of Al,O3 (<1 wt%). Accessory chromite in
the harzburgite and dunite has Cr# of 0.42 and 0.51, respectively. The podiform chromitite is
both massive and nodular and has a Cr# that varies from 0.42 to 0.61, characterizing it as a low-
Cr ophiolitic type chromitite. The low tenors of PGE (£<176ppb) in the chromitite have a
negative chondrite normalized pattern with IPGE dominating over PPGE similar to chromitites
from other ophiolite complexes of Juro-Cretaceous and Neoproterozoic age from South America
(e. g., Cuba and Argentina, respectively), interpreted as having formed over a supra-subduction
zone. The presence of podiform chromitite also suggests that this ophiolite was formed in a
supra-subduction zone that was uplifted prior to the injection of the mafic dykes and sills. These

formed perhaps in a transform fault system that is a favorable environment for uplift of
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peridotites from the mantle to shallow levels in the oceanic crust. At this level, the peridotites
were cut by MORB-type magmas (diabase dikes) associated with MORB type pillow lavas, thus
forming a lithostructural association that has been recorded in the modern oceanic lithosphere (e.
g., the Garrett transform fault). The obduction process then preserved parts of this

Neoproterozoic oceanic lithosphere.

Keywords: podiform chromitite, Moho transition zone, Quatipuru complex, Neoproterozoic Araguaia Belt, supra-

subduction zone

1. Introduction

Neoproterozoic ophiolites are characterized by different grades of preservation of their
pseudostratigraphy, as is observed commonly in diverse fold-and-thrust orogenic belts (Strieder
& Nilson, 1992; Stern et al., 2004; Khalil & Azer, 2007; Escayola et al., 2004). Some mantle
sections of these ophiolites, although modified by metamorphism and deformation, preserve
rocks and/or mineral associations that characterize oceanic lithosphere fragments.

Podiform chromitite is typical of the mantle section in ophiolites it is commonly hosted
by residual harzburgite mantle and typically possesses a dunite envelope and may contain
nodular textures (Roberts & Neary, 1993). In Precambrian ophiolite complexes, the Cr-spinels in
the chromitite and associated peridotite correspond to a more refractory mineral phase of post-
magmatic transformation then other high temperature-associated magnesian-silicates, and these
Cr-spinels are usually used as petrogenetic and geotectonic indicators (Dick & Bullen, 1984;
Arai, 1992; Kamenetsky et al., 2001; Barnes & Roeder, 2001). Chemical characteristics of
peridotites and podiform chromites, including the PGE content of the latter, are indicative of the
original pods position in the mantle sequence and, of the composition of the parental magma,
giving evidence to identifying the tectonic setting of generation (Edwards et al., 2000; Prichard,
2004).

The characterization of the lithostructural relationships of ophiolitic rocks and an
understanding of the magmatic and tectonic processes active during the building of the
Neoproterozoic oceanic lithosphere are key to identifying the tectonic settings of generation of
the ophiolites and comparing them with other examples worldwide, including modern oceanic
lithosphere. This paper presents data about the geological relationships, lithogeochemistry and
mineral chemistry of the ophiolitic rocks of the Quatipuru-Morro do Agostinho complex, with
emphasis on mantle peridotites and associated chromitites, identifying the tectonic setting of

formation and its geotectonic implications to evolution of the Araguaia belt.
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2. Geological setting of the Araguaia belt

The Quatipuru and Morro do Agostinho ophiolites represent some of the largest and best-
preserved ophiolitic slices hosted by metasedimentary rocks of the Araguaia belt, a Brasiliano
fold-and-thrust belt bordering the eastern limit of the Amazonian Craton, within to the Tocantins
Province (Almeida et al., 1981, or Tocantins Orogenic System from Brito Neves et al., 1999)
(Fig. 1). The northern and eastern limits of the Araguaia belt are hidden by sedimentary rocks of
the Parnaiba basin (Paleozoic-Mesozoic), whereas in the southeastern portion, the contact is with
the Transbrasiliano Lineament, represented by gneisses and granulites varying in age from
Archean to Neoproterozoic (Dantas et al., 2008; Lima et al., 2008). The southern portion of the
Araguai belt is in contact with the Goids magmatic arc terrane and Porangatu granulitic belt. The
Goias magmatic arc is represented by a plutono-volcanic edifice with tholeiitic and calc-alkaline
rocks, the result of intraoceanic subduction developed between 0.89-0.80 Ga (Pimentel et al.,
2000). Another magmatic accretion event in this arc terrane occurred between ca. 0.66 and 0.60
Ga, likely in an active continental margin at the end of the Brasiliano orogeny (Laux et al.,
2005). The Porangatu granulitic belt corresponds to gneiss rocks, varying in age since Archean
to Neoproterozoic (Gorayeb et al., 2000; Dantas et al., 2007).

The northern basement of the Araguaia belt is characterized by two orthogneiss suites,
one of Archean age (2.85 Ga) and the other of Paleoproterozoic age (1.85 Ga), where the latter
one presents a geochemical similarity with anorogenic granites of the southeastern Amazonian
Craton (Moura & Gaudette, 1994; Moura & Souza, 1996). Moura et al. (2000) proposed that the
Araguaia basin was established around 1 Ga in response to a crustal rifting event, marked by
felsic alkaline plutons. One hemigraben-type basin was formed by a discontinuity dipping
slightly to the east, adjacent to the Baixo Araguaia Supergroup, a transgressive sedimentary
sequence linked to a passive margin (Costa & Hasui, 1997).

The Araguaia belt can be divided into two litho-structural domains (Costa et al., 1998;
Fonseca et al., 1999), both with tectonic vergence to the Amazonian Craton. The internal domain
(eastern portion) involves basement terranes (granulite and gneiss) occurring as dome-like
structures (e. g.., Xambioa, Lontra, Grota Rica, Cantdo, Cocalandia and Colméia), as well as
granite intrusions and supracrustal rocks of the Estrondo group, represented by psammitic and
pelitic rocks, metamorphosed in greenschist to amphibolite facies, locally reaching conditions of
anatexis (650°C and 6 kbars; Abreu et al., 1994). The external domain (western portion) is
represented by rocks of low metamorphic grade (greenschist or subgreenschist facies)
characteristic of the Tocantins group, composed predominantly of pelitic rocks, ophiolitic bodies

and acid pyroclastics rocks (Fig. 1).
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Fig. 1 — Simplified geological map of the Tocantins orogenic System showing the major thrusth and fold belts,
including Araguaia belt and its ophiolitic bodies (Modified from Hasui et al., 1984 and Alvarenga et al., 2000).

Detrital zircon grains from metasedimentary rocks of the Araguaia belt have
demonstrated a contribution of Archean and Paleoproterozoic sources to rocks of the Estrondo
group, whereas the Tocantins group rocks demonstrates a contribution from Paleoproterozoic
and Neoproterozoic sources (Moura et al., 2008), including the presence of Ediacaran fossils (~
540 Ma) in carbonate rocks (Osborne, 2001).

The first descriptions of ophiolitic bodies in the Araguaia belt were made by Trouw et al.
(1976) and Hasui et al. (1977). The bodies form an aligned belt 500 km long, in a north-south
direction within the Araguaia belt, which borders the eastern limit of the Amazonian craton. The
principal lithotypes comprise predominantly of serpentinites, magnesium-rich schists, basaltic

pillow-lavas and a typical listwanite envelope around ultramafic rocks (Trouw et al., 1976;
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Gorayeb, 1989; Paixdo & Nilson, 2002; Kotschoubey et al., 2005). The minimum age of the
ophiolitic complexes has been determined as 757+49 Ma, by a Sm-Nd isochron in diabase and
olivine gabbro dikes that cut the mantle peridotites (Paixao et al., 2008).

The closure and inversion of the basin had occurred by at least 550-500 Ma, which was
marked by granitic intrusions (Moura et al., 2000). The Araguaia belt formed due to the collision
between the Amazonian Craton and another block to the west, perhaps, the Sao Francisco

Craton, the West Africa Craton or even the Parnaiba block.

3. The Quatipuru and Morro do Agostinho ophiolitic complexes

The Quatipuru and Morro do Agostinho complexes are part of an ophiolitic mélange in
the southern portion of the Araguaia Belt (Fig. 2), and appear to correspond to a single complex
disrupted by a fault (probably aligned along the Araguaia river). The Morro do Agostinho
complex is 3 km long, trending in a NW-SE direction, whereas the Quatipuru complex is 40 km
long, trending in a north-south direction, and is 1.5 km wide, dipping 45° to the east (Fig. 3). The
ultramafic rocks in these complexes are characteristically bounded by a listwanite envelope (as
defined by Ash, 2001), interpreted as a product of the interaction between ultramafic and host
rocks during obduction; sometimes including talc-chlorite schist. Both the Quatipuru and Morro
do Agostinho complexes are structurally conformable with host rocks, represented by
metagraywackes, meta-sandstone, slate, metarhythmite (turbidites) and rare meta-limestone
lenses in the Tocantins Group. These rocks show sub-greenschist to greenschist facies
metamorphism and structural vergence to the west, towards the Amazonian Craton.

The mantle sequence of these complexes consists of a serpentinized harzburgite-dunite
association cut by a suite of pyroxenitic and gabbroic dikes and sills. In addition, there are
chromitite pods, which occurr only in the Quatipuru complex. In the Morro do Agostinho
complex, serpentinized harzburgite is intimately associated with basaltic pillow-lavas (Paixao et

al., 2008).

3.1. Ophiolitic rocks
Basaltic pillow-lavas

The principle outcrop of these rocks is in a municipal quarry in the city of Araguacema,
at a locality called Morro do Agostinho. They cover an area of 2,500 m” showing a pillowed
aspect, together with fragments of breccia and hialoclastite (Paixdo & Nilson, 2002; Paixao et

al., 2008). To the west, the basaltic pillow-lavas are in tectonic contact with harzburgite.
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Fig. 2 — Sketch map of the southern portion of the Araguaia belt with the major ophiolitic bodies (black) with
special reference to Quatipuru and Morro do Agostinho (on the left in the picture). The hosting rocks pertain to the
Tocantins Group.

Individual pillows vary in dimension from 0.5 to 1 m (Fig. 4A), are spilitized with a
variolitic texture at the contact of unaltered basalt and the spilitized external parts of the pillows.
The pillow breccia fragments are mostly sub-rounded and subordinately sub-angular and vary
from 0.5 to 10 cm in diameter. It’s geometric relationship with the groundmass indicates
movement, although restricted, during lava flow (Paixao & Nilson, 2002).

The hialoclastite breccia shows a fragmentary texture (Cas & Wright, 1988),
characterized by an abundance of lithic fragments of variable size. The fragments vary from
angular to rounded and have a cognate character, where some of them are deformed plastically
and others are fractured.

Late cross cutting hydrothermal activity associated with the basalts is represented

epidotized breccia with fragments of approximately 1 meter in diameter (Fig. 4B), commonly

associated with carbonate and quartz veinlets, where sulfide is characteristically absent.
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Fig. 4 — A. Outcrop showing pillow-lavas with individual pillows edges marked by a black line. B. Hydrothermal
breccia in basalt characterized by strong epidotization (municipal quarry in Araguacema).

Harzburgite

In outcrops, harzburgites exhibit imperfect foliation and mantle structures, such as a
protogranular texture similar to that described by (Mercier & Nicolas, 1975) (Fig. 5A) and local
websteritic layering; they are constituted of gray bastite crystals immersed in a clear green
serpentine matrix. In thin section, mesh-textured serpentine is predominant as product of the total
replacement of olivine. The original contour is marked by fine magnetite agglomerates,
indicating hypidiomorphic original grains, sometimes with a rounded habit and medium
dimensions of 5 x 3.5 mm. The mesh texture is locally deformed. Bastite pseudomorphs replace
orthopyroxene crystals, showing hypidiomorphic to xenomorphic forms, marked by embayments
(Fig. 5B), with dimensions of 5.5 x 3 mm. Some crystals show olivine inclusions and lammelar,
microgranular and kink extinctions, characterizing deformation effects after the serpentinization
process.

The chromite grains are reddish, hypidiomorphic to xenomorphic, predominantly fine- to
very fine-grained, occurring in the intergranular spaces or as inclusions of vermiform aspect in
bastite grains (Fig. 5C). Magnetite occurs as agglomerate of very fine grains, either within bastite
crystals or in the mesh-textured serpentine mass. The original modal composition, estimated
from the inferred primary mineralogy, is olivine (70-71%), orthopyroxene (28-29%) and opaque

minerals (1-2%), where chromite reaches up to 1%.
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Fig. 5 — A. Field photograph of harzburgite where dark grey dots represent bastite in a serpentine matrix (whitish
portions), cut by gabbroic dykelet. Pen scale is 13 cm long. B. Photomicrograph of harzburgite showing bastite
pseudomorphs (bas) with embayments contacts (indicated by arrow) immersed in a serpenitne mesh textured (Srp).
C. Photomicrograph with vermiform Cr-spinels grains (Chr) over bastite pseudomorphs. D. Field photograph of
dunite with black dots representing Cr-spinels. E. Photomicrograph of dunite showing Cr-spinel crystal over
serpentine matrix (fine opaques are magnetite). F. Field photograph of plagioclase-dunite lense with fine layering
composed by plagioclase and clinopyroxene.

Dunite

Dunites are clear green rocks and formed predominantly of serpentine with dispersed,
fine to medium-grained chromite (up to 5 mm) (Fig. 5D); they occur as decametric lenses (up to
5 x 30 m) surrounded by harzburgite, or as centimeter-sized envelopes around chromitite pods.

Under the microscope, they are constituted predominantly by a fine-grained mass of mesh-
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textured serpentine (97%) (Fig. SE), with scattered fine to medium chromite crystals (2-3%) and
rare bastite grains (<1%). The average dimension of olivine grains is 1 mm. Rare bastite grains
are brownish, reaching up to 3 mm in dimension and having vermiform chromite inclusions.
Locally, it is possible to identify relict outlines of idiomorphic olivine grains resembling
adcumulate texture.

Chromite grains vary from euhedral to subeuhedral, medium-grained (1 to 5 mm), with
magnetite rims. Locally, trails of grains, reaching up to 8 mm in diameter are observed.
Magnetite grains are small and dispersed in the whole rock, being product of the serpentinization
process. The modal composition of dunites is 97 - 98% olivine, 2 - 3% chromite and <1%
orthopyroxene.

A rare dunite lens hosts a fine, white and discontinuous layering (Fig. 5F), subparallel to
the edges of dunite, with 5 mm in wide, composed predominantly of plagioclase and
clinopyroxene.

The harzburgite-dunite contact in the Quatipuru complex is marked by a sharp transition,
characterized by textural features like: (i) in outcrop, by an abrupt decreasing of the modal
proportion of bastite grains (approx. 30% in harzburgite to absent in dunites) and grain-
coarsening and an increase in the modal proportion of chromite (3% in dunites); (ii) in thin
section, grain-fining and a change in the shape of orthopyroxene grains (embayment contacts),
(111) exsolution of vermiform chromite grains, starting from orthopyroxene grains; and (iv) dunite
formation with hypidiomorphic to idiomorphic chromite grains, associated with olivine as the
final product of transition.

The dunites also occur as envelopes in chromitite pods, with a centimetre-width (£ 5 cm);

this feature is typical of podiform chromitites in ophiolite complexes.

Suite of dikes and sills

One of the most interesting features of the Quatipuru complex, which is less well
developed in the Morro do Agostinho, corresponds to a suite of ultramafic and mafic dikes and
sills intruding harzburgite, dunite and associated websteritic layering. This suite can be divided
into two groups: (1) pyroxenitic dikes (and sills) and (2) gabbroic dikes. The pyroxenitic dikes
and sills correspond to pegmatoid orthopyroxenite, clinopyroxenite and wehrlite, whereas
gabbroic dikes are represented by olivine gabbro and diabase, which are the most abundant and
occur throughout the complex. The temporal relations between them are, from oldest to
youngest: pegmatoid orthopyroxenite, pegmatoid clinopyroxenite, wehrlite, olivine gabbro and
diabase. These latter were used to date the oceanic event in the Araguaia belt (Paixdo et al.,

2008).
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Pegmatoid orthopyroxenite sills average 0.5 m thick and occur only locally. They are
usually associated with orthopyroxenite pockets and centimetric websteritic layering that can
extend some meters along strike (Fig. 6A). Both these sills and the layering exhibit tight folds
with the axial plane parallel to the harzburgite foliation (Fig. 6B). In the limbs of these folds, non
deformed crystals of orthopyroxene occur (reaching up to 13 cm in dimension), showing that the
sill emplacement was contemporary with the formation of the harzburgite foliation.

Locally, the pockets show dissipation of orthopyroxene crystals to dunite halo produced

at the contact with the host harzburgite.

Fig. 6 — Outcrop views of (A) websteritic layering (dark bands) in harzburgite, (B) fold in orthopyroxenite sill, (C)
clinopyroxenite dike cutting harzburgite with altered portions due serpentinization, (D) xenolith (rugged surface
delimited by dashed line) in wehrlite dyke, (E) olivine gabbro dyke cutting harzburgite and showing compositional
layering, and (F) diabase dike cutting chromitite pod. Scale is the same in all photographs (13 cm long).
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Pegmatoid clinopyroxenite dikes and sills form tabular bodies (Fig. 6C) or pockets that
are 0.7 to 3 m wide and 3 to 5 m long. Sometimes, they show apophyges and differentiated
portions with graded units, and phase layering, generating wehrlitic parts and alternations of
coarse-grained to pegmatitic zones. Sometimes, the edge of these dikes is marked by an
impoverishment of orthopyroxene grains, generating dunite halos. The pockets vary from
centimetres to meters in size, and sometimes their edges are marked by the loss of orthopyroxene
megacrystals producing a dunite halo adjacent to the host harzburgite. Dunite and harzburgite
xenoliths are common in these dikes, sills and pockets.

Wehrlite dikes are strongly serpentinized, showing a medium grain size (1 to 5 mm) and
harzburgite xenoliths (Fig. 6D), occurring locally in the complex. Microscopy reveals an altered
mineralogy, represented originally by olivine and clinopyroxene grains, the latter with an
anhedral habit.

Olivine gabbro dikes are narrow (3 to 25 cm thick) with characteristically present weak to
strong propilitic alteration. Some gabbro dikes do not display chilled margins, indicating that the
temperature of the dike was very close to that of the harzburgite host. Some dikes display
compositional and textural layering parallel or sub-parallel to the contacts with the host-rock,
and compositionally defined by leucogabbroic to gabbroic layers with mesocumulate texture
(Fig. 6E).

Diabase dikes vary in thickness from 2 cm up to 1.5 m and cut all lithotypes, including
chromitite pods (Fig. 6F). Sometimes they form boudins in serpentine schist as a result of
deformation along local shear zones within harzburgite, where the original mineralogies of these
dikes are transformed to an actinolite, chlorite and epidote-rich assemblage.

Late diabase dikes, related to basaltic magmatism of the Parnaiba basin (Mesozoic in
age), cut the ophiolitic and metasedimentary rocks. These can reach more than 40 m in width,

where the central parts are medium-grained.

Chromitite pods

The chromitite pods in the Quatipuru Complex were mined in the 1980s, having two
principal occurrence areas that are referred to as Bananal and Atoleiro and are both located on
the western side of the Quatipuru Complex (Fig. 3). In the Bananal area, reserves of 2,193 tons
have been calculated, being only 11% profitable (240 ton), whereas in the Atoleiro area the
calculated reserves are about 404 tons, with profitable ore of 253 tons (60%). Both areas show
predominantly refractory-grade ore. The principal area of outcrop of chromitite pods in the
Bananal area. The relationships between chromitites and harzburgite are incomplete, due to old

mining activities. However, old mine data indicate the following dimensions: (L) length parallel
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to foliation strike = 1 — 10 m; (W) width = 0.3 — 4.5 m and (E) extension in the dip direction = 5
—-7.5m.

According to old mine data and our observations, the chromitite pods are oriented both
discordant and concordant to the harzburgite foliation plane, and some of them show layering
from edge to center, characterized by disseminated chromitite grading into nodular chromitite.
The major textural types identified are massive, nodular and disseminated, whose principal
characteristics are shown in Table 1 and detailed descriptions are presented by textural-type.
Some of samples correspond to profile from west to east (base to top considering foliation plane)
with 100 m of length accompanying the relief (Table 1).

Dunite envelopes occur around these pods (Fig. 7A). Some pods are cut by diabase dikes
and show strong deformation associated with the greenschist metamorphism and deformation
event believed to be related to emplacement of the complex in shallow levels of the crust (Abreu

etal., 1994).

Size of Matrix

Sample Texture nodules (%) Cri# TiO,% Region Obs
QT-09.B Disseminated 1-2 cm 60 0.42 0.24 Bananal
QT-09.C Disseminated 1-2 cm 50 0.42 0.24 Bananal
QT-10.C Nodular 2-3 cm <10 0.59 0.31 Bananal
QT-10.D Nodular <lcm 15 0.59 0.27 Bananal

QT-29 Massive <1 0.53 0.2 Bananal
QT-42.C |Disseminated (Schilieren) 0.6 0.26 Bananal Profile west
QT-43.A Nodular 4-6 cm <10 0.48 0.29 Bananal | (42.C) to east
QT-43.B Massive <1 0.57 0.22 Bananal (43.B)
QT-47.A Nodular 1.5-3 cm <10 0.61 0.24 Bananal Profile west
QT-47.M Disseminated 0,3-1,0 cm 50 0.52 0.25 Bananal (47.A) to east
QT-47.Q Nodular 4-6 cm <10 0.52 0.25 Bananal (47.Q)
QT-49.E Nodular 1.5-3 cm <10 0.45 0.14 Bananal
QT-77.E Massive <1 0.51 0.2 Atoleiro

Table 1 — Principal characteristics of chromitite samples from Quatipuru complex.
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Massive chromitite

In hand sample, these are black, massive and homogeneous samples cut by very fine
veinlets of serpentine (Fig. 7B). In polished section, some samples of massive chromitite
comprise aggregates of fractured grains, where the limits of these aggregates indicate an old
ellipsoidal shape of the nodules. Some isolated grains (<1 mm) show well-defined limits,
whereas aggregates or other isolated grains show a preferential orientation, defining a foliation
plane, with grain borders very fractured (Fig. 7C). The gangue minerals, predominantly
serpentine, reach up to 1% in the modal composition, occurring like films in the foliation plane
or filling fractures, where it is possible to identify very small magnetite and pyrite grains. Some
samples of massive chromite correspond to a single strongly fractured mass, and it is not
possible to reconstitute the old grains or nodules. The edges of the grains and/or nodules

commonly do not show alteration lamellae, such as ferrichromite and magnetite.

Nodular chromitite

The nodular texture is characterized by differences in the grain-size and shape of the
nodules, with a maximum size of 6 x 4.5 x 2 cm and minimum of 1 x 0.5 x 0.5 cm, with ovoid to
spherical shapes (Fig. 7D). Structurally, some larger nodules present a preferential orientation,
whereas others exhibit curved indentations due to overload of another nodule during magmatic
gravitational settling (Fig. 7E). A similar overload feature has been described in other podiform
chromitites (e. g.. Prichard & Neary, 1982; Ballhaus, 1998).

There is an inverse relation between size and proportion of silicate matrix. Chromitites
with large nodules have little matrix (< 10%), whereas chromitites with small nodules have 10 to
15% of silicate matrix. Under the microscope, some nodules appear deformed, and contain
fractures filled predominantly with serpentine, and subordinately magnetite (with hematite ex-
solutions) and pyrite (Fig. 7F). Magnetite sometimes occurs as isolated grains at the borders of

chromite grains.

Disseminated chromitite

Disseminated chromitite corresponds to nodular chromitite samples, with silicate matrix
comprising more than 15% of the modal composition. In some of these samples, disseminated
chromite grains show straight edges, unlike the rounded nodules. One of these variations is
represented by schlieren-type texture, characterized by the stretching of nodules and a layered
aspect, due to the intercalation of chromite and serpentine strips (Fig. 7G). In thin section, the

chromite grains are fractured and filled by serpentine and pyrite (Fig. 7H).
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Fig. 7 — A. Field photograph of dunitic envelope (pale gray) in chromitite pod. B. Hand-sample of massive
chromitite. C. Photomicrograph of a massive chromitite showing very fractured grains. D. Different aspects of
nodular chromitite samples. E. Load structure in nodular chromitite (indicated by the arrow). F. Photomicrography
of fine nodular texture with preserved and very fragmented nodules (thin section). G. Macroscopic photograph of
disseminated chromitite (pale gray: serpentine, black: chromite). H. Photomicrogaphy of disseminated chromitite
showing grain limits strongly fractured (polished section). Du: dunite, Chr: chromite, Srp: serpentine.
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4. Geochemical characteristics of the peridotites

Chemical analyses were performed at ACME Laboratory. Major oxides and minor
elements were determined by ICP-emission spectrometry, whereas the detection of REE and
refractory elements were performed by ICP-mass spectrometry, after fusion with lithium
tetraborate and multiacid digestion. Calcination at 1000°C using a constant weight determined
loss on ignition. The analyzed samples consisted of nine harzburgites, three dunites and one
plagioclase-dunite (Table 2). The REE contents of the harzburgites and dunites were not detected
in most of the samples.

In the plagioclase-dunite, the chondrite-normalized REE show a flat pattern for HREE
and slightly depleted to LREE, resembling spinel lherzolite. The serpentinized peridotites of the
Quatipuru complex show LOI values varying between 13 and 14.4 wt% (Table 2). Despite the
hydration of these rocks, the ratios between principal oxides, such as MgO/SiO; and Al,03/Si10,,
demonstrate similarities with peridotites of ophiolite complexes and modern oceanic lithosphere.
Harzburgites contain 38.34 — 39.59 wt% SiO,, 36.44 — 38.30 wt% MgO, 0.61 — 1.02 wt% Al,O3
and CaO <0.01 to 0.02 wt%, whereas dunites show variations in SiO, (35.91 — 39.55 wt%), MgO
(35.79 — 39.67 wt%), Al,03 (0.23 — 0.78 wt%) and CaO (< 0.01 wt%). Plagioclase-dunite lenses
show 34.91 wt% SiO,, 3.91 wt% Al,Os, 37.6 wt% MgO and 3.5 wt% CaO. The low values of
Al,O3 and high values of MgO are characteristic of residual mantle and, together with low CaO
and Na2O values (Table 2), they demonstrate the absence of clinopyroxene and similarities with
abyssal peridotites from mid-ocean ridges and supra-subduction zones (Fig. 8). High Ni values
of some peridotite samples reflect incipient supergenic enrichment.

The first transition series elements plot for peridotites (Fig. 9) shows compatible elements
such as Fe and Ni close to primitive mantle values, whereas incompatible elements (Sc, Ti and
V) show a wide variation and high grade of depletion. In this diagram, the composition of the
plagioclase-dunite is situated very close to primitive mantle, due to its mineralogical composition

with olivine, orthopyroxene, clinopyroxene and plagioclase (similar to fertile lherzolite).
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QT-37D  QT-77C  QT-50G  QT-72D  QT-49A QT-65 QT-68 QT-10B8  QT-11A  QT-18A  QT-44A  QT-47E  QT-72A
Plg-du Du Du Du Hz Hz Hz Hz Hz Hz Hz Hz Hz
Sio, 34.91 35.91 37.97 39.55 38.38 39.59 38.66 38.34 39.52 38.25 38.41 39.1 38.41
Tio, 0.08 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
Al,03 3.91 0.28 0.78 0.23 0.81 0.92 0.78 0.77 0.61 1.02 0.71 0.99 0.88
Fe,03 9.06 8.28 9.83 8.77 7.51 7.16 8.27 7.41 8.09 7.36 8.38 7.64 7.51
Cr,05 0.48 0.352 0.937 0.35 0.432 0.401 0.311 0.33 0.38 0.46 0.327 0.481 0.278
MnO 0.13 0.12 0.15 0.1 0.07 0.07 0.06 0.06 0.11 0.11 0.07 0.07 0.07
MgO 37.6 39.67 35.79 36.71 37.81 36.89 36.92 37.76 36.97 38.3 36.48 36.44 37.69
Ca0 0.35 <0.01 0.01 0.01 0.02 <0.01 0.02 <0.01 0.02 0.01 <0.01 0.01 <0.01
Na,O 0.05 0.04 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
K0 <0.02 <0.02 0.04 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
P,0s 0.01 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 13 14.2 13.4 13.7 14 14.1 13.8 14.2 13.4 13.5 13.8 14.4 14.2
Total 99.89 99.79 99.8 99.82 99.37 99.36 99.4 99.37 99.38 99.36 99.39 99.39 99.37
Ba 6.6 94.1 9.9 13.6 6 5 11 2 1 14 1 9 2
Sr 2.2 1.3 11 1.1 nd 0.9 nd 0.6 1.3 1.5 0.7 0.7 0.6
Nb nd nd nd nd nd nd 0.3 nd nd 0.1 nd nd nd
Zr 31 1.4 nd 0.5 0.7 nd 0.4 nd nd nd nd nd nd
\ 88 19 37 18 29 31 83 44 41 46 41 50 38
Cr 3284.2  2408.4 6411 23947  2955.7 2743.6 21279 22579 2600 3147.3 22373 3291 1902.1
Co 124 125.8 154.5 139 101.6 99 107.2 109.9 123.6 104.8 122.2 1151 111.9
Ni 2302 7247 6960 3016 2310 2064 4132 4628 2146 2587 9766 2294 2328
Cu 128.8 8.5 71.9 6.6 6.9 3.8 5.7 8.5 3.4 7.5 5.5 0.7 1.9
Zn 8 50 12 17 12 16 8 11 27 8 22 17 7
Sc 20 5 4 4 8 8 7 7 7 10 9 10 9
La nd nd nd nd nd 0.2 0.2 0.1 0.4 0.8 0.8 0.4 0.2
Ce nd nd nd nd nd nd 0.3 0.1 0.1 0.2 0.2 0.1 nd
Pr 0.07 nd nd 0.02 nd 0.02 0.05 0.03 0.03 0.02 0.03 nd nd
Nd 0.5 nd nd nd nd nd nd nd nd nd nd nd nd
Sm 0.1 nd nd nd nd nd nd nd nd nd nd nd nd
Eu 0.11 nd nd nd nd nd nd nd nd nd nd nd nd
Gd 0.41 nd nd nd nd nd nd nd nd nd nd nd nd
Tb 0.07 nd nd nd nd nd nd nd nd nd nd nd nd
Dy 0.48 nd nd nd nd nd nd 0.06 0.06 nd 0.08 nd 0.06
Ho 0.14 nd nd nd nd nd nd nd nd nd nd nd nd
Er 0.31 nd nd nd nd nd nd nd nd nd nd nd nd
Tm 0.06 nd nd nd nd nd nd 0.01 nd 0.01 0.01 nd nd
Yb 0.35 nd nd nd nd nd nd nd 0.06 nd nd nd 0.06
Lu 0.06 nd nd nd nd nd 0.01 nd nd nd nd nd nd
Y 3.3 0.2 nd 0.2 nd nd 0.2 nd nd 0.1 0.2 0.1 0.2

Table 2 — Major (wt%), trace and rare earth element (ppm) contents in ultramafic rock samples from Quatipuru

Complex. Plg-du: plagioclase-dunite; Du: dunite and Hz: harzburgite.
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Fig. 8 — Plot of MgO vs. Al,0; wt% of peridotites from the Quatipuru complex in comparison with depleted and
fertile mantle peridotites of ophiolitic complexes and modern oceanic lithosphere. Data: oceanic peridotites from
Dick (1989), peridotites from Izu-Bonin-Marianas fore-arc from Parkinson & Pearce (1998), peridotites from the
external and internal Ligurides from Rampone & Picardo (2000) and peridotites from Egypt from Khalil & Azher
(2007). Modified from Rampone & Picardo (2000).
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Fig. 9 — Diagram with abundances of first-series transition metals in peridotites from the Quatipuru complex
normalized to primitive mantle of Sun (1982). Harzburgites: black lines, plagioclase-dunite: gray line with an open
diamond and dunite: gray line with a closed circle. Samples with Ni anomalous values were not plotted.

When compared to Tethyan ophiolites from the Mediterranean (Fig. 10) NiO and Al,O3

values are similar to the eastern Mediterranean, generated in supra-subduction zone (Roberts,
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1988; Dilek et al., 2007) and characterized by a depleted mantle sequence with chromite

mineralization.
@
4
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Fig. 10 — Plot of NiO vs. Al,O; comparing peridotites from the Quatipuru complex with peridotites from the
Thetyan ophiolites. Data of the Quatipuru complex: squares= harzburgites and lozenge= dunite. The plagioclase-
dunite sample plot in the upper portion of the diagram (purple lozenge). Samples with Ni anomalous values were not
plotted.Source: Roberts (1988).

5. Mineral chemistry of chromites

Mineral chemical analyses were carried out in the Electronic Microbeam Laboratory of
the University of Brasilia using CAMECA SX-50 model electronic microbeam with four
spectometres and associated EDS (Energy Dispersive System). The analyse were carried out
with WDS (Wavelength Dispersive System) under the following conditions: electron 20nA
microbeam current, 15kv accelerating voltage and 4 to 10mm beam diameter. Laboratory natural
mineral standards were used.

The chromite samples investigated totalizing 13 samples of distinct textural types come
from the Bananal and Atoleiro region. A total of 197 analyzed points were performed. The
samples with accessory chromites come from different places in the Quatipuru complex, totaling
4 samples of harzburgite (51 analyzed spots), 4 of dunite (62 analysed points), and one of an
olivine gabbro dike (9 analyzed spots).
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Despite serpentinization of the harzburgite and dunite in the Quatipuru complex, the
chromite grains show well-preserved post-magmatic alteration effects, including those present in
the chromitites. The low metamorphic grade (greenschist facies) and lack of deformation in
some samples of peridotite and chromitite are important features to get original compositions in
the center of chromite grains (Suita & Strieder, 1996; Barnes, 2000).

In this study, we used the compositions of preserved spinel cores to infer the petrogenetic
origin, and the different optical heterogeneities of the cores and rims of grains and/or nodules,
and regions close to fractures, and profiles of individual nodules permitted the identification of

primary and secondary compositions.

Chromitite

In ternary plots, chromite grains forming the chromitite show low contents of Fe’",
indicating the preserved magmatic original chemistry (Fig. 11), corroborated by low tenors of
Fe,O; (<8.0 wt.%) and high MgO values (> 15 wt.%), which are characteristic of primary
chromites from ophiolites (Proenza et al., 1999, 2008). The TiO, content varies from 0.14 to
0.31 irrespective of textural type. ZnO varies from 0 to 0.18%, NiO from 0.03 to 0.27 and Fe,;O3
from 1.2 to 7.6 % (Fe*™ 0.21 to 1.40). Selected analytical results for chromian spinel from the
chromitites are listed in Table 3. Cr# varies from 0.42 to 0.61, where the highest values are
generally associated with nodular texture. Compared with accessory chromite from harzburgite
and dunite, the latter has higher Mg#. Cr# variations for individual grains are less than 5% in all
textural types.

When plotted in discriminant diagrams for tectonic setting, using Cr# versus Fe# or Mg#,
chromite analyses show the characteristics of the low-Cr chromitite of the ophiolite-type (Fig.
12), similar to that found in classical examples of ophiolites wolrdwide.

Chemical transects in individual nodules, parallel and transverse to the major axis,
identify compositional changes varying from 2.25 to 5% in Cr#. However, they do not define a
variation pattern, like for example the higher values in the core decreasing to the rims, or vice-

versa.
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NODULAR MASSIVE DISSEMINATED
QT-47.Q QT-10.C QT-49.E QT.47.A QT-43.A QT-77.E QT-43.B QT-29 QT-47.M QT-42.C QT-09.B QT-09.C
SiO, | 0.06 0.02 0.02 0.00 0.00 0.07 0.03 0.00 0.02 0.03 0.05 0.06 0.01 0.03 0.00 0.05 0.01 0.03 0.00 0.01 0.00 0.00 0.00 0.00
TiO, | 0.20 0.28 0.43 0.33 0.15 0.12 0.24 0.19 0.28 0.27 0.20 0.23 0.22 0.23 0.23 0.19 0.26 0.26 0.25 0.25 0.29 0.27 0.24 0.27
Al,O3 | 25.54 | 25.75 | 21.57 22.16 31.49 30.94 | 21.38 | 21.42 | 28.60 | 28.39 | 26.80 | 26.52 | 23.38 | 23.32 26.00 26.32 | 26.15 | 25.23 | 21.11 | 21.19 | 33.04 | 32.71 | 32.25 33.18
Cr,O3 | 42.51 | 42.94 | 47.27 47.29 37.44 37.36 | 47.93 | 48.47 | 38.98 | 38.73 | 41.99 | 41.47 | 45.64 | 45.06 44.19 44.04 | 41.61 | 43.08 | 47.47 | 46.65 | 35.64 | 35.49 | 36.19 35.32
Fe,O; | 3.65 2.80 2.84 2.79 3.48 2.89 2.26 231 4.18 4.51 2.83 3.75 3.47 3.59 1.92 1.25 4.04 3.82 3.52 3.83 2.44 2.98 2.70 2.90
FeO 11.09 | 11.51 | 11.51 11.11 9.57 9.71 12.57 | 12.21 | 10.06 9.75 10.37 9.77 9.96 9.91 10.79 11.41 9.97 10.37 | 10.82 | 10.96 | 10.76 | 10.30 | 10.93 10.74
MnO 0.30 0.35 0.33 0.39 0.28 0.27 0.00 0.00 0.30 0.29 0.28 0.28 0.33 0.30 0.33 0.32 0.30 0.35 0.34 0.34 0.40 0.40 0.37 0.39
NiO 0.14 0.15 0.16 0.14 0.15 0.26 0.10 0.13 0.19 0.19 0.24 0.18 0.18 0.17 0.25 0.16 0.15 0.19 0.25 0.12 0.22 0.20 0.13 0.16
MgO | 15.92 | 15.57 | 15.18 15.59 17.71 17.20 | 14.75 | 15.00 | 16.86 | 17.01 | 16.42 | 16.73 | 16.39 | 16.36 16.47 16.01 | 16.68 | 16.34 | 15.47 | 15.41 | 16.85 | 16.99 | 16.63 16.99
ZnO 0.02 0.18 0.06 0.01 0.02 0.03 0.00 0.10 0.06 0.00 0.04 0.17 0.12 0.00 0.05 0.00 0.00 0.00 0.12 0.00 0.00 0.19 0.15 0.18
V,0s | 0.19 0.22 0.21 0.18 0.15 0.10 0.15 0.09 0.10 0.07 0.14 0.15 0.19 0.18 0.16 0.16 0.22 0.07 0.18 0.12 0.13 0.09 0.15 0.00
Total | 99.62 | 99.77 | 99.57 | 100.00 | 100.46 | 98.95 | 99.50 | 99.93 | 99.63 | 99.25 | 99.35 | 99.31 | 99.88 | 99.13 | 100.38 | 99.89 | 99.39 | 99.73 | 99.53 | 98.88 | 99.76 | 99.60 | 99.74 | 100.13
Structural formula based on 32 oxygens
Si 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.04 0.05 0.08 0.06 0.03 0.02 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.05
Al 7.20 7.26 6.20 6.32 8.53 8.52 6.18 6.16 7.92 7.88 7.51 7.43 6.61 6.64 7.25 7.37 7.33 7.10 6.08 6.14 8.98 8.91 8.81 8.98
Cr 8.04 8.12 9.12 9.05 6.80 6.90 9.29 9.35 7.25 7.21 7.89 7.79 8.66 8.61 8.27 8.28 7.83 8.13 9.17 9.06 6.50 6.48 6.63 6.42
Fe¥* 0.66 0.50 0.52 0.51 0.60 0.51 0.42 0.42 0.74 0.80 0.51 0.67 0.63 0.65 0.34 0.22 0.72 0.69 0.65 0.71 0.42 0.52 0.47 0.50
Fe 2.22 2.30 2.35 2.25 1.84 1.90 2.58 2.49 1.98 1.92 2.06 1.94 2.00 2.00 2.14 2.27 1.98 2.07 2.21 2.25 2.08 1.99 2.12 2.06
Mn 0.06 0.07 0.07 0.08 0.06 0.05 0.00 0.00 0.06 0.06 0.06 0.06 0.07 0.06 0.07 0.06 0.06 0.07 0.07 0.07 0.08 0.08 0.07 0.08
Ni 0.03 0.03 0.03 0.03 0.03 0.05 0.02 0.03 0.04 0.04 0.05 0.04 0.03 0.03 0.05 0.03 0.03 0.04 0.05 0.02 0.04 0.04 0.03 0.03
Mg 5.68 5.55 5.52 5.63 6.07 5.99 5.39 5.46 5.91 5.97 5.82 5.93 5.86 5.89 5.81 5.67 5.91 5.81 5.64 5.64 5.79 5.85 5.75 5.82
zn 0.00 0.03 0.01 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.01 0.03 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.03 0.03 0.00
\% 0.03 0.04 0.03 0.03 0.02 0.02 0.03 0.01 0.02 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.01 0.03 0.02 0.02 0.01 0.02 0.03
Total | 23.96 | 23.95 | 23.94 23.96 23.97 2396 | 23.95 | 23.98 | 23.97 | 23.95 | 23.97 | 23.95 | 23.96 | 23.96 23.99 23.98 | 23.95 | 23.97 | 2396 | 23.96 | 23.97 | 23.96 | 23.97 23.96
Cr# 0.53 | 0.53 0.60 0.59 0.44 0.45 0.60 0.60 0.48 | 048 | 051 | 051 0.57 0.56 0.53 0.53 0.52 0.53 0.60 0.60 0.42 0.42 0.43 0.42
Mg# | 0.72 0.71 0.70 0.71 0.77 0.76 0.68 0.69 0.75 0.76 0.74 0.75 0.75 0.75 0.73 0.71 0.75 0.74 0.72 0.71 0.74 0.75 0.73 0.74
Fe®# | 0.04 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.05 0.05 0.03 0.04 0.04 0.04 0.02 0.01 0.05 0.04 0.04 0.04 0.03 0.03 0.03 0.03

Table 3 — Representative microprobe analyses of Cr-spinel in chromitites of the Quatipuru complex. Cr# = Cr/(Cr+Al), Mg# = Mg/(Mg+Fe) and Fe# = Fe3+/(Fe3++Al+Cr).
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Fig. 11 — Ternary diagram Cr-Al-Fe'" for chromites of chromitites from the Quatipuru complex. Circle: nodular

chromitite; squares: massive chromitite and x: disseminated chromitite.
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Fig. 12 — Plot of Cr-spinels of chromitite from the Quatipuru complex compared with composition of chromitite
from ophiolite complexes worlwide (after Barnes & Roeder, 2001), with special reference to Oman ophiolite,

discriminating chromitites located in deep and shallow leves of the mantle sequence (Rollinson, 2005, 2008).
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Harzburgites and dunites

Table 4 shows representative analyses of chromites from dunites and harzburgites,
together with their alteration products. The chromite grains are well preserved from the post-
magmatic alteration, as evidenced by the low Fe’* content (Fig. 13).

In harzburgites, Cr# varies from 0.36 to 0.50, but most samples are between 0.41 and
0.46, with a mean of 0.42 (Table 4). Variations of Cr# in the same sample reach up 27.8%,
whereas in individual grains it can reach up to 15%, with normal (Cr-rich core) or reverse (Cr-
rich rim) pattern. TiO; content varies from 0.02 to 0.09. The alteration products of the chromites
are magnetite and ferrichromite, the latter characterized by decreasing Al,O; and MgO,
accompanied by increasing FeO and Fe,0s, in addition to increasing silica content, as pointed

out by Burkhard (1993).

Cr

3+

Al._._._ A _ _ 7SN , ._..Fe

Fig. 13 — Ternary diagram Cr-Al-Fe3+ for chromite from harzburgite (squares) and dunite (diamonds) from the
Quatipuru complex.

The disseminated chromite from dunite has a higher Cr# than those from the harzburgite.
In the dunite, Cr# varies from 0.44 to 0.58, with most values around 0.52 and a mean value of
0.51 (Table 4). A traverse across a grain 8 mm in diameter shows a variation of Cr# from 0.50 to
0.53 (6%), where the highest values are in the core. Variations in Cr# up to 11.5% were found in
different grains in the same sample, whereas in an individual grain they can reach up to 5.8%,
and can be normal or reverse. The TiO, content shows a bimodality of values in the dunite

samples. Two samples have values of 0.33, with Cr-spinel grains having dimensions smaller than
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1 mm, whereas the other two samples, with values of 0.07 are found in grains 2 mm in diameter.

Magnetite is the principal alteration product of chromite.

Harzburgite Dunite

QT-10.B QT-28.A QT-72.A QT-37.E QT-77.C QT-72.B QT-50.G QT-47.0

Magn. Fechrom. Chrom. Chrom. Chrom. Chrom. Magn. Chrom. Chrom. Chrom. Chrom.
SiO, 0.55 4.15 0.03 0.03 0.03 0.02 0.79 0.03 0.02 0.03 0.02
TiO, 0.09 0.06 0.03 0.02 0.10 0.04 0.01 0.34 0.32 0.07 0.06
Al,O3 0.03 2.22 30.25 31.08 35.16 33.80 0.00 25.63 24.12 29.84 26.54
Cr,03 0.02 30.30 37.48 36.30 33.69 34.07 0.82 40.92 44.16 35.95 42.84
Fe,03 68.33 33.90 251 2.70 0.83 1.93 67.39 411 2.86 5.14 1.95
FeO 30.33 16.96 14.29 13.95 14.36 15.34 30.07 14.18 14.18 13.34 13.36
MnO 0.04 5.52 0.35 0.32 0.36 0.33 0.14 0.36 0.39 0.32 0.32
NiO 0.04 0.04 0.08 0.13 0.14 0.10 0.04 0.14 0.07 0.13 0.10
MgO 0.36 5.01 14.22 14.49 14.88 14.13 0.49 13.88 13.83 14.89 14.74
Zn0O 0.07 0.99 0.23 0.18 0.24 0.23 0.08 0.12 0.12 0.13 0.12
V,05 0.02 0.06 0.18 0.19 0.17 0.16 0.02 0.21 0.19 0.17 0.19
Total 99.88 99.24 99.66 99.39 99.95 100.15 99.85 99.91 100.23 100.00 100.24
Si 0.17 1.16 0.01 0.01 0.01 0.01 0.24 0.01 0.00 0.01 0.01
Ti 0.02 0.01 0.01 0.00 0.02 0.01 0.00 0.06 0.06 0.01 0.01
Al 0.01 0.74 8.46 8.66 9.58 9.30 0.00 7.30 6.89 8.31 7.47
Cr 0.01 6.74 7.03 6.79 6.16 6.29 0.20 7.82 8.46 6.71 8.09
Fe® 15.75 7.18 0.45 0.48 0.15 0.34 15.49 0.75 0.52 0.91 0.35
Fe 7.77 3.99 2.84 2.76 2.78 2.99 7.68 2.86 2.88 2.64 2.67
Mn 0.01 1.32 0.07 0.06 0.07 0.07 0.04 0.07 0.08 0.06 0.06
Ni 0.01 0.01 0.02 0.02 0.03 0.02 0.01 0.03 0.01 0.02 0.02
Mg 0.16 2.09 5.03 5.11 5.13 4.91 0.22 5.00 5.00 5.24 5.25
Zn 0.02 0.21 0.04 0.03 0.04 0.04 0.02 0.02 0.02 0.02 0.02
Vv 0.00 0.01 0.03 0.03 0.03 0.02 0.00 0.03 0.03 0.03 0.03
Total 23.93 23.46 23.97 23.97 23.99 23.99 2391 23.95 23.95 23.97 23.98
Cri# 0.30 0.90 0.45 0.44 0.39 0.40 0.99 0.52 0.55 0.45 0.52
Mg# 0.02 0.34 0.64 0.65 0.65 0.62 0.03 0.64 0.63 0.67 0.66
Fe’# 1.00 0.49 0.03 0.03 0.01 0.02 1.00 0.05 0.03 0.06 0.02

Table 4 - Representative microprobe analyses of accessory Cr-spinel in peridotites from the Quatipuru complex.

Accessory chromites from harzburgites and dunites show a distinct geochemistry of
ocean-floor peridotites (Fig. 14). In the diagram of Herbert (1982) for spinel of oceanic
peridotites and gabbros, chromites of harzburgites show a depleted to highly depleted nature,
whereas the chromites of dunites show a hybrid nature, plotting in the depleted peridotite field as
well as in the MORB-type oceanic cumulate, this last character identical to the chromitites (Fig.

15).
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To define the tectonic setting of the peridotites from the Quatipuru complex, we used the

A1L,03% versus Ti0,% diagram proposed by Kamenetsky et al. (2001), as presented in Fig. 16.
In this diagram, the Quatipuru peridotite Cr-spinels plot in a region of overlap of the supra-

subduction and MORB peridotite fields. Some Cr-spinels of the dunites and olivine gabbros

show a MORB Cr-spinel character. The range of the Cr-spinel compositions of the peridotites
from the Quatipuru complex is similar to that found in peridotites of the Macquarie Island,

corresponding to the unique subaerial exposure of modern oceanic lithosphere (Kamenetsky et

al., 2001).

Cr#

Mg #

A

from Quatipuru complex.

0,5 -

Cr#

B

0.5
Mg #

Fig. 14 — Diagram of Dick & Bullen (1984) for Cr-spinels in abyssal peridotites. A. Harzburgite Cr-spinels from the
Quatipuru complex compared with accessory chromites of harzburgites from Garrett and Terevaka transform faults
(dashed line, Constantin et al., 1995; Constantin, 1999). B. Diagram of Dick & Bullen (1984) for dunite Cr-spinels
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Fig. 15 — Plot of TiO,% vs. Cr# for chromites of harzburgite, dunite and chromitite from the Quatipuru complex.
Modified from Herbert (1982).
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Fig. 16 — Plot of Al,O3% vs. Ti0,% of Cr-spinel of mantle peridotites and volcanic rocks from different geological
settings (after Kamenetsky et al., 2001). Quatipuru complex data: squares= harzburgites, lozenges= dunites and
triangles= olivine gabbros.
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6. Platinum group elements in chromitites

The samples of chromitite were analyzed for platinum-group elements (PGE) and Au in
the Genalysis Laboratory Services Pty. Ltd. in Maddington, Western Australia. The samples
were analyzed by inductively coupled plasma — mass spectrometry (ICP-MS) after concentration
with nickel sulfide fire-assay collection. Detection limits were 1 ppb for Rh, and 2 ppb for Os, Ir,
Ru, Pt, Pd, and 5 ppb for Au. The PGE values in chromitites of the Quatipuru complexes are: Os
9 to 46 ppb, Ir 7 to 23 ppb, Ru 26 to 100 ppb, Rh 3 to 8 ppb, Pd 3 to 5 ppb and Pt <2 to 9 ppb;
and gold is below the detection limit (< 5 ppb) in all the analyzed samples (Table 5). All samples
are enriched in IPGE (Os+Ir+Ru) in relationship to PPGE (Rh+Pd+Pt) and plot in the chromitite-
hosted mantle peridotite field (Fig. 17), where Ir and Pt show the smaller concentrations of all
PGEs. The sum of PGE reaches up to 176 ppb, with the massive and disseminated textural types
having greater and smaller concentrations, respectively. Ru is more enriched than Pt (Table 5)
and in all samples show a positive peak (Fig.17). Despite lower concentrations of Pt and Pd,
these elements have higher values in disseminated chromitite textured (Table 5). Gold was not

detectable in any sample.

Samples Os Ir Ru Rh Pt Pd 2 (PGE) Texture
QT9B 16 12 36 4 nd 4 72 disseminated
QT9C 15 11 27 3 9 4 69 disseminated
QT9D 11 8 30 4 8 5 66 disseminated
QT10C 19 21 55 6 nd 4 105 nodular
QT10D 19 20 54 5 nd nd 98 nodular
QT47A 18 14 58 6 nd 3 99 nodular
QT49E 13 8 47 4 nd 4 76 nodular
QT23 16 13 72 7 4 4 116 massive
QT43B 29 18 64 7 nd 3 121 massive
QT77E 46 20 100 5 2 3 176 massive

Table 5 — PGE concentrations in the chromitites from Quatipuru complex. Au was not detectable in none of the
samples.

92



—a—QTo8
Qrec
0.1+t +QToD
® B
L
=
k=] 4+ @moc
c
<}
oy
O QT10o
@
L
=
E s QT23
<]
e
=
Q QT438
0.01 ¢
X QT4TA
= QT49E
»— QT77E
0.001

Os Ir Ru Rh Pt Pd

Fig. 17 — Chondrite normalized (Naldrett & Duke, 1981) patterns of the chromitites from Quatipuru complex.

The chondrite normalised PGE patterns of the chromitite from the Quatipuru complex
show an overall negative slope, similar to that found in various ophiolite complexes (Proenza et

al., 2004; Rollinson, 2005; Prichard et al., 2008).

7. Discussion

The podiform chromitites of the Quatipuru complex are hosted by mantle peridotites and
show dunite envelopes and nodular textures, commonly found in ophiolite complexes (Lago et
al., 1982; Nicolas, 1989). The hosting-harzburgite represents the residue of partial melting,
whereas dunite is interpreted as old channels of magma migration, where orthopyroxene
dissolution of the harzburgite and concomitant olivine precipitation occurrs, or perhaps
orthopyroxene dissolution and olivine resting like residue. Sometimes, portions of migrant
magma of gabbroic composition are fossilized in dunite channels, as represented by plagioclase-
dunite lens, similar to that describe in other ophiolite complexes and modern oceanic lithosphere
(Cannat et al., 1990, Girardeau & Rancheteau, 1993, Boudier & Nicolas, 1995)

The chemistry of the major elements in the Quatipuru peridotites show depleted nature,
as demonstrated by high MgO and low Al,O3 contents. The reduction of solidus peridotite by

hydration of the source region is recognized as an important factor in the formation of ophiolites,
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that show a mantle-depleted sequence (Pearce et al., 1984). Besides this, the water incorporated
in generated magmas together with partial melting events, collaborate for dissolution of
chromium and its reaction with residual peridotites, precipitating chromite in economic tenors
(Roberts, 1988; Edwards et al., 2000). In this manner, supra-subduction zone is a favorable
tectonic setting for these processes.

The overlap of the MORB and supra-subduction zone tectonic settings revealed by
mineral chemistry of accessory chromite and lithogeochemistry of peridotites, is commonly
reported in the geological literature, as can be observed in Fig. 18. The accessory chromite data
for dunite and harzburgite from the Quatipuru complex are similar to those from the Moa-
Baracoa ophiolite massif (Cuba), characterized by the presence of low-Cr chromitite (Proenza et
al., 1999), as well as that found in residual harzburgite and/or cryptic harzburgite in oceanic

transform fault zones (Fig. 18), such as Terevaka and Garrett (Constantin, 1995, 1999).
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Fig. 18 — Comparison of TiO, wt% and Cr# values in accessory chromites from abyssal peridotites from different
tectonic settings and age. Data from the New Caledonia, Izu-Mariana fore-arc, mid-ocean ridges and Macquaire
Island compiled from Kamenetsky et al. (2001); Egypt from Ahmed et al. (2001) and Mayari and Moa-Baracoa
from Proenza et al. (1999).

The characterisitics of chromitite pods from the Quatipuru complex, such as metric size
and low-Cr chromites, are similar to those found in the western part of Kempirsai Massif,
Kazakhstan, situated close to the crust-mantle limit (Melcher et al., 1997). This geochemical
signature and location site is commonly described in other chromitites from ophiolite complexes
worlwide, such as in the South and Central Americas (Proenza et al., 1999, 2008), Philippines
(Leblanc & Violette, 1983) and Oman (Rollinson, 2008).

The formation of high-Cr chromitite has been related to parental boninitic magmas,

whereas low-Cr chromitite could be derived from tholeiitic magmas, representing different
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tectonic settings of formation, such as island arc and back-arc basin, respectively (Zhou et al.,
1994, 1998). However, in supra-subduction zone (back-arc basin), after a high degree of partial
melting to generate the initial crust (generating boninitic magmas and high-Cr chromites), there
is a loss of water. This loss induces a lower degree of partial melting, generating MORB-type
magmas with a low PGE content (Prichard et al., 1996; Zhou et al., 1998). Low-Cr chromitite
may be crystallized from magma derived from partial melting of fertile Iherzolite (Melcher et al.
1997), or to be a product of magma mixing of two end-members, one represented by a depleted
mantle melt and another corresponding to MORB-type magma (Rollinson, 2008). In both cases,
the reaction between magma and residual peridotite, as well as an open system to maintain the
continuation of chromite crystallization are necessary.

The low-Cr chromite of the chromitites from the Quatipuru complex suggests a MORB-
type magma filiation. The low tenors of PGE in these chromitites, especially Pt, are typical of
chromitite pods formed from a melt that was diluted in PGE, due to the degree of mantle melt
not being close to the critical melting required to extract the PGE from the mantle source
(Prichard et al., 2008). This indicates crystallisation of the IPGE with the chromite and an
absence of sulfide saturation (low PPGE) during crystallisation of the chromitite. Their IPGE
values are similar to low-Cr chromitites found in other ophiolite complexes, such as in Cuba
(Proenza et al., 2004), Argentina (Proenza et al., 2008), China (Zhou et al., 1998) and Saudi
Arabia (Prichard et al., 2008).

The interlayered harzburgite-dunite arrangement of the Quatipuru complex indicates a
base level of the Moho transition zone, although the suite of dikes are unusual and not typical of
this zone in a classical ophiolite complex. The spatial association of different dikes in the same
outcrop, linked to the variety of compositions, textures and structures reveals a magmatic history
of multiple stages, from dikes of pyroxenite composition, that are relatively common in mantle
harzburgite, to much more evolved dikes composed of gabbro and diabase, that are typical of
higher stratigraphic levels in an ophiolite. In transform fault zones such as Garrett and Terevaka,
mantle peridotites are cut by gabbroic intrusions, that are time and compositionally differentiated
(Constantin et al., 1996). Gabbroic dikes have been described cross cutting mantle rocks in
ophiolite complexes, as for example in Cuba, Oman, and especially in the Limassol Forest, in
Troodos ophiolite complex (Cyprus), where it was suggested that the cross cutting gabbroic
dikes were produced as mantle was uplifted, adjacent to a transform fault (Cann et al., 2001).

The podiform chromitites and suite of dikes and sills hosted in the peridotites of the
Quatipuru complex, demonstrate that the Neoproterozoic oceanic lithosphere in the Araguaia
belt was constructed by partial melting and different magmatic events. This process began in an

oceanic spreading ridge above a supra-subduction zone (back-arc basin), where later tectonic
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activity predominated over magmatic activity. The oceanic crust perhaps was located at the
intersection of a ridge-transform, where the mantle was uplifted to shallow levels. At this level,
the magmatism, although subordinate, was responsible for the injection of gabbroic dikes
(olivine gabbros and diabase) and accompanied by the eruption of basaltic pillow-lavas (Morro
do Agostinho ophiolite). Hydrothermal alteration processes could be active in shallow levels,
propitiating serpentinization of peridotites, propylitization of dikes and epidotization of basalts,
induced by seawater circulation.

The lithostructural arrangement of ophiolitic bodies in the Araguaia belt, marked
principally by tectonic slices of serpentinized peridotites and basaltic pillow-lavas represents one
assemblage derived from its original oceanic site (perhaps the intersection of a ridge-transform
fault), and may not necessarily reflect a proto-oceanic basin, as suggested by Kotschoubey et al.
(2005). Evidences to great ocean realm in the Tocantins Province during the Neoproterozoic is
represented by terranes of the Goias magmatic arc (Pimentel & Fuck, 1992, Pimentel et al.,
2000). The closure of this ocean basin and the final positioning of the ophiolitic rocks was
completed in 540-520 Ma, during Pamepan-Araguaia orogeny (Trindade et al., 2006). The low
metamorphic grade exhibited by the ophiolitic bodies and hosting rocks suggests that these rocks
were not buried to lower crustal depths. The arrangement in a mélange of these bodies in the
Araguaia belt reflects tectonic dismembering, but it is not clear if these bodies were separated

during significant transport or by strong flattening.
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CAPITULO 5 - DISCUSSOES E CONCLUSOES

Sobre a natureza ofiolitica, ambiente de geracdo e inferéncias sobre o potencial
metalogenético

Os fragmentos ofioliticos da Faixa Araguaia, representados pelos complexos Quatipuru,
Serra do Tapa e Morro do Agostinho, formam expressivo alinhamento de dire¢do norte-sul, que
se estende por mais de 500 km na por¢do centro-norte do Brasil, bordejando o limite leste do
Craton Amazonico. Em sua maioria, tais fragmentos ndo apresentam a classica pseudo-
estratigrafia de ofiolitos, sendo constituidos predominantemente por peridotitos mantélicos
serpentinizados e lavas basalticas.

A expressiva presenga de rochas siliciclasticas na Faixa Araguaia, o restrito volume de
rochas vulcanicas basalticas com moderado fracionamento em ETR, o enriquecimento em ETRL
dos peridotitos da Serra do Tapa, além da falta de outras rochas ofioliticas (e. g. sheeted dykes,
sequéncia de camara magmatica), levaram Kotschoubey et al. (2005) a sugerirem que esta
seqiiéncia seja produto do desenvolvimento de uma bacia proto-ocednica, similar as por¢des
norte e central do atual Mar Vermelho, ou as bacias oceanicas pobremente evoluidas do tipo
Alpino-Apennino. Segundo estes autores, o enriquecimento em ETRL dos peridotitos € resposta
de sua derivacdo a partir de manto lherzolitico, que sofreu moderado grau de fusdo parcial, sendo
também responsavel pela assinatura dos basaltos (moderadamente depletados em ETRP e
levemente enriquecidos em ETRL). Tais basaltos apresentam assinaturas de N-MORB e E-
MORB at¢ toleitos de arco de ilha em diagramas discriminantes de ambientes tectonicos.

A presenca de clinopiroxénio nos harzburgitos poderia ser indicativa de uma
proveniéncia de manto fértil e responder pela assinatura enriquecida em ETRL. No entanto, a
auséncia deste mineral nos harzburgitos do Complexo Quatipuru e os baixos teores de CaO nos
peridotitos da Serra do Tapa e do Complexo Quatipuru apontam que o enriquecimento em ETRL
se da de forma criptica, e que a integracdo de modelos de metassomatismo do manto com
ambiéncia tectonica de fundo ocednico devem ser considerados na geragcdo das rochas destes
complexos. Processos que podem descrever esta assinatura s3o o de refertilizagdo (Niu &
Hekinian, 1997) e de fusdo parcial em sistema aberto (Ozawa & Shimizu, 1995), sugerindo
ambiente tectonico mais complexo do que uma cordilheira de expansdo meso-ocednica para a
interacdo destes processos.

Os dados de litogeoquimica dos elementos maiores dos harzburgitos do complexo
Quatipuru revelam seu carater residual e depletado, assemelhando-se a peridotitos de outros
complexos ofioliticos (e. g. Rampone & Piccardo, 2000; Khalil & Azer, 2007) e de litosfera
oceanica moderna (€. g. Parkinson & Pearce, 1998; Gribble et al., 2006). Os basaltos apresentam
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valores positivos de exg tipicos de MORB, que, juntamente com os valores também positivos dos
diques maficos do Complexo Quatipuru, apontam para a derivagdo mantélica depletada das
rochas ofioliticas.

Os pods de cromitito do complexo Quatipuru possuem texturas nodulares e envelopes
duniticos tipicos de complexos ofioliticos e sdo interpretados como acumulacdes magmaticas
oriundas da interagdo de magmas com os peridotitos mantélicos. A quimica mineral destes
cromititos caracteriza-os como do tipo ofiolitico de baixo-Cr, corroborada pelos baixos
conteudos de EGP, que mostram forte fracionamento de IPGE em relagao aos PPGE, mostrando
similaridades com cromititos de baixo-Cr de outros complexos ofioliticos neoproterozoicos,
preferencialmente localizados nos niveis mantélicos mais superiores, proximos ou na zona de
transi¢ao de Moho (Leblanc & Violette, 1983; Proenza et al., 1999). Segundo Zhou et al. (1998),
cromititos de baixo-Cr sdo preferencialmente formados em bacias back-arc, sendo resultantes da
interagdo de harzburgito depletado com magmas toleiticos saturados em enxofre, que perderam

seu conteudo de EGP antes de alcangar o local de formag¢do do cromitito (Figura 5.1).
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Figura 5.1 — Diagrama de ambiente tectdnico relacionando a formagido de cromititos de alto-Al e alto-Cr. Fonte:
Zhou et al. (1998).

A quimica mineral das cromitas acessorias dos peridotitos do Complexo Quatipuru €
similar aquela de peridotitos de ambiente MORB e de zonas de suprasubduccido, associadas a

regides de back-arc, conforme mostrado nos diagrama de Kamenetsky et al. (2001).
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No complexo Quatipuru-Morro do Agostinho, a associagdo espacial de varios tipos de
diques num mesmo afloramento de harzburgito revela uma histéoria magmatica e estrutural de
multiplos estagios. A composigdo, texturas e estruturas na suite de diques/sills e nos peridotitos
encaixantes revelam varios processos magmaticos (€. g. extragdo, migracdo e cristalizacdo), que
ocorreram desde condi¢des de fluxo astenosférico até condig¢des litosféricas muito rasas na
crosta, traduzindo grande variacao no regime termal; os diques de diabésio sdo os marcadores do
nivel crustal mais raso alcancado pelos peridotitos mantélicos. A permanéncia em condig¢des
rasas de crosta ocednica foi responsavel pela intensa serpentinizacao dos harzburgitos e dunitos,
além dos efeitos de propilitizagcdo nos diques gabroicos.

Estudos modernos demonstram que a estrutura e composicao da litosfera oceanica sao
resultantes da combinacdo de processos tectonicos € magmaticos, controlados pela taxa de
expansdo, e pelo suprimento de magma e resfriamento litosférico sob o eixo da cordilheira
(Gracia & Escartin, 1999). Tais pardmetros podem variar em porgdes individuais das
cordilheiras, devido a descontinuidades de primeira e segunda ordem que as segmentam, tais
como falhas transformantes, centros de expansdo sobrepostos, falhas ndo-transformantes e
propagadores, que podem ocorrer tanto em centros de expansao de cordilheiras meso-oceanicas
(e. g. Canatt et al., 1990; Hekinian et al., 1992; Hekinian et al., 1993; Constantin, 1999), como
em bacias back-arc (Gracia & Escartin, 1999). A exposigado de peridotitos mantélicos associados
com derrames basalticos no fundo oceanico moderno ocorre preferencialmente em locais onde
existem tais descontinuidades (Cannat et al., 1990; Hekinian et al., 1992).

Em zonas de falhas transformantes (€. g. Garrett e Terevaka) a exposi¢ao de peridotitos
mantélicos cortados por intrusdes gabrdicas, temporalmente e composicionalmente
diferenciadas, ¢ evidéncia de crosta ignea localmente afinada em ambiente de intersecao
cordilheira-falha transformante, com regime termal mais frio e deficiente de magma (Constantin
et al., 1996). Segundo estes autores, a litosfera formada proxima as principais descontinuidades
axiais sera litologicamente e composicionalmente diferentes da litosfera criada proxima aos
centros das cordilheiras, longe destas descontinuidades. Assim, interse¢oes de cordilheiras de
expansdo rapida com falhas transformantes possuem caracteristicas termais muito proximas
aquelas de regimes mais frios, tais como em cordilheiras de expansdo lenta.

Com base na presenga de cromititos de baixo-Cr com baixos teores de EGP,
preferencialmente formados em ambiente de bacia back-arc do que em regido de fore-arc
(Figura 5.1), propdem-se que o ambiente tectonico de formagdo dos complexos Quatipuru e
Morro do Agostinho seja relacionado a uma bacia do tipo back-arc em zona de supra-subducgio,

onde magmas do tipo MORB, responsaveis por tais assinaturas quimicas nos cromititos, podem
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ser gerados quando baixas taxas de fusdo parcial sdo prevalescentes (Prichard et al., 1996;
Prichard, 2004).

O arranjo interacamadado de harzburgito e dunito, aliado a presenga de diques e sills
mafico-ultramaficos, estruturas de impregnagdo e pods de cromititos, apontam que a litosfera
ocednica neoproterozodica foi marcada por processo de extragdo, migragdo ¢ impregnagdo de
magmas, similarmente aos niveis mais superiores de por¢des mantélicas proximas a zona de
transicdo de Moho (Boudinier & Nicolas, 1995).

O alcamento tectdnico das por¢des mais superiores de manto ocorre preferencialmente
em zonas de intersecdo de cordilheira meso-ocednica com descontinuidades de primeira e
segunda ordem, tais como falhas transformantes, e deste modo, a intima associacdo de
peridotitos mantélicos e pillow lavas basalticas no complexo Quatipuru-Morro do Agostinho
pode ser heranga de um sitio ocedanico como este (Canatt et al., 1990; Hekinian et al., 1992;
Hekinian et al., 1993; Constantin, 1999), e ndo ser resposta apenas de desmembramento
tectonico devido ao processo de obducgao.

O baixo grau metamorfico dos corpos ofioliticos e suas rochas encaixantes sugere que
tais rochas ndo foram soterradas a profundidades de crosta inferior. O arranjo em mélange desses
corpos na Faixa Araguaia reflete desmembramento tectonico, porém nao ¢ claro se devido a
grande transporte em sistemas transcorrentes, ou a forte achatamento.

Em termos de potencial metalogenético, os corpos ofioliticos da Faixa Araguaia foram
alvos de explotacdo de cromita na década de 80, e mais recentemente (2003-2007) de intensa
exploracdo para niquel lateritico, porém sem minas explotaveis. Além disso, mineraliza¢des
sulfetadas polimetalicas de Cu-Zn-Pb, com idades variando entre 716 e 616 Ma, foram
identificadas em rochas metassedimentares clasticas do Grupo Tocantins (Fm. Couto
Magalhdes), tendo sua génese associada principalmente a fluidos exalativos (Osborne, 2001;
Villas et al., 2007).

Processos exalativos tém sido reconhecidos como responsaveis por mineralizagdes
sulfetadas de Cu-Co-Zn-Ni-Ag-Au, do tipo Outokumpu (Finlandia), intimamente associadas a
peridotitos ofioliticos (€. g. ofiolito de Jormua; Peltonen et al., 2008), cuja génese esta ligada a
deposicdo de proto-minério rico em Cu sobre um assoalho peridotitico oceanico. Posteriormente,
o proto-minério ¢ misturado tectonicamente com sulfetos de niquel, provenientes da reacdo dos
corpos ultramaficos com os envelopes de listwanitos, durante o processo de obduc¢ao, gerando
assim mineraliza¢Oes poligenéticas (Peltonen et al., 2008). Tal tipo de mineralizagdo ndo tem
sido identificado na Faixa Araguaia, porém muitos dos elementos associados sdo reconhecidos
nos corpos ofioliticos e unidades associadas, mostrando assim um potencial ainda desconhecido

para este tipo de mineralizagao.
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Cronologia e correlacdes geotectonicas

A Faixa Araguaia e as outras ramificacdes do Sistema Orogé€nico Tocantins, que sao a
Faixa Paraguai e a Faixa Brasilia (Brito Neves et al., 1999), demonstram similaridades quanto
aos estagios evolutivos e registros estratigraficos. Os tratos ocednicos do Neoproterozdico
existentes entre os fragmentos cratonicos do proto-Gondwana Oeste, além de serem registrados
na Faixa Araguaia e suas correlatas em territorio brasileiro (faixas Brasilia, Paraguai e Gurupi),
sdo também identificados em faixas de dobramentos de outros paises e continentes (€. g.
Argentina e Africa).

As relagdes de contato entre as faixas Araguaia e Paraguai sdo obscurecidas por
sedimentos da bacia do Bananal (Cenozodico), e devido tal hiato de informacdo geologica,
comumente tais faixas sdo tratadas separadamente na literatura geologica. Porém, se
considerarmos as faixas Araguaia e Paraguai como uma unica entidade tectonica, conforme
originalmente tratado por Almeida (1974), pode-se notar semelhangas estratigraficas entre elas,
principalmente na seqiiéncia de cobertura plataformal, onde formagdes ferriferas bandadas,
carbonatos com fosseis da fauna Ediacara e sequéncias silicicldsticas com presenca de
diamictitos, sdo encontrados em ambas as faixas (Alvarenga et al., 2000; Osborne, 2001, Villas
et al., 2007), além de semelhangas na polaridade metamorfica, mostrando uma diminuigdo do
grau metamorfico, alcancando até condigdes de anquimetamorfismo, em dire¢do a oeste, rumo
ao Craton Amazodnico.

Na Faixa Araguaia, na regido dos complexos Quatipuru-Morro do Agostinho, um limite
plano para o Craton Amazdnico ¢ indicado pelas linhas de escorregamento, identificadas em
imagens de satélite e em mapas aeromagnetométricos; nesta regido a largura da faixa ndo excede
os 150 km. As maiores larguras encontradas na Faixa Paraguai (cerca de 500 km) estdo
associadas a regido onde existe a mudanga do trend E-W para NE-SW, provavelmente refletindo
uma antiga regido de golfo do Craton Amazodnico, que foi balizadora para as margens de
deposicdo da bacia, bem como para conformacdo final dos terrenos geoldgicos quando da
evolugdo do orogeno. Na Faixa Paraguai evidéncias de abertura oceanica foram caracterizadas
por Dantas et al. (2007) por meio de basaltos com engw= +3 € assinaturas geoquimicas similares
a E-MORB, onde vulcanicas 4cidas piroclasticas associadas com a abertura inicial deste rift
mostram idade de 822+9Ma (U-Pb), na regido de Nova Xavantina. Idades U-Pb em zircao de
rochas relacionadas ao magmatismo nessa faixa apresentam idades de 680, 630, 590 e 570 Ma,
sugerindo sucessivos pulsos de atividade ignea nos estagios de abertura e inversdao da bacia

(Dantas et al., 2007).
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Na Faixa Brasilia os registros iniciais de litosfera oceanica sdo caracterizados pelas
primeiras rochas do arco magmatico de Goias, de carater juvenil, resultado do evento de
subducgdo intraoceanica para oeste, no intervalo de 890-800 Ma (Pimentel & Fuck, 1992; Laux
et al., 2005) e por anfibolitos presentes no Grupo Araxa, com idade de 838 + 20 Ma (Piuzana et
al., 2003), ambos fazendo parte do denominado Oceano de Goias (ou Goianides).
Posteriormente, no intervalo de 660 a 600 Ma teria ocorrido um segundo evento de acrescao
magmatica, porém com assinaturas isotopicas de arco continental (Laux et al., 2005). Por volta
de 760 Ma metamorfismo de alto grau marca o evento de acres¢do do arco intra-oceanico ao
fragmento continental do macigo de Goias (Pimentel et al., 2004).

Uma sucessdo de eventos semelhantes ocorreu na Faixa Araguaia, onde o comego do
estagio de rifteamento crustal ¢ marcado por corpos de rochas alcalinas com idades proximas de
1 Ga (Moura et al. 2000). O Oceano de Goias na Faixa Araguaia é representado pelos complexos
Quatipuru, Serra do Tapa e Morro do Agostinho, entre outros, com idade de 757 + 49 Ma. Tal
idade, associada com o ambiente de supra-subduccdo para o Complexo Quatipuru-Morro do
Agostinho, sugere a formagdo de bacia back-arc em ambiente ocednico, provavelmente
associado ao evento de subduccdo intracoeanica, representado pelo arco magmatico de Goiés, na
Faixa Brasilia (Figura 5.2). Acredita-se que o desenvolvimento do Oceano de Goias perdurou
cerca de 150-200 Ma, desde as primeiras rochas produtos de subduc¢ao intra-oceanica (890 Ma)
até o desenvolvimento de bacias back-arc intraoceanicas (aprox. 750 Ma). Tal oceano separava
grandes massas cratonicas como o Craton Amazonico do Craton do Sao Francisco/Congo, do
Craton do Oeste Africano (West African) e de outros blocos menores, tais como Parnaiba e
Paranapanema (Brito Neves, 2003; Fuck et al., 2008) (Figura 5.2).

Tufos acidos piroclasticos de idade de 630-620 Ma na Faixa Araguaia (Osborne, 2001)
sdo contemporaneos ao ultimo magmatismo na Faixa Brasilia (metadacitos da por¢ao sul do arco
magmatico de Goids com zircdes de 636 6 Ma — U/Pb). O estagio de inversao da bacia e
acres¢ao da Faixa Araguaia ao Craton Amazonico, deu inicio entre 650-600 Ma controlado por
empurrdes com vergéncia para WNW, com estabilizagdo e intrusdes graniticas finais no
intervalo de 550-500 Ma (Moura et al. 2000). Fosseis de idade Vendiana presentes nos calcarios
apontam que o fechamento da bacia se deu posteriormente a 544 Ma, sendo tal idade
cronocorrelata aquela proposta como o limite superior da deformacao dentro da Faixa Paraguai,

em torno de 520 Ma (Trindade et al., 2003).
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Figura 5.2 — A. Reconstrugdo esquematica da evolucdo geodinamica da Provincia Tocantins no intervalo de 900 a
600 Ma. Arcos magmaticos sdo representados por asteriscos. Modificado de Pimentel et al. (2000) e Valeriano et al.
(2008). B. Detalhe do posicionamento do Complexo Quatipuru-Morro do Agostinho (ofiolitos na figura).

Viérios autores sugerem que a ancoragem do Craton Amazonico ao Gondwana Oeste foi
realizada apds a abertura do oceano lapetus em 525 Ma, que separava o bloco de Laurentia do
Craton Amazoénico (Trindade et al., 2006; Thover et al., 2006; Cordani et al., 2009) e que as
faixas Araguaia-Paraguai e Pampeanas representariam a principal orogenia deste evento em
tempos Cambrianos, configurando em termos finais a por¢do ocidental do Gondwana Oeste

(Figura 5.3). A identidade entre essas faixas ¢ marcada principalmente pela presenca de

complexos ofioliticos com cromititos podiformes formados em Dbacias back-arc,
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aproximadamente em 700 Ma, de acordo com os erros das isécronas Sm-Nd obtidas por Paixao
et al. (2008) para os ofiolitos da Faixa Araguaia (757 + 49 Ma), e por Escayola et al. (2008) para
os ofiolitos da Faixa Pampeanas (644 = 77 Ma).

Outra faixa de dobramentos Neoproterozoica que merece ser citada devido a identidade
de alguns dados geocronologicos com a Faixa Araguaia ¢ a Faixa Gurupi, onde um nefelina
sienito de 732 +7 Ma registra um estagio de rifteamento crustal, porém sem indicagdes de que
estagios de oceanizagdo foram atingidos (Klein et al., 2005). Porém, grande parte dos graos
detriticos de zircao, datados em rochas metassedimentares (arcoseos) nesta faixa, mostram
idades entre 600 e 650 Ma (Pinheiro et al., 2003). Tais idades sdao similares aquelas descritas
para tufos rioliticos na Faixa Araguaia (Osborne, 2001). O granito Ney Peixoto de 549 Ma de
carater pds-tectonico ¢ um marcador para os eventos finais de colisdo, pos-datando eventos de

metamorfismo e deformacao entre 580 e 550 Ma (Klein et al., 2005).

=.'.i
ﬁ lapetus Ocean

2 o (550 W8 & 525 Mal

IZN Kuunga Orogeny (570-530 Ma) Il Pampean-Araguala Orogeny (540-520 Ma)

Mozambique = Brasiliano-Panafrican
Orogeny (800-650 Ma) Orogeny (940-630 Ma)

Figura 5.3 — Reconstrucdo paleogeografica da historia colisinal do Craton Amazoénico com o Gondwana Ocidental.
Em 550 Ma ocorre a aglutinacdo do proto-Gondwana por meio das orogenias Mocgambique, Brasiliano—Pan-
Africano e Kuunga (940-530 Ma). Em 525 Ma ocorre a formacdo final do Gondwana em tempos Cambrianos
devido a orogenia Pampeana-Araguaia (540-520 Ma), concominantemente com a separa¢do do Laurentia (Trindade
et al., 2006). I — India; M — Madagascar; AN — Antarctica; A — Australia; L — Laurentia; B — Baltica; K—
Kalahari; CSF — Congo—Sao Francisco; LP — Rio de la Plata; AM — Amazonia;WA —West Africa; RA — Rio
Apa; AA — Arequipa-Antofalla; PR — Parand; PA — Pampea; BTS — Borborema—Trans- Sahara. Faixas
neoproterozoicas em cinza claro.

As comparagdes da Faixa Araguaia com a contraparte africana, a Faixa Mauritanides-
Rokelides, mostram similaridades desde o embasamento, até o registro litoestratigrafico. Os
terrenos de embasamento em ambas as faixas por vezes afloram na forma de inliers em meio as
rochas supracrustais. Na Faixa Araguaia os inliers estdo espacialmente associados aos altos

gravimétricos dos perfis Bouguer, sugerindo que a estrutura¢do dos mesmos se deve ao
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alcamento das por¢des de manto. As duas faixas mostram ainda uma estrutura divergente em
termos de vergéncia tectonica, similarmente as estruturas encontradas em cinturdes de colisao.

O outro ramo neoproterozoico da Faixa Mauritanide-Bassaride-Rokelide que bordeja a
porcao leste do Craton Oeste Africano corresponde a Faixa Trans Saharan (Trompete, 1994),
onde uma zona de sutura ¢ caracterizada pela presenca de rochas mafico-ultramaficas e por um
string de anomalias gravimétricas ¢ magnéticas. Alguns dos maci¢os mafico-ultramaficos sdo
interpretados como ofiolitos (Leblanc, 1976; in Trompete, 1994), muito embora para outros
autores como Caby (1987; in Trompete, 1994) correspondam a Sills e lacoélitos intrusivos em
ambos os lados da sutura, sendo a expressao da abertura do oceano Panafricano, ao redor de 850
Ma.

A identidade entre os terrenos das faixas de dobramentos Brasilianas e Pan-Africanas
supracitadas, ainda ndo elucida a histéria dos terrenos cratonicos associados, i. e. Craton
Amazbnico e Craton Oeste Africano, respectivamente, devido a reconstru¢des do
supercontinente Rodinia que indicam a nao ligagdo entre eles (Kroner & Cordani, 2003), ou
mesmo a existéncia de um megacraton formado por Amazonia-Oeste Africa, e até o craton Rio
de La Plata (Li et al., 2008).

O terreno Avalonia na América do Norte mostra identidade com vérios eventos
identificados nas faixas brasilianas (Dantas et al., 2007), onde apds a quebra de Rodinia em 755
Ma, houve o desenvolvimento de arcos magmaticos oceanicos entre 750-650 Ma, com posterior
evento de acres¢do ao Gondwana em 650 Ma, e desenvolvimento de um arco de margem
continental, marcando o principal periodo de atividade magmadtica entre 635 e 570 Ma.
Interpreta-se que entre 590 e 540 Ma ocorre a colisdo entre trincheira e cordilheira oceanica
(Nance et al., 2002).

Um quadro comparativo entre os diversos eventos ocorridos nas principais faixas moveis
envolvidas na amalgamacdo do Gondwana Oeste ¢ mostrado na Figura 5.4. Do exposto acima,
vé-se que as “gravatas” que ligam (ties that bind) existentes no Neoproterozoico, nas periferias
do Craton Amazonico e de outros cratons descendentes de Rodinia e co-participes da edificacao
do Gondwana Oeste, tiveram uma histéria evolutiva marcada por similaridades litoestruturais,
refletidas desde os terrenos de embasamento, passando por estagios de oceanizagdo, registros
litoestratigraficos das sequéncias vulcanossedimentares até os pulsos finais de magmatismo pos-

orogénico.
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Figura 5.4 — Principais eventos geoldgicos das faixas mdveis Neoproterozoicas relacionadas ao Gondwana Oeste.
As linhas tracejadas representam o espalhamento dos limites maior e menor de idades do estagio de oceanizagdo em
bacias back-arc da faixa Araguaia e Sierra Pampeanas. As fases de magmatismo referem-se aos limites de idades
dos principais pulsos magmaticos, relacionados a arco intraoceanico, continental e/ou magmatismo pos-orogénico.
Fonte de dados: Faixa Araguaia (Moura et al., 2000; Arcanjo et al., 2001; Paixdo et al., 2002, 2008; Moura &
Gaudette, 1993; Moura et al., 2000; Gorayeb et al., 2001 e Osborne, 2001); Faixa Paraguai (Dantas et al., 2007 e
Trindade et al., 2003, 2006); Faixa Brasilia (Pimentel & Fuck, 1992; Piuzana et al., 2003; Laux et al., 2005 e
Pimentel et al., 2000); Faixa Gurupi (Klein et al., 2005; Moura et al., 2003); Sierras Pampeanas (Escayola et al.,
2004, 2007); Faixa Rokelides-Mauritanides-Bassarides (Dallmeyer & Villeneuve, 1987, Villeneuve & Dallmeyer,
1987; Dallmeyer & Lecorche, 1989) e Terreno Avalénia (Nance et al. 2002).

No entanto, algumas questdes permanecem ndo esclarecidas, tais como: (1) qual o
tamanho do oceano desenvolvido e as taxas de expansdo experimentadas por ele, (2) quando
ocorreu a obducgao dos ofiolitos, (3) qual foi o tempo preciso da colisdo brasiliana e (4) qual
outro bloco a leste, que juntamente com o Craton Amazonico, fez parte do processo de colisao

(Craton do Oeste Africano?, Craton do Sao Francisco, arco intra-oceanico?, bloco Parnaiba?).
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