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Resumo

O impacto de um meteorito que atingiu uma regiao do Brasil central ca. 250 Ma atras,
pouco antes do limite Permo-Triassico, criou uma estrutura de impacto complexa com
cerca de 40 km de didametro (a maior estrutura de impacto identificada na América do
Sul). A estrutura estd bem preservada e rasamente erodida, o que oferece uma
oportunidade impar para o estudo da cinematica formagao do nucleo soerguido. Esta
cratera esta alocada em rochas sedimentares da bacia Parana. O impacto escavou
mais de 2 km dos pacotes sedimentares originais, trazendo para a superficie granitos
e rochas metamorficas do embasamento apds seu colapso. Ela é constituida por um
nucleo central soerguido, bacias anelares, duas fei¢des de anéis principais e bordas
deformadas. Observagdes de campo e estudos petrograficos relacionados com
materiais no interior do nucleo soerguido permitiram o reconhecimento de quatro
litologias (embasamento metamorfico, granito porfiritico com cataclase, rochas
fundidas de impacto e brechas polimiticas) que o registram diferentes tramas
magnéticas. O granito porfiritico cataclasado registra a orientacdao de colapso da
cratera, mais especificamente de colapso de uma estrutura do tipo peak-ring. Ja as
outras rochas, constituidas por impact melts cobertos por brechas, registram os
processos pos-colapso. As comparagdes dos modelos disponiveis para o colapso de
crateras do tipo peak-ring com observagdes realizadas neste trabalho, mostram pela
primeira vez de forma ndo especulativa, que embasamento cristalino pode ter
adquirido um comportamento hidrodindmico durante o processo de colapso da

estrutura.

Palavras Chaves: Estrutura de impacto; Araguainha; Nucleo soerguido; Tramas

magnéticas e Peak-Rings



Abstract

A meteorite impact hit central Brazil ca. 250 Ma ago, just prior to the Permo-Triassic
boundary, leaving a 40 km wide complex impact structure (the largest impact structure
identified in South America). It is a well-preserved and shallowly eroded crater, that
provides unparalleled opportunity to study the kinematics of peak-ring crater formation.
This crater developed on sediments of the intracratonic Parana basin. The impact has
excavated more than 2 km of the original sedimentary pile, bringing to the surface
granites and host metamorphic rocks of the basement after collapse. It comprises a
central peak ring, annular basin, two main ring features and deformed rims. Field
observations and petrographic studies in impact-related materials inside the central
peak ring allow recognition of four lithofacies (metamorphic basement, cataclastic
porphyritic-granite, impact melts and polymitic breccias) that record different magnetic
fabrics. Cataclastic porphyritic granite record the crater collapse fabric orientation,
whereas the other rocks record a process after crater collapse, comprising molten
rocks covered by breccias. The comparison of available models of collapse of craters
complex with these observations show, for the first time, that the crystalline
embasament may have acquired hydrodynamic behavior during the process of

collapse.

Keywords: Impact structure; Araguainha; Central uplift; Magnetic fabrics and Peak-

Rings.
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1. Introducgao

O impacto de um asterdide ou cometa na superficie de um planeta ou satélite é o gatilho
para a geragao de uma estrutura geoldgica conhecida como cratera de impacto. Todos os
planetas e satélites ndo gasosos do Sistema Solar apresentam crateras em sua superficie,
muitas das quais originadas por impacto (French, 1998). O crateramento de uma superficie por
impacto € o processo geolégico mais rapido do qual se tem conhecimento (French, 1998).
Estruturas similares aquelas formadas ao longo de milhdes de anos de evolugao da crosta
terrestre podem ser geradas num intervalo de segundos a minutos num processo dessa
natureza.

As estruturas de impacto podem apresentar formas simples, caracterizadas por uma
geometria cbncava (tipo “tigela”) ou formas complexas, com geometria cdncava e nucleo
soerguido. A geracgao e evolugao de crateras simples ja sdo bem estabelecidas e seus modelos
numéricos s&o coerentes com os dados observacionais feitos em crateras terrestres e de outros
astros. Todavia, a origem e a evolu¢do de crateras complexas sdo até hoje, alvo de debate na
literatura.

Neste contexto, talvez o aspecto mais intrigante na formagao de crateras complexas
seja a criagdo e a evolugdo do seu nucleo soerguido. Trabalhos anteriores sugerem que a
variagao morfologica e morfométrica do nucleo soerguido tém relagcdo com diametro da cratera
transiente, o qual por sua vez, pode ser traduzido como a energia de impacto e a aceleragao
gravitacional (e.g., Roddy et al., 1977; Pike, 1980; Melosh, 1989). Entretanto, detalhes sobre a
formacdo e preservagao desses nucleos em registros terrestres € uma questdo em aberto.
Trabalhos de compilagdo cartografica, sensoriamento remoto e analises geofisicas em crateras
na Terra separam claramente dois tipos morfolégicos de nucleo soerguido: central-peak (de
pico central) e peak-ring (pico com anéis) (Grieve et al., 1981; Grieve e Terriault, 2000, 2004;
Dypvik Jansa, 2003). As variagdes morfolégicas no nucleo soerguido das crateras de impacto &
resultado da resposta das diferentes rochas-alvo (sob regimes distintos deformacao e gradiente
geotérmico) a pressao e temperaturas extremas promovidas pelo impacto (lvanov e Deutsch,
1999; Lana et al., 2003; Spray et al., 2004; Dence, 2004; Collins et al., 2004; Gibson e Reimold,
2005).

Entender o desenvolvimento dos nucleos em crateras terrestres geralmente € uma tarefa
dificil, pois devido ao dinamismo dos processos de superficie e de subsolo da crosta terrestre,
os registros geologicos desse desenvolvimento foram substancialmente apagados (e.g., Grieve
et al., 1987; Grieve e Terriault, 2004; Spray et al., 2004; Vermeesch e Morgan, 2004). Com o

intuito de contribuir para o entendimento da formagado dos nucleos soerguidos de crateras
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complexas o presente trabalho chama atenc¢do para uma pouca estudada estrutura de impacto
no Brasil central.

A estrutura de impacto complexa de Araguainha é a maior estrutura de impacto
complexa reconhecida na Ameérica do Sul, com cerca de 40 km de didmetro e geometria
circular. Ela esta alojada em rochas sedimentares da Bacia do Parana, na porcao central do
Brasil (e.g. Dietz e French, 1973; Engelhardt et al., 1992; Hammerschmidt e Engelhardt, 1995;
Hippertt e Lana, 1998; Lana et al. 2007a). De acordo com Lana e colaboradores (2008)
Araguainha é um raro exemplo de uma estrutura rasamente erodida e oferece uma
oportunidade impar para o estudo da cinematica de formagédo do nucleo soerguido. Estudos
recentes (Lana et al. 2007a, 2008) mostraram que o nucleo Araguainha preserva muitas feigdes
morfolégicas e estruturais caracteristicas de um nucleo peak-ring. Essa caracterizagao é ainda
reforcada pela colocacdo de brechas e rochas fundidas sobre um embasamento cristalino no
interior desse nucleo soerguido.

Neste trabalho serdo apresentados os resultados de mapeamento geoldgico, de
petrografia, de mineralogia magnética e de anisotropia de suscetibilidade magnética, que foram
realizados nos diversos produtos de impacto alocados no interior do ndcleo de Araguainha. O
trabalho tem por objetivo contribuir para o entendimento dos processos ocorridos no interior do
nucleo da estrutura, tracando através das ferramentas acima citadas, um modelo de evolugéo
do soerguimento central e de suas litologias constituintes. Além disso, o trabalho visa a
comparacao entre o modelo evolutivo criado e os atuais modelos numéricos existentes, que

tentam explicar a formagéo dos nucleos do tipo peak-ring.



2. O Processo de crateramento

Neste capitulo serdo abordados os principais aspectos referentes a formagao de

estruturas de impacto, bem como a nomenclatura utilizada para classifica-la.

2.1- Mecanismos de Formagao:

Os resultados obtidos em experimentos analdgicos e computacionais possibilitaram o
desenvolvimento de um modelo de geracéo de crateras que comporta trés estagios principais:
contato e compresséao, escavagao e modificagado (e.g., French, 1998, Kenkmann, 2002).

O estagio de compressao tem duragdo de uma fragdo de segundos e corresponde ao
momento do contato entre o corpo em movimento € o alvo. Ondas de choque circulares e
concéntricas originadas no ponto de contato e resultantes da pressdo exercida no choque
propagam-se simultaneamente pela superficie dos dois corpos — projétil e alvo (Fig. 2-1). Essa
pressdo de grande magnitude (dezenas a centenas de GPa) promove mudancgas significativas
no estado fisico e quimico das rochas impactadas. Uma parte do material impactado é expelida
lateralmente, em baixo angulo em alta velocidade (Fig. 2-2C, 2-2D), enquanto a outra se funde
e resfria-se rapidamente, ainda em movimento, dando origem a diversos produtos de impacto.
Nos choques hipervelozes, muito comuns, ha completa vaporizacdo do projétil impactante,
razdo pela qual os meteoritos responsaveis pela origem da maioria das crateras na Terra nao

sdo encontrados.

Figura 2-1. Estagio de contato/compresséo:
geracgdo de ondas de choque e deformacgéo do
projétil. As isolinhas indicam as pressoes
(GPa) geradas nesse estagio. Compilado de
French (1998).




O proximo estagio, denominado de escavagdo, a cratera expande-se e adquire a
geometria de uma ‘tigela’ — o primeiro estagio de escavacao de qualquer cratera é a formacgéao
de uma cavidade denominada de cratera transiente (Fig. 2-2E, 2-2F, 2-2G 2-2H), que possui
cerca da metade do tamanho da cratera final. A medida que a expanséo progride, suas bordas
se elevam, tornando-se cada vez mais abruptas, e funcionam como uma rampa de langamento
para o material que continua sendo ejetado. Nesse estagio o angulo de ejecdo se torna bem
mais agudo. Ao final desse estagio, as rochas da area de choque e as de sua vizinhanca
estardo completamente transformadas, compreendendo deformacio externa e modificagoes
fisico-quimicas. Um grande volume de material funde-se e resfria-se logo em seguida, dando
origem as fases vitreas. Uma quantidade ainda maior transforma-se sob o efeito das enormes
pressbes e das altas temperaturas. Novos minerais entdo se formam e outros se recristalizam.
Em conjunto, essas transformagdes minerais constituem o chamado metamorfismo de choque.

Por terem sido comprimidas e em seguida descomprimidas em altas pressdes nos, as
rochas apresentam comportamento do tipo elastico ou plastico. Apds a compressao e a
escavagdo, elas se acomodam em niveis gravitacionalmente estaveis, no estagio de
modificagao (Fig. 2-2I, 2-2J). Para se ajustar, as rochas se rompem, gerando uma rede de
fraturas e falhas articuladas. As falhas mais expressivas e de maior movimento distribuem-se
segundo um padrao ordenado: sdo semicirculares, paralelas a borda da cratera e mergulham

em direcdo ao seu centro.
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Figura 2-2. Esquema dos estagios caracteristicos da formagao de crateras de impacto: (A,B,C e D)
Fase de contato e compressao; (E e F) Fase de escavacgéao; (G e H) Fim da fase de escavagao e inicio
da fase de modificagéo (cavidade transiente); (I e J) Fase da modificagéo (estrutura alcangando o maior
diametro); (L e M) Morfologia apresentada pela cratera ao final do processo. Adaptado de French

(1998).



2.2- Os tipos de Crateras de Impacto

As crateras de impacto podem ser divididas em trés grupos principais: simples;
complexas (Fig. 2-3) e do tipo bacias multi-anelares (e.g., Melosh, 1989). Essas crateras séo
formadas apos o colapso de uma cavidade inicial, instavel e transiente e apresentam didmetros,
morfologia interna e externa distinta (Melosh, 1989).

Em geral, é o tamanho da cratera o fator determinante de sua morfologia e dependem
fundamentalmente da dimenséao, velocidade, angulo de incidéncia e porosidade do projétil, a
composigdo da rocha-alvo e a gravidade do planeta. Entretanto, ha fatores ambientais que
também influenciam suas caracteristicas, como por exemplo, se o impacto é subaéreo ou
submarino. No caso de impactos no oceano (ld&mina d’agua > 1 km) as crateras tendem a ser
concéntricas e freqlientemente desprovidas de anel externo e da camada de material fundido,

ao mesmo tempo que apresentam depdsitos e estruturas radiais.

Cratera Simples

A Brecha A\ Substrato fraturado

& Material fundido

D Material ejetado /} \\ Nucleo central soerguido

Cratera Complexa

N

Figura 2-3. Diferengas entre uma cratera simples e complexa. O pico central da
cratera complexa € formado como resultado do soerguimento de material
estratigraficamente inferior a cratera em resposta a descompressado que sucede o
impacto (adaptado de Melosh, 1989).




A classificagao tradicional, considerando o didmetro das crateras, foi proposta com base
em crateras formadas na superficie da Lua (Fig. 2-4). Como a gravidade e a atmosfera exercem
forte influéncia sobre o impacto, ndo é possivel estabelecer uma relagao direta entre crateras
dos componentes do sistema solar e seu didmetro. Por exemplo, a intensidade de impacto
necessaria para formar na Terra uma cratera de 4 km de diametro, € a mesma para a formacéao

de uma cratera com 15 km de didmetro na Lua (Romano e Lana, 2000).

Cratera em Marte Cratera Moltke {Lua) Cratera Bessel (Lua) Cratera Euler (Lua)
D =23km D=T7Km. D = 16km D= 28 km. Pf =2 5km
Cratera SIMPLES (tipo tigela) Cratera SIMPLES (‘tigela’) Tipo TRANSICIONAL entre Cratera COMPLEXA, com nucleo
(MOS) Profundidade = 20% D simples e complexo {terragos e central soerguido
(Apolio 10) nicleo central s&o ausentes) (4polla 17)
( Apallo 15)

Cratera King (Lua) Cratera Tycho (Lua) Cratera Schrodinger (Lua) Cratera Orientale (Lua)
D =77 km. Pf=5km D =85km D =320 km D = 930km
Cratera COMPLEXA Cratera COMPLEXA Cratera clo TIPO BACIA Cratera do TIPQ BACIA

(Apollo 16) (Lunar Orbiter image V-125M.) (Mosaico de imagens Clementine)

Figura 2-4. Crateras da Lua, cujas caracteristicas nortearam o sistema de classificagéo utilizado
para as crateras na Terra.

As Crateras Simples (Figuras 2-3 e 2-4) sdao as menores estruturas, com diametro entre
0-20 km. Sao caracterizadas por uma geometria uniformemente cdéncava, em forma de ‘tigela’,
similar a geometria de uma cratera transiente (ver item 2.1), sugerindo pouco ou nenhum
colapso gravitacional apés o impacto. Possuem profundidade maxima no centro da estrutura e
s&o desprovidas de nucleo soerguido e terragos nas bordas. A razéo entre a profundidade e o
didmetro nas crateras varia entre (0,2) e (0,33) (Melosh, 1989).



As Crateras Complexas (Figuras 2-3 e 2-4) tém diametro final entre 20 e 150 km, com
razdes profundidade/didametro relativamente baixas. Entretanto, alguns trabalhos sugerem
estruturas com didmetro de até 5 km (Kenkmann, 2002). As crateras complexas apresentam
algumas feigbes morfologicas importantes, formadas pelo colapso gravitacional da cratera
transiente (O'Keefe and Ahrens, 1999), dentre elas estao: bordas colapsadas, bacias anelares e
nucleo central soerguido (Fig. 2-5) (Melosh, 1989). A area de borda €& caracterizada por
escarpas anelares e terragos condicionados por falhamentos normais com dobramentos
associados. Os falhamentos normais e seus dobramentos associados sdo diagndsticos para a
demarcacao da regido de borda e consequentemente para a determinagao do didmetro final da
estrutura. As bacias anelares representam a area entre o nucleo soerguido e as bordas da
cratera ou anéis e sdo chamadas de bacias, pois nelas é depositada a maior parte das brechas

dos materiais fundidos produzidos pelo impacto e pelo colapso da estrutura.

Borda Borda
Colapsada Colapsada

Bacia
Anelar

Bacia
Anelar

Nucleo central
soerguido

______ N T_/\\ < \\ /\_ Semmemeees
--------- =\, YTV R
//\\\/_// /=N //_

Figura 2-5. Esquema das principais feicdes morfolégicas observadas em uma cratera de impacto
complexa (tipo peak ring). Adaptado de Melosh (1989).

Nas crateras complexas, o nucleo central soerguido pode ser expresso topograficamente
por um pico simples ou por um sistema de anéis centrais (Fig. 2-6a). Esses ultimos sao tipicos
de crateras complexas maiores e formados em situacdes onde o pico central entra em colapso
e gera um sistema de anéis montanhosos no centro da estrutura, antes que o movimento

gerado pelo impacto cesse (Fig. 2-6b).
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Figura 2-6. Formacgdo de crateras complexas com nucleo central simples e nucleo central
anelar. Os picos anelares sdo as feigdes mais complexas e ocorrem em crateras complexas
maiores (> 50km) (adaptado de Melosh, 1989).

As Bacias Multi-Anelares (Fig. 2-4) sdo as maiores estruturas de impacto observaveis
(com diametros superiores a 150 km) e tipicamente apresentam um formato de anéis
concéntricos; essas crateras sdo normalmente produto de colisbes ocorridas no inicio da
formacao do Sistema Solar quando projéteis de maior dimensao eram mais abundantes (Bland,
2004). Elas sao bem preservadas em superficies como as de Marte, da Lua e de satélites de
Jupiter. Entretanto, elas correspondem a morfologias bastante erodidas na Terra, ndo tendo
sido possivel ainda provar sua existéncia no planeta. As Crateras de Vredefort e Chixulub séo

potenciais candidatos terrestres de bacias multi-anelares (French,1998).



2.3 — O nucleo central soerguido em crateras complexas

Uma das principais caracteristicas para diferenciar entre uma estrutura de impacto do
tipo simples e uma do tipo complexa é a presenga de um nucleo central soerguido. O nucleo
central soerguido pode ser representado apenas por uma elevagao topografica central (central
peak) ou por um pico central anelar (peak ring), a formagdo de um ou de outro depende
principalmente do tamanho da cratera transiente e das propriedades das rochas impactadas
(Melosh e lvanov,1999).

A formacgao de nucleos soerguidos, bem como da outras feicdbes morfologicas (terragos
na borda, bacias anelares, anéis, etc.) estdo diretamente relacionados a fase de modificagao da
cratera. Segundo Osinski e Spray (2005) nesta fase existem dois mecanismos atuantes: o
soerguimento do assoalho da cratera transiente, no qual ha movimentagdo de material para o
centro e para o alto; concomitante a ele ha o colapso das paredes da cratera transiente com
fluxo de material para o centro e para baixo.

Para compreender melhor a formagdo do nucleo em crateras complexas, muitos
modelos numéricos foram desenvolvidos, que atualmente alcangcam bons niveis de
complexidade e realismo. Embora existam modelos de carater mais estatico e outros de carater
mais dinamico (Melosh e Ivanov,1999), ambos consideram que a formagdo dos nucleos
soerguidos (central peaks ou peak rings) pode ser comparada a deformagao causada por uma
gota sobre uma lamina d’agua. Porém, ha uma importante diferenga entre esses dois
processos.No caso do crateramento a deformagédo é “congelada” antes que as ondulagdes
cessem e a superficie torne-se plana novamente. Para explicar essa diferenca € necessario que
as rochas impactadas ora se comportem de forma fluida, ora se comportem de forma plastica.

Em fluidos como a agua, descritos como fluidos newtonianos, qualquer esforgo gera um
fluxo de matéria. Nesse caso o fluxo aumenta linearmente com o esforgo, sendo que a
viscosidade do fluido & o principal fator que controla o tipo de escoamento (Fig.2-7).

Por outro lado, o comportamento plastico prevé que um dado material mantera sua
forma até que um esforgo suficientemente importante gere deformagao permanente. Ou seja,
ao se retirar esse esforgo o material guardara a deformagdo adquirida. A fase plastica
geralmente é antecedida por uma fase elastica.

Um material que possua um comportamento de fluido viscoso, mas que tem
comportamento plastico delimitado por uma tensédo de escoamento é denominado de Fluido de

Bingham. O fluido de Bingham n&o escoa até que o limite critico de esforgo exceda a coeséao,
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apo6s o qual o escoamento é diretamente proporcional ao esforgo, como em materiais

Newtonianos (Fig.2-7).

Figura 2-7. Diagrama de esforgco vs. 2 Pse“??—vp\
Deformagdo para diferentes materiais. g 8 "

Notar que o fluido de Bingham escoa de % g

forma semelhante ao Newtoniano apds g g .
exceder o limite de coeséo. § .,aO“"a“

Taxa de deformacao

Durante a formagéo do nucleo soerguido o material continua a subir durante o colapso
da cratera transiente até que o esforgo cisalhante diminui e permanece abaixo do limite de

coesao, a tal ponto que o movimento é cessado e o soerguimento é “congelado” (Fig.2-8).

T=0s : 20km 40 &0 80 (al t (b}

s
—— ]

T-d008 B0 s L 20km a0 B0 a0

Profundidade abaixo da Superficie-Alvo (km)

Figura 2-8. Modelo numérico hidrodindmico, que mostra a evolugdo de uma cratera do tipo
peak-ring. (a) final do estagio de excavacao; (b) inicio da fase de modificagcao, o material se
comporta como Fluido de Bingham;(c) o nucleo atinge seu pico maximo; (d) a estrutura ndo
se sustenta e comega a colapso, o material comega a perder suas propriedades pseudo-
plasticas; (d) O esforgo cisalhante € menor que o limite de coesdo do material e a estrutura
se volta a se comportar como um corpo rigido. Compilado de Collins et al.(2002).
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Embora os modelos numéricos que adotam a reologia do fluido de Bingham para as
rochas impactadas fornegam uma boa quantificacdo do colapso em crateras complexas, eles
nao explicam satisfatoriamente o porqué de rochas essencialmente frageis adquirirem um
comportamento quase pseudo-plastico. Para explicar o comportamento hidrodindmico das

rochas durante o colapso da cratera transiente sdo usualmente propostos dois modelos:

O modelo de atenuacdo da resisténcia por aquecimento e fraturamento das rochas
devido aos efeitos de choque (O'Keefe e Ahrens,1999). Nesse modelo, a alta presséo (ondas
de choque) gerada durante a fase de compressado promove o rapido aquecimento das rochas
(Fig. 2-9). Devido as altas pressdes e temperaturas do material impactado que se comporta
essencialmente de forma hidrodindmica subsequentemente a compressdo, pois o0 enorme
esforgo dirigido excede a resisténcia do material. Apés o choque o esforgo se equipara

novamente com a resisténcia do material e o comportamento plastico comeca a atuar.

Natural Experimental
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Figura 2-9. Diagramas de Pressdo e Temperatura vs. Tempo demonstrando os efeitos do choque na
natureza (esquerda) e em experimentos (direita). Notar o rapido aumento de temperatura durante a
compressao e a diferenga do resfriamento no estagio pés-choque. Compilado de Langenhorst € Deutsh
(1998).
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Ja o modelo de fluidificagdo acustica (Melosh,1989; Melosh e Ivanov,1999) prevé que
a atenuacdo da resisténcia das rochas é provocada pela alta frequéncia de flutuacdo de
pressdo (vibragdes) produzidas nos primeiros estagios do evento de impacto, o que reduz a
resisténcia friccional das rochas ao alivio de pressao de sobrecarga (Fig 2-10). Uma rocha que
se fragmenta sob acao de fortes vibragbes, que séo transmitidas através de ondas mecanicas

pelo contato rocha-rocha, pode escoar como um fluido mesmo na auséncia de ar ou agua.
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Figura 2-10. Diagrama de Esforco vs Taxa de deformagdo, mostrando a semelhanga entre o
comportamento de um fluido de Bingham e o modelo de fluidificagdo acustica. Compilado de Melosh
(1989).
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3. Contexto geolégico

Neste capitulo serdo apresentadas as principais caracteristicas geoldgicas das unidades
envolvidas no evento de impacto de Araguainha, bem como a descricdo das estruturas e

litologias encontradas no interior da cratera gerada por esse evento.
3.1 — As rochas impactadas: sucessées sedimentares da Bacia do Parana

A Bacia do Parana é uma das grandes coberturas sedimentares do continente sul-
americano abrangendo porgdes territoriais do sul-sudeste do Brasil, Paraguai oriental, nordeste
da Argentina e norte do Uruguai, numa drea total que ultrapassa 1.000.000 Km?. As rochas
dessa bacia fazem parte de uma sucessao sedimentar-magmatica com idades entre o Neo-
Ordoviciano e o Neocretaceo (Milani e Ramos, 1998).

A bacia exibe forma elipsoidal com seu eixo maior disposto em NNE-SSW . Seu
posicionamento geotectdnico atual e a suas caracteristicas tectono-sedimentares a fazem uma
boa representante de bacia do tipo intracraténica. Segundo Milani (1997) seis unidades
aloestratigraficas de segunda ordem, ou superseqiiéncias, sdo reconhecidas na bacia (Fig. 3-1),
sendo elas: Rio Ivai (Caradociano-Landoveriano), Parana (Lockoviano-Frasniano), Gondwana |
(Westfaliano-Scythiano), Gondwana Il (Anisiano-Noriano), Gondwana Ill (Neojurassico-
Berriasiano) e Bauru (Aptiano-Maestrichtiano). Trés delas correspondem a ciclos transgressivo-
regressivos paleozoicos, e as demais sdo pacotes sedimentares continentais mesozdicos com
rochas igneas associadas.

A Supersequéncia Rio lvai bem exposta ao norte da bacia é constituida em sua base por
arenitos da Formacdo Alto Gargas (~300 m) sobreposto por algumas dezenas de metros de
diamectitos glaciais da Formacéo lapd, que representam a glaciacdo Ordoviciana/Siluriana do
Gondwana. Seu topo é definido por folhelhos micaceos e arenito finos fossiliferos (Formagao
Vila Maria).

As litoestratigrafia devoniana da bacia (Supersequéncia Parana) é composta em sua
base por conglomerados e arenitos arcoseanos da Formagdo Furnas seqliencialmente
sobrepostos por siltitos e arenitos ferruginosos deltaicos da Formagéo Ponta Grossa.

A Supersequéncia Gondwana | representa o maior volume sedimentar da bacia do
Parana, que em seu depocentro pode atingir espessuras de até 2500m. Sua composi¢cao é
heterogénea e registra grandes alterag¢des climaticas que vao de glaciagbes até desertos secos.

As unidades basais da supersequéncia Gondwana | marcam as glaciagdes permo-

carboniferas e sao constituidas por diamictitos, arenitos turbiditicos com ritmitos associados.

14



Em seqliéncia ao pacote de rochas glaciais encontra-se a sec¢ao transgressiva (Grupo Guata)
que inclui arenitos deltaicos e carvao de idades Sakamariana-Artisnskiana (Santos et al.,2006)
da Formagédo Rio Bonito, bem como siltitos e folhelhos da Formagdo Palermo. Ainda no
Artisnskiano ocorreu a deposicdo de folhelhos e carbonatos com evaporitos associados
(Formagao Irati). A superseqiéncia Gondwana | encerra-se no Mesozoéico com o registro do fino
pacote de red beds da Formacgéo Rio do Rastro.

A Supersequéncia Gondwana |l é representada por red beds lacustrinos e fluviais e
abundante uma fauna fossilifera de tetrapodes do Triassico Médio. Rochas edlicas Jurassicas
da Formagao Botucatu e sua associagdo com o magmatismo Cretaceo da Formagao Serra
Geral formam juntas a Supersequéncia Gondwana lll. O Cretaceo Superior da Bacia do Parana
é formado por pacotes sedimentares de leque aluviais, arenitos e conglomerados fluviais e

arenitos edlicos, que fazem parte da Superseqiéncia Bauru.
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Figura 3-1. Mapa geoldgico simplificado da Bacia do Parana (Santos et al. 2006)
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3.2 — A estrutura de impacto de Araguainha: principais caracteristicas

Araguainha é a maior estrutura de impacto complexa reconhecida na América do Sul

(Earth Impact Database, 2005), com cerca de 40 km de didmetro e geometria circular. Essa

estrutura é cortada pelo Rio Araguaia no limite entre os estados do Mato Grosso e Goias; seu
centro esta situado nas coordenadas 16°47’S e 52°59'W (Fig.3-2).
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Figura 3-2 Mapa geoldgico da cratera de Araguainha (Lana et al., 2007a)

Atualmente, Araguainha ndo é considerada uma cratera de impacto sensu stricto, pois
os principais elementos estruturais que definem a geometria e a morfologia de uma cratera de
impacto (Melosh, 1989) encontram-se expostos sem a cobertura das camadas superiores
(camada superior de material fundido, depédsitos de brechas e outros produtos de fusdo
superiores). Calcula-se que a erosao tenha removido ~320 m desse material (Lana et al.,
2007a) e que somente poucos remanescentes dos depdsitos de impacto foram preservados.

Idades radiométricas obtidas na porcao central da estrutura indicam que o impacto

ocorreu proximo do limite Permo-Triassico. Engelhardt et al. (1992) e Hammerschmidt e
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Engelhardt (1995) obtiveram quatro idades Ar-Ar para os produtos de fusdo do centro do
impacto variando entre 243,3+3 Ma e 247+5,5 Ma. Mais recentemente, Lana e colaboradores
(2007b) obtiveram dados U/Pb SHRIMP em zircbes extraidos dos produtos de fusdo, que
fornecem uma idade de 249+4 Ma para o evento de impacto.

As relacgdes estratigraficas regionais e dados de testemunhos de sondagem sugerem
que as rochas-alvo desse impacto compreenderam aproxidamente 2 Km de uma espessa
sequéncia supracrustal de rochas sedimentares Permianas a Devonianas (Fig. 3-3). Essa
espessura de estratos em Araguainha foi também confirmada por levantamentos
aeromagnéticos (Theilen-Willige, 1982) e por modelamento 2D de dados magneto-teluricos
(Masero et al., 1997). Mapeamentos de campo ao longo da estrutura (Theilen-Willige, 1981;
Crosta et al., 1981; Engelhard et al., 1992; Lana et al. 2007a) revelaram a presenca de rochas
dos Grupos Passa Dois, Tubardo (Fm. Aquidauana) e Parana (Fm. Furnas e Fm. Ponta

Grossa).

Estratigrafia Observagoes de campo

Camadas de 0,1 a 1 m de espessura de siltitos verde-acinzentados que se alternam com pequenas camadas
de arenito, carbonatos e lentes de cherts. Nota-se um aumento das camadas de arenito no topo da seqiéncia.

Corumbatai
(80-100)

Camadas de 0,2 a 1 m de espessura de carbonatos que se alternam com camadas de 0,1 a 0,5 m de folhelhos
negros e lentes de cherts. Camadas de carbonatos 6éoliticos silissificados sdo comuns.

Grupo Passa Dois

Seqiiéncia de camadas de 0,1 a 0,5 m de siltitos arroxeados alternados com camadas de chert que variam de
0,01a0,2 mem espessura. Os cherts apresentam brechacéo.

(30-40)

Arenitos com estratificacdo cruzada que variam de 1 a2m em espessura alternados com camadasde0,5a1m
de espessura de siltitos vermelhos com laminagéo plano-paralela . A maior parte dos arenitos apresentam
cimentagao ferruginosa que tende a diminuir préxima ao contato superior com a formagéo justaposta.

Grupo Tubaréo
Aquidauana
(750-800)

Camadas com espessuras de 1 a 2 m de arenito ferruginoso macigo alternados com estratos
paraconglomerados de 0.1 a 1 mde espessura

Camadas de 0,1 a 0,5 m de espessura de siltitos vermelhos a ocres de laminacéo plano-paralela que se
alternam com pequenas camadas (0,005 a 0,3 m) ou lentes de ironstones. Estratificagdes plano paralelas e
flasers séo as principais féigoes sementares observadas.

Ponta Grossa
(450-500)

Camadas de 0,2 a 1 m de espessura de arenito que se alternam com camadas/lentes de 0,1 a 0,5 m de
siltitoss.Os arenitos apresentam estratificagdo dominantemente plano-paralela e cruzada acanalada.

Grupo Parana

Camadas de 0,1 a 2 m de espessura de ortoconglomerados com clastos de quartzito que se alternam com
camadas/lentes de arenito arcoseano e pelito.

(250-300)

Metapelito foliado e deformado (observado somente no centro da estrutura)

(< 20)

Figura 3-3. Coluna estratigrafica com as unidades sedimentares aflorantes em Araguainha
Compilado de Lana et al. (2007a)
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Alguns autores (Theilen-Willige, 1981; Lana et al., 2006; Lana et al., 2007a) sugerem que
as caracteristicas estruturais e morfoldgicas dessa cratera podem ser divididas em pelo menos
trés grandes dominios (Fig.3-4):

Figura 3-4. Composi¢céo de imagens SRTM mostrando diferentes zonas morfolégicas: NC — nucleo

central, BA - bacia anelar; AC - anéis concéntricos; AB - area de borda. Modificado de Lana et
al.(2007a).

Area da borda

Embora o processo erosivo tenha mudado significativamente a morfologia original da
borda da cratera de Araguainha, alguns blocos quilométricos ainda preservam feigbes
originadas na fase de modificagdo. Esses blocos sao constituidos por rochas fraturadas,
dobradas e brechadas da Fm. Aquidauana e do Grupo Passa Dois.

Os dobramentos encontrados nesse dominio sdo mais bem observados no setor sul e

oeste da estrutura. Eles sdo representados principalmente por dobras recumbentes de
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vergéncia borda-centro (Fig.3-5A), afetando dominantemente os siltitos esverdeados e arenitos
finos da Formagcdao Corumbatai e marginalmente os carbonatos intercalados com siltitos e
cherts das porgdes basais do Subgrupo Irati (Fig.3-5B). J& a Formagao Aquidauana apresenta
contato tectbnico com as rochas do Grupo Passa Dois, que € evidenciado por falhas

gravitacionais.

Fluxo de Material NE

----- 3o

Figura 3-5A. Dobras na area de borda
sudoeste da cratera indicando
vergéncia para o centro. Compilado
de Lana et al. (2006).

Figura 3-5B. Bloco do subgrupo Irati
abatido em falhamento normal na area
de borda nordeste. Compilado de
Lana et al. (2007a).

Bacia Anelar e anéis concéntricos

A bacia anelar central € formada por pacotes sedimentares dobrados da Formagao
Ponta Grossa, composta por siltitos ferruginosos (Fig.3-6A), intercalados por lentes de arenito e
conglomerado. O setor norte da bacia anelar é caracterizado por red beds e conglomerados da
Formagdo Aquidauana (Fig.3-6B). Essas rochas ndo possuem boa exposi¢cdo no setor sul,
devido a erosao direcional e a cobertura de sedimentos nedgenos.
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Os anéis concéntricos sdo caracterizados por sinclinais sinformes que afetam os red
beds da Fm. Aquidauana, siltitos e carbonatos brechados do Subgrupo Irati e da Fm.

Corumbatai, respectivamente.

Figura 3-6A. Laminagbes cruzadas do
arenito vermelho da Formagéo Aquidauana.

Figura 3-6B. Arenitos ferruginosos da
Formagao Ponta Grossa, deformados e com

enriquecimento supérgeno de Fe.

Nucleo central soerguido

A estrutura de Araguainha é caracterizada por um amplo nucleo soerguido (~10-12 km),
0 qual é circundado por uma zona variando de 8-10 km de anéis montanhosos, onde a maior
parte dos estratos foram largamente dobrados e falhados durante o impacto (Theilen-Willige,
1981).

A parte central do nucleo soerguido consiste de uma zona semicircular de 4 km de
didmetro contendo rochas graniticas do embasamento e produtos de fusdo, que segundo
Engelhardt e colaboradores (1992) possui quatro principais litolofacies: Granitos; Brechas de
impacto com matriz fundida; Brechas polimiticas e Brechas monomiticas (Fig. 3-7). Essa zona,

por sua vez, & envolta por um colar de 3-4 km de largura compreendendo arenitos, siltitos e
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argilitos do Grupo Parana e, segundo alguns autores, rochas do Grupo lvai (Engelhardt et al.,
1992).

Toda essa area possui feigdes macroscopicas e microscopicas tipicas de uma estrutura
de impacto (Theilen-Willige, 1981; Crosta et al., 1981; Engelhardt et al., 1992; Hippert e Lana,
1998). Estas incluem: brechas polimiticas, cones de estilhagamento (shatter cones), fei¢gdes de
deformacgao planar em graos de quartzo, com inclusdes de fases de alta pressdo como coesita
e stishovita, formagao de kink bands em micas, microtexturas de devitrificagdo e uma grande
quantidade de veios ou diques brechdides.

O contato entre o embasamento cristalino e as rochas supracrustais € marcado por
falhamentos, fraturamentos e brechacao decorrentes do processo de soerguimento. As rochas
supracrustais que fazem contato tectdnico com o embasamento cristalino fazem parte da Fm.

Furnas e s&o constituidas por conglomerados e arenitos grossos arcosianos.

“ —n
Ponte Branca
W'

—-

— —
MT-306

Granito Brecha de impacio Brecha polimichics Brecha monomicicya
com malriz lundida de impacia d impacio sm
aranitog

Figura 3-7. Mapa do nucleo da estrutura de impacto de Araguainha (Engelhardt et al., 1992)
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4. Materiais e métodos

4.1- Amostragem e preparagédo de amostras

Foram realizadas quatro etapas de trabalhos de campo, duas no ano de 2006 e duas em
2007. A amostragem foi feita em detalhe nos litotipos do centro da estrutura (malha de
amostragem com 400 a 600 metros de espagamento), incluindo brechas e produtos de fuséo
diretamente relacionados ao impacto. Para tal foram escolhidos sitios de coleta, de onde foram
extraidos testemunhos de rocha (cilindros com 2,5 cm de didmetro e cerca de 20 cm de
comprimento), utilizando-se uma perfuratriz manual adaptada. Em cada sitio foram coletados no
minimo trés testemunhos, que foram marcados e orientados segundo o campo magnético
terrestre atual. Ao todo, foram coletados aproximadamente 500 cilindros orientados (2,5x15cm)
distribuidos em 92 sitios.

4.2- Petrografia

Estudos petrograficos sob luz transmitida em segbes delgadas convencionais foram
efetuados no Laboratério de Paleomagnetismo do IAG/USP, com o uso do microscoépio
petrografico. Cerca de 100 se¢des foram descritas a partir de 90 amostras coletadas no nucleo
da estrutura de impacto. As descricdbes foram efetuadas segundo técnicas classicas de
microscopia petrografica (MacKenzie et al, 1995), com énfase no reconhecimento e
classificacao de texturas, bem como microestruturas geradas durante o impacto (French, 1998).

4.3 - Estudos de mineralogia magnética

Para caracterizar os minerais portadores de magnetizagao nos litofacies no nucleo da estrutura
de Araguainha foram efetuadas curvas termomagnéticas, curvas de indugao de magnetizagéo

isotermal e observagdes no microscopio eletrénico de varredura.
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4.3.1 — CurvasTermomagnéticas

A analise termomagnética em altas temperaturas é ideal para estimar as temperaturas
de Curie/Néel caracteristicas de cada fase mineral magnética, podendo ainda informacdes
sobre transformacoes dos minerais ferromagnéticos em altas temperaturas. Informagdes sobre
transigdes de fase (i.e. transicdo de Morin, transi¢cdo de Verwey) podem ser observadas nas
curvas termomagnéticas de baixa temperatura (de 70K a temperatura ambiente).

As curvas termomagnéticas (alta e baixa temperatura) foram obtidas a partir de
amostras pulverizadas. A aquisigdo de dados foi feita no laboratério de paleomagnetismo do
IAG-USPe com um susceptdmetro Kappabridge KLY4 acoplado a um sistema de aquecimento
CS3, ambos da Agico Ltd. As andlises de alta temperatura foram efetuadas em atmosfera de
argbnio de modo a minimizar alteragdes mineralégicas durante o aquecimento. Ja para as de

baixas temperaturas foi utilizado nitrogénio liquido para resfriamento das amostras.

4.3.2 - Curvas de aquisicdo de magnetizacdo

As curvas de aquisicdo de magnetizagdo remanescente isotermal (MRI) permitem
estimar a coercividade e a magnetizacdo de saturacdo (MRIS) das populagdes de minerais
magnéticos. A técnica consiste em induzir, em temperatura ambiente, campos
progressivamente mais elevados até a completa saturagdo da amostra.

Para esse experimento utilizou-se um magnetizador tipo pulse da Magnetic
Measurements modelo MMPM10, que atinge campos maximos de 9 T na bobina de de 1,25 cm
de diametro, na qual as amostras foram submetidas a campos indutores que variaram de 10
mT a 6 T ao longo de mais de 40 etapas de magnetizagdo. A magnetizagdo remanescente
isotermal adquirida em cada etapa foi medida num magnetémetro tipo spinner da Molspin Ltd. A
analise dos dados foi feita a partir de curvas cumulativas-gaussianas (Robertson e France,
1994; Kruiver et. al., 2001).

4.3.3 - Microscopia eletrébnica de varredura

Estudos em microscopio eletrénico de varredura (MEV) utilizando o modo de observagao
por elétrons secundarios ou por retroesspalhamento e analise semiquantitativa tipo EDS
(Energy Dispersive Spectrometer) foram realizados para identificar os principais oxidos e

sulfetos, bem como suas relagbes com as demais fases minerais. Os equipamentos utilizados
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foram: um LEO 430i (Cambridge/Leica) do Laboratério de Microscopia Eletrénica de Varredura
do IGc/Unicamp e um LEO 4401 (Cambridge/Leica) do Laboratério de Microscopia Eletronica
de Varredura do GSA-IGc/USP.

Estes microscépios possuem aumento de até 250.000 vezes e estdo equipados com
detector EDS. As analises foram efetuadas em 6 sec¢bes delgado-polidas e em 4 fragmentos de
rocha, ambos cobertos por uma fina pelicula de Carbono (ca. 25 nm) aplicada por um

evaporador da Edwards™, modelo auto 306 .
4.4 -Anisotropia de susceptibilidade magnética (ASM)

A susceptibilidade magnética (K) pode ser definida como a razdo entre a magnetizagao
induzida e o campo indutor, ou seja, K = M, /H. O estudo de fabricas magnéticas em rochas é
baseado na anadlise da anisotropia de susceptibilidade magnética (ASM) que reflete na
orientacdo média da forma dos grados (anisotropia de forma) e/ou da estrutura cristalina
(anisotropia magnetocristalina) para todos os minerais que possam contribuir para a
susceptibilidade magnética (ver: Tarling e Hrouda, 1993; Tauxe, 2005). A variagao espacial de
K é dada por um tensor de segunda ordem, que pode se representado espacialmente por um
elipsoéide cujos eixos principais sdo K;, 2 K; = K3 (Fig. 4-1). Analogamente a geologia estrutural,
o elipsoide de susceptibilidade magnética fornece uma lineagdo (Ki)e uma foliagdo (plano

normal a Kj).

Figura 4-1. Elipséide de Anisotropia em plano cartesiano.
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A anisotropia de forma (magnetostatica) reflete a orientagcdo média da forma dos graos.
Para grdaos que tem formato esférico, um mesmo campo magnético aplicado em qualquer
direcéo ira produzir o mesmo efeito de magnetizagdo. Porém se os grdos nao forem esféricos,
seria mais facil magnetiza-los ao longo de seu eixo maior do que ao longo de seu eixo menor.
Em minerais ferromagnéticos (l.s.) a anisotropia de forma é relacionada com a distribuicdo de
polos magnéticos em sua superficie.

A anisotropia magnetocristalina refere-se a orientagao preferencial da magnetizagdo em
relagcao aos eixos ou planos do cristal de que o material é formado. Ela tem origem intrinseca e
pode ser explicada pela interagdo do momento angular orbital com os campos elétricos dos ions
do cristal. No caso de minerais ferromagnéticos (/.s.) os eixos representam as diregdes de
magnetizagdo espontdnea. Para minerais paramagnéticos, a simetria da rede cristalina é
decisiva para composigao da anisotropia magnética total, pois estes minerais nao apresentam
anisotropia de forma.

As medidas de anisotropia de susceptibilidade magnética deste projeto foram efetuadas
em suceptdbmetros do tipo Kappabridge (modelo KLY3 e KLY4S, Agico Ltd.) do Laboratério de
Anisotropias Magnéticas do IGc-USP e do Laboratério de Paleomagnetismo do IAG-USP. Os
cilindros coletados em campo foram cortados em espécimes, com cerca de 2,2 cm de altura. A
orientacdo marcada em campo foi transferida para cada cilindro menor. Os 92 sitios coletados
proveram cerca de 1200 espécimes que foram medidos no suceptdmetro. Os dados de ASM
gerados foram tratados utilizando-se a estatistica do tipo bootstrap de Constable e Tauxe
(1990).
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5. As litologias que constituem o nucleo de Araguainha

A parte central do nucleo soerguido consiste de uma zona de 4 km de didmetro,
circundada por anéis montanhosos da Formagdo Furnas. Essa area possui feigbes
macroscopicas e microscépicas tipicas de uma estrutura de impacto (Theilen-Willige, 1981;
Crosta et al., 1981; Engelhardt et al., 1992; Hippert e Lana, 1998), que incluem: brechas
polimiticas, cones de estilhagamento (shatter cones), feicdes de deformacgéo planar em graos
de quartzo, formagéo de kink bands em micas, microtexturas de devitrificagcdo e uma grande
quantidade de veios ou diques brechoides.

Alguns autores (Engelhardt et al., 1992; Hammerschmidt e Engelhardt, 1995) mapearam
e agruparam essas feigdes de impacto em litofacies. Todavia, para a melhor interpretagéo dos
dados de ASM deste trabalho, foi necessario um novo mapeamento e re-estudo de tais feigdes.

Neste capitulo sdo apresentadas a principais feicdes observadas durante o mapeamento
e a amostragem do nucleo soerguido da estrutura de Araguainha. Os dados de campo,
descricdo de secbes delgadas, MEV e imagens de satélite permitiram definir quais e como
estdo distribuidas as litologias dessa area. Quanto a nomenclatura das rochas, a parte interna
do nucleo de Araguainha foi dividida em quatro litologias, que sado: (I) o embasamento
metamoérfico; (IT) o granito porfiritico com cataclase; e as rochas fundidas , que sao constituidas
por trés facies: (IlTa) rochas com muito material reliquiar; (I1Ib) rochas com pouco material
reliquiar e (llic) diques ou veios preenchidos com material fundido; brechas polimiticas. A
distribuicdo dessas litologias pode ser observada no mapa da figura 5-1 e suas principais

caracteristicas macroscopicas e microscopicas serdo descritas adiante.
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Figura 5-1. Mapa geoldgico do nucleo da estrutura de impacto de Araguainha (presente trabalho).
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5.1 — Embasamento metamorfico

As rochas dessa facies afloram em forma de lajes métricas distribuidas no topo dos
morros do setor sul ou em lentes no leito do Corrego Seco. No trabalho de Engelhardt e
colaboradores (1992) esse litotipo € caracterizado como uma brecha monomitica
possivelmente associada a arenitos ou siltitos do Grupo Rio Ivai. No entanto, o presente
trabalho ndo encontrou evidéncias de formacdo de brechas oriundas do impacto; as
observagoes de campo e petrograficas efetuadas nesse trabalho sugerem que esta litologia,
na verdade, representa uma por¢ao do embasamento metamérfico soerguido junto com o

material granitico do nucleo.

Caracteristicas gerais

A rocha varia de macica a foliada e nos afloramentos junto ao Cérrego Seco
apresenta deformacao ductil proeminente, com dobramentos aparentemente convolutos. A
rocha mais abundante é um meta-arenito fino cinza, composto por graos de quartzo por
vezes com fei¢cdes de choque. Em menor freqiiéncia afloram xistos e filitos.

Em muitos pontos (01, 36, 60) o contato com o granito gera metamorfismo de
contato, com silificagdo de meta-arenitos ou formacédo de filitos com feicdo hornfels,
caracterizados pela textura “pintada”, isto é, com a formagéo de aglomerados esferdides de
quartzo, biotita e clorita.

Nos pontos 1 e 36 as lajes de filito silicificado sao interpretadas como xendlitos que
contém veios graniticos que os cortam, . Esses grandes blocos de rocha metamérfica
também apresentam textura hornefels junto ao contato com o granito. Esses afloramentos e
outros, onde ha o contato granitoffilito, sugerem que a rocha metassedimentar serviu de
embasamento para a intrusdo ignea e é anterior aos sedimentos paleozdicos da bacia.
Desta forma, supde-se que as rochas até aqui descritas fazem parte do embasamento

metamorfico e que provavelmente pertengam ao Grupo Cuiaba.
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PRANCHA 1

A - Teto pendente, filito do embasamento metamarfico (ponto 36); B- Veio granitico encaixado no filito. Notar metamorfismo de contato hornfels (ponto 36); C-Laje
de filito com deformacéo ruptil (ponto 60); D-Xendlitos de embasamento metamaérfico no granito porfiritico (ponto 7).
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5.2 - Granito porfiritico com cataclase (Grpc)

Responsavel por mais de 60% em area das rochas aflorantes no centro da cratera, o
Granito porfiritico com cataclase representa parte do embasamento da Bacia do Parana
nessa regido, exposto em fung¢ao do soerguimento central da estrutura de impacto.

As rochas dessa facies sdo predominantemente macicas com cores que variam de
rosa avermelhado a cinza palido, elas afloram em forma de matacbes e lajes métricas
distribuidas ao longo de toda depressao central, com boa exposicdo em drenagens (prancha
2A) e base dos morros. Razées isotépicas “°Ar/*°Ar obtidos em biotitas (Hammerschmidt e
Engelhardt et al.,1992) estimam que a idade desse corpo granitico varia de 325.7+7Ma a
480.8+6.5 Ma. Mais recentemente, uma datacdo U/Pb SHRIMP em zircées fornece idade do
480 Ma (Lana et al.,2007b).

Caracteristicas macroscoépicas

O granito possui textura predominantemente porfiritica (prancha 2B) com
megacristais tabulares de feldspato alcalino réseo, com tamanhos que variam de 1 a 3 cm
que geralmente estdo estirados e fraturados (prancha 2C). A matriz de granulacéo variavel,
media a grossa, apresenta: feldspatos alcalinos réseo-acinzentado, ora tabulares ora
irregulares; plagioclasio esbranquicado, por vezes com textura do tipo rapakivi; quartzo
fosco acinzentado estirado e por vezes fraturado, além de biotita que as vezes forma
aglomerados elongados ou levemente dobrados. O indice de cor varia de 3% a 5% e é
decorrente principalmente da presenca de biotita.

Em alguns pontos se observa a presenga de veios pegmatiticos formados por
feldspato alcalino, quartzo, biotita e marginalmente por turmalina (prancha 2D). Em outros
(i.e. 01, 36, 63) a rocha € mais equigranular, exibindo uma textura faneritica média que pode
ser associada as bordas de resfriamento do préprio corpo igneo. Esta feicdo também é
observada em veios apliticos disseminados na area. Em outros pontos se observa a
presenca de veios pegmatiticos formados por: feldspato alcalino; quartzo; biotita e

marginalmente por turmalina.
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PRANCHA 2

A - Laje de granito porfiritico em meio a drenagem (ponto AE-25); B-Granito com textura porfiritica caracteristica (ponto AE-15). Notar megacristais de k-
feldspato com cerca de 3cm; C-Megacristais de K-feldspato estirados e fraturados (ponto AE-33); D-Veio de pegmatito (ponto AE-28).
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Caracteristicas microscoépicas

Os granitos apresentam textura porfiritica a inequigranular com composicao
mineralégica estimada dada por: megacristais de K-feldspato (10% a 30% em relagéo a
matriz); oligoclasio/albita (7% a 20%); ortoclasio/microclinio (20% a 60%); quartzo (10%a
30%); biotita (2% a 5%); muscovita (2%a 4%); magnetita/hematita (1% a 2%) e acessorios
(zircao, turmalina, apatita) menores que 1% de ocorréncia.

Os megacristais de K-feldspato sdo, em geral, euédricos com geminagao em grade
com inclusdes de quartzo e biotita e por vezes apresentam sericitizacdo com a presenca de
6xidos de ferro. Em alguns sitios (12, 17, 24) a presenga de micro-veios brechdides
associados a uma deformacdo ruptil fica mais evidente (prancha 3A). A composigao
normativa dessa fase € em média OrgAn4o (Engelhardt et al., 1992).

O feldspato alcalino, na matriz, mostra dimensdes que variam 2 a 6 mm ora com
geminacao em grade, ora com geminacgao tipo Carlsbad. Em forma variam de euédricos a
subédricos, com inclusdes de quartzo, biotita e muscovita. Isoladamente alguns cristais
desenvolvem bordas pertiticas e em alguns casos textura do tipo rapakivi. Frequentemente
observa-se micro-falhamentos (prancha 3B).

O plagioclasio em geral & subédrico com geminacdo polissintética deformada
(prancha 3C) (French, 1998), por vezes sericitizada. A composi¢ao do plagioclasio varia de
albita (An~ 8%) a oligoclasio (An ~ 15%). Segundo os dados de microssonda de Engelhardt
e colaboradores (1992) a composicao normativa média do plagioclasio é dada por
Or,AbgzAns,

O quartzo ocorre em pelo menos trés geragdes: a primeira em inclusdes ou
mirmequitas junto ao feldspato alcalino e raramente apresentam deformacgéo planar visivel
no microscoépio; a segunda € granular e apresenta fraturas planares (PF) (prancha 3D),
feicobes de deformacdo planar (PDF) decoradas (prancha 3E), extingdo ondulante e
mosaicismo em alguns cristais; a terceira esta relacionada a exsolugao e/ou recristalizagédo
da borda de feldspatos durante o soerguimento ou colapso da estrutura. O estudo realizado
por Engelhardt et al. (1992) nos PDFs de graos de quartzo do granito sugerem que a rocha
foi submetida a pressdes de 20 GPa a 25 GPa, durante o impacto.

A biotita possui forma predominantemente anédrica, com dimensbes bastante
variadas podendo alcancar at¢é 3 mm. A deformagdo por impacto é demonstrada pelas
feicdes de estilhagamento e kink bands (prancha 3F). Apresenta leve pleocroismo que varia
de bege a verde-acastanhado. Ela esta associada com os éxidos de ferro marcados por
exsolugcbes ou em reagdo com muscovita .

A muscovita ocorre associada a biotita de origem magmatica com deformacao de

impacto superimposta (estilhacamento e kink bands).
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Os minerais opacos ocorrem em pelo menos duas geragoes: a primeira consiste em
cristais euédricos provavelmente de hematita ou titano-hematitas; a segunda esta
relacionada a transformacdo de micas durante o impacto e corresponte a cristais de

magnetita em exsolug¢ao ou substituicdo dos minerais originais.
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PRANCHA 3

A - Micro-zona de cataclase (ponto AE-17) (+); B- K-feldspato com microfalhamento (ponto AE-2)
(+);C- Plagioclasio com geminacao polissintética da Albita deformada (ponto AE-15) (+);D- Quartzo
com set de PDFs e PFs. Notar o alinhamento da Biotita com o set de PFs (Ponto AE-33) (+); E-
Quartzo com dois sets de PDFs decorados(ponto AE-33) (+); F- Biotita feicbes de estilhagamento e
kink bands .Notar presenga de 6xidos de Fe (ponto AE-15) (//).

(+) = Nicois cruzados; (//)= Nicois descruzados.
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5. 3 - Rochas fundidas durante o impacto (Impact melt)

Essa litologia se forma devido a cristalizagcdo do material fundido a partir das rochas
supracrustais, granito, embasamento metamorfico e do corpo impactante (meteorito). As
rochas dessa facies ocorrem predominantemente no alto dos morros em contato superior
com a brecha polimitica. A partir da razado entre material fundido e os cristais reliquiares,
essas rochas foram divididas em trés facies: rochas com muito material reliquiar (MMR);
rochas com pouco material reliquiar (MPR) e diques ou veios preenchidos com material
fundido (DVMF).

5.3.1 - Rochas com muito material reliquiar (MMR)

Descrito por Engelhardt e colaboradores (1992) como brecha de impacto com fusao
(IBM), esta facies é observada nas regides mais externas da area, aflorando préximo ou em
contato com as rochas supracrustais da Formacao Furnas. A distribuicdo destas rochas é
irregular e estas possuem contatos transicionais com a facies de fundido com pouco

material reliquiar (pranchas 4A,4B).

Caracteristicas macroscopicas

A cor dessas rochas varia de cinza-amarelado a rosa-avermelhado, o indice de cor
estd em torno de 5%, com maior influéncia dos minerais metalicos (e.g., hematita e
magnetita) na contagem. A textura destas rochas pode variar de porfirdide, quando ha
presenga de megacristais de k-feldspato reliquiares (prancha 4C) até texturas de fluxo

(prancha 4D) quando quantidade de fundido é maior.

Caracteristicas microscopicas

Essas rochas apresentam textura porfiritica a granofirica com composicao
mineraldgica estimada semelhante a do granito porfiritico cisalhado.

Os megacristais de K-feldspato reliquiares sao essencialmente subédricos com
intensa sericitizacdo e por vezes com bolsbes ou bordas de recristalizagao
quartzo/feldspaticas (prancha 5A).0 feldspato alcalino e o plagioclasio reliquiares sao
anédricos com PFs e PDFs, contatos serrilhados e cominuigédo (prancha 5B).

O quartzo ocorre de forma reliquiar apresentando PFs e PDFs, que em alguns casos
estdo alterados pela fusdo (prancha 5C,5D). A recristalizacdo dessa fase junto aos
feldspatos resulta numa textura granofirica que associados a cristais ou agregados
reliquiares formam o neossoma da facies (prancha 5E). Em algumas amostras os “bolsées”

de recristalizagdo apresentam aspecto boudinado sugirindo uma recristalizagado sob esforgo
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que pode estar relacionado ao colapso do nucleo central. A biotita por vezes é alterada
para opacos e a presenca de estilhagcamento e kink bands é menos evidente que nas rochas
sem fusdo. A ocorréncia de muscovita nessas rochas limita-se a serecitizacdo dos
feldspatos. Os minerais opacos ocorrem associados a biotita em exsolugao ou substituicdo
das mesmas. Quanto a forma, muitos cristais sdo euédricos (prancha 5F) e nao afetados

pela deformacéo de choque, o que sugere uma cristalizagao pés-impacto.
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PRANCHA 4
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A — Morro no setor NE, contato entre Brecha polimitica e a Rocha Fundida de Impacto( duas facies); B-Contato interdigitado entre fundido com pouco material
reliquiar e fundido com muito material reliquiar (ponto AE-44 ); C- Megacristal reliquiar de k-feldspato com textura rapakivi; D-Textura fluidal.
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PRANCHA 5

300um

A-K-feldspato com bordas recristalizadas (ponto AE-40) (+); B- Feldspato alcalino com bordas
cominuidas e recristalizados(ponto AE-72) (+);C- Quartzo com set de PDFs parcialmente
fundido(ponto AE-40) (//); D- Idem a C, quartzo com set de PDFs parcialmente fundido (ponto AE-40)
(+); E- Textura granofirica (bolsdes de recristalizagao) associados a agregados reliquiares (ponto AE-
61) (+); F- Opacos euédricos associados a Biotita(ponto AE-40) (/).

(+) = Nicois cruzados; (/)= Nicois descruzados.
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5.3.2 - Rocha fundida com pouco material reliquiar (MMP)

Esta facies estd inclusa na litologia que Engelhardt e colaboradores (1992)
descrevem como brecha de impacto com fusédo (IBM), associada a fusao total das rochas

supracrustais, granito, embasamento metamoérfico e do corpo impactante (meteorito).

Caracteristicas macroscoépicas

Essas rochas sdo marcadas pela coloragdo que varia de rosea a avermelhada,
estrutura predominante macica (prancha 6A) com ocorréncia local de estruturas fluidas
(prancha 6B,6D). A textura desses litotipo varia de faneritica fina a afanitica. Nao raro,
ocorrem vesiculas ou amidalas preenchidas por quartzo e calcita (prancha 6C). A presenca
de megacristais reliquiares é pequena e ocorre principalmente junto ao contato com o
granito parcialmente fundido.

As feicOes dessa litologia sdo similares aquelas observadas na matriz das brechas

polimiticas ou nos veios de brecha, que serdo descritos mais a frente.

Caracteristicas microscopicas

Em l&dmina a rocha mostra texturas micro-granulares (prancha 11A,11B), ora com
fluxo marcado pela orientacdo de biotita reliquiar, ora maci¢ca com feigcdes de cristalizacao
em desequilibrio quimico como, por exemplo, nucleos de quartzo (seixos) envoltos por
biotita e opacos (prancha 11C,11D). Além desses tipos texturais, ocorrem de forma isolada,
pequenas lentes de material criptocristalino fluidal, o qual pode ser associado ao processo

de devitrificagao (prancha 11E,11F).
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PRANCHA 6

"

A - Laje de Tm com marcas “onduladas” (ponto AE-62); B-Melt com estrutura maciga e textura fina (ponto AE-62); C-Detalhe da textura fina com alguns

cristais reliquiares(ponto AE-84);; D-Textura fluidal com alguns cristais reliquiares (ponto AE-85);.
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A-Texturas micro-granulares, nucleos de quartzo (ponto AE-21); (//); B-ldem a A (+); C-Nucleos de
quartzo envoltos por biotita e opacos (ponto AE-21); (//);D- Idem a C (+);E- Lentes de material
criptocristalino com estrutura fluidal (ponto AE-87); (//);F-Idem a E (+).

(+) = Nicois cruzados; (/)= Nicois descruzados.
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5.3.3 - Digues e veios preenchidos por material fundido (DVMP)

Em Araguainha os veios preenchidos por material fundido ocorrem em trés setores
principais, a oeste, a leste e ao centro e sdo associados ao granito porfiritico, ao granito
foliado e ao granito parcialmente fundido. Eles ocorrem na forma de diques com espessuras
que variam de 2cm a 120cm ou em veios (prancha 8A, 8B) e venulagdes centimétricas
(prancha 8C,8D), ambas em cores que variam de vermelho a cinza, dependendo da
presenga de 6xidos de ferro.

Medidas de atitude dos diques revelaram uma disposicdo concéntrica com certa
tendéncia NE-SW. A orientagdo concéntrica dos diques, ndo observada em trabalhos
anteriores (Crosta, 1981; Engelhardt et al. 1992), pode contribuir na identificacdo dos

esforcos atuantes durante o colapso da estrutura.

Caracteristicas macroscoépicas

Macroscopicamente os diques vermelhos (Engelhardt et al. 1992) sdo similares as
rochas com grau de fusdo maior (Rocha fundida), apresentando estruturas fluidais com
texturas que variam faneritica fina a afanitica, bem como a presenca de vesiculas e
amidalas.

A ocorréncia de veios ou venulacdes se da principalmente nas rochas fundidas com
muito material reliquiar, sendo sua forma irregular associada as condigbes mais ducteis

dessa rocha encaixante. Todavia, o aspecto textural é idéntico ao dos diques.

Caracteristicas microscoépicas

Microscopicamente a estrutura fluidal € marcada pela orientagcao de clastos, lentes
de vidro ou de material criptocristalino (prancha 9A). Os clastos sdo constituidos por
quartzo com PDFs, feldspato serecitizado (prancha 9B) e fragmentos liticos do proprio
granito (prancha 9C). Em alguns pontos os clastos adquirem bordas reativas com a matriz,
indicando desequilibrio quimico durante a cristalizagao.

Nesses diques, a matriz que envolve os clastos é fina e pode se apresentar de duas
formas: uma cinza sem ou com pouca hematita, associada principalmente as bordas dos
diques e outra de cor avermelhada com grande quantidade de hematita (Engelhardt et al.
1992) (prancha 9D). Nas porgdes de coloracéo cinza ocorrem pequenas lentes de material
criptocristalino fluidal (prancha 8E), o qual pode ser associado ao processo de
desvitrificacdo. As porcdes avermelhadas apresentam grande quantidade de material
exdgeno na matriz (hematita) (prancha 9F). Alguns diques ou veios possuem zoneamento

de borda-centro, sendo a feicdo avermelhada a dominante em quase todos os casos.
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PRANCHA 8

SRR
b CSEVG SRS 3 i = Sk LSS i, —

A - Dique de material fundido sub-horizontal encaixado no granito porfiritico; B-Textura afanitica com presenga de amidalas e vesiculas. A cor avermelhada indica
a presenca de oxidos de Fe; C-brechoide verticalizado com apdfise. Notar diferenca entre bordas e centro evidenciado pelo intemperismo; D- Venulagdes de
material fundido, matriz fina com muita presenca de 6xidos de Fe. Notar que a formagéo das venulagoes € sin-magmatica
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< 4

-
" ~*Ndcleo-com hematita

300um

A- Lente de vidro ou de material criptocristalino . Notar a rotagdo dos clastos (ponto AE-80) (//); B-
clasto de Feldspato com bordas serecitizadas (ponto AE-76) (+); C- Fragmentos litico cominuido,
granito em meio a material criptocristalino (ponto AE-25B) (+);D- Se¢do mostrando o contato entre o
espelho de falha, pseudotaquilito e dique brechoide com matriz hematitica (ponto AE-25B) (+);E-
Pequenas lentes de material criptocristalino com estrutura fluidal (ponto AE-79) (//);F- Grande
quantidade de material exdgeno (vermelho) na matriz (hematita) (ponto AE-25B) (+).

(+) = Nicois cruzados; (/)= Nicois descruzados.
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5.4 - Brechas Polimiticas

Esta facies representa os depdsitos formados pelo material escavado, fundido e
misturado (prancha 10A) durante os estagios de compressao e escavagao da estrutura. As
brechas polimiticas descritas anteriormente por outros autores (Engelhardt et al.,, 1992;
Hippert e Lana, 1998) concentram-se no setor norte e nordeste da area. Todavia, no
presente trabalho foram identificadas mais duas ocorréncias dessa litologia, uma no centro-

sul e outra no sudoeste do nucleo central.

Caracteristicas Gerais

As brechas séo formadas por clastos centimétricos a métricos compostos por siltitos
(prancha 10B,10F), arenitos, granitdides e materiais fundidos (bombas hematiticas)
(prancha 10C). A matriz da brecha é variavel em textura e possui granulometria que varia de
fina a grossa ou analogamente a rochas piroclasticas, de cinza a lapili. A maior parte dos
afloramentos apresenta alto grau de intemperismo (prancha 10D,10E).

A matriz apresenta caracteristicas similares ao Melt com estrutura fluidal. Ela é
marcada pela orientacdo de clastos, lentes de vidro ou de material criptocristalino. Esta
textura fluidal indica o fluxo pés-deposicdo. Os clastos sdo constituidos por quartzo com
PDFs, feldspato serecitizado e fragmentos liticos do proprio granito . Em alguns casos,

bordas reativas clasto/matriz sdo observadas.
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A-Brecha polimitica, matriz grossa com clastos centimétricos de: conglomerado (Fm. Furnas),
Granito, Filito; B-Clasto métrico de Siltito com cones de estilhagcamento ; C-Bombas hematiticas;D-
Brecha polimitica, matriz media com clastos centimétricos de siltito e carbonato (Subgrupo Irati) E-
Brecha polimitica com alto grau de intemperismo;F-Clasto centimétrico de Siltito com cones de
estilhagamento bem desenvolvidos.
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6. Mineralogia Magnética

As propriedades magnéticas das litofacies encontradas no nudcleo da estrutura de
Araguainha foram estudas a partir de analises de suscetibilidade magnética, curvas
termomagnéticas, curvas de aquisicdo de magnetizacdo remanescente isotérmica e
complementada com observagées em microscopio eletrénico de varredura (MEV), obtidas
em segoes delgadas e fragmentos de rocha. Informagdes mais detalhadas podem ser
obtidas em Butler (1992), Tarling e Hrouda (1993) e Dunlop e Ozdemir (1997), entre outros.

6.1- Suscetibilidade Magnética

Quando um material (e.g. uma rocha) é submetido a um campo aplicado (H), o
mesmo pode adquirir uma magnetizagao induzida (M). A relacdo entre magnetizacdo e

campo aplicado é estabelecida a partir da equacao:

M=KH [6-1]

Onde K ¢é a suscetibilidade magnética do material e varia de acordo com cada tipo de
material , no caso das rochas K varia com a constituigdo mineraldgica.

Neste trabalho, as medidas de suscetibilidade magnética (SM) foram efetuadas em
todo o conjunto amostras, num total de 1200 espécimes (2,2 x 2, 5 cm) distribuidos em 92
sitios. Para cada sitio foram calculadas as médias de suscetibilidade magnética dos
espécimes (Km). Os valores de Km foram analisados para 4 litologias: o embasamento
metamorfico; o granito porfiritico; brechas polimiticas e rochas fundidas. A ultima litologia foi
dividida em dois grupos, os das rochas macicas ou com fluxo e o das rochas que afloram na
forma de diques ou veios. Esta divisdo foi feita com base na maior proporgdo de 6xidos de
ferro que os diques e veios apresentam em relagao as rochas macigas/fluxo que afloram
como pacotes ou lentes.

Os valores de Km para essas litologias sdo bastante variaveis (Fig. 6-1). No
embasamento metamorfico, os valores de Km tém distribuicdo bimodal, com a primeira
populagao 80 e 110 pSI e a segunda entre 200 e 230 pSI. Para o granito porfiritico, Km varia
de 50 a 500 uSI com uma importante faixa de concentragao entre 100 e 300 pySI. No caso
das rochas fundidas maci¢as ou com estruturas de fluxo, Km varia de 50 a 650 pSI, com
duas faixas de concentracao importantes: uma de 50 a 300 uSl e outra de 380 a 520 uSlI. As
brechas polimiticas apresentam Km variando de 50 a 300 pSI. Para os diques e veios, Km
varia de 30 a 650 pSI, com trés faixas de concentracao importantes: a primeira de 30 a 200
pSI; a segunda de 300 a 400 Sl e terceira de 400 a 600 pSlI.

47



I Brecha Polimitica

45} , ‘ )
Digues e veios de rocha fundida
40F I Rocha fundida macica/fluxo
- I Granito porfiritico com cataclase
35}
Embasamento Metamérfico
< 30}
o
©
© 25}
c
«D
=3
g 20
w
15}
10
5 s
0
0 100 200 300 400 500 600 700

Km(uSl)

Figura 6-1. Histogramas de suscetibilidade magnética (Km) para as litologias encontradas no nucleo
soerguido.

Os dados de suscetibilidade magnética indicam que o maior percentual dos
espécimes possui Km variando na faixa de 50 a 300 pySI. Todavia, nota-se que os veios de
brecha/pseudotaquilitos possuem Km um pouco maior, concentrando-se principalmente na
faixa de 300 a 400 uSI. Esse aumento pode ser explicado pela grande presenca de oxidos

de ferro, observados frequientemente nas se¢des delgadas.
6.2- Curvas Termomagnéticas

Curvas termomagnéticas de altas temperaturas foram efetuadas para estimar as
temperaturas de Curie/Néel caracteristicas dos minerais ferromagnéticos (/.s.). Para obter
informacbes sobre transicdes de fase de baixa temperatura (i.e. transicdo de Morin,
transicdo de Verwey) foram efetuadas curvas termomagnéticas de -196°C até temperatura
ambiente. Ao todo foram obtidas 20 curvas, de baixa e alta temperaturas.

No granito porfiritico, as curvas termomagnéticas apresentam comportamento
similar, tanto em baixa quanto em altas temperaturas (Fig. 6-2). Em baixas temperaturas
nao foram observadas transicbes de fase, ha apenas o decréscimo da suscetibilidade
magnética com o aumento da temperatura, abrupto entre -196°C e - 100°C e mais suave
entre -100°C e a temperatura ambiente. Esse comportamento esta relacionado com a pouca
quantidade de minerais ferromagnéticos em relacdo a minerais paramagnéticos. As curvas
de alta temperatura para essa litologia apresentam comportamento irreversivel, com
trajetérias distintas no aquecimento e no resfriamento. A trajetéria de aquecimento

apresenta uma pequena queda no valor de suscetibilidade a cerca de 570°C, préximo da
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temperatura de Curie da magnetita, com queda assintética até 700 °C, onde a maior parte
da susceptibilidade magnética das amostras cai a zero. Esta queda indica a presenca de
hematita. A trajetoria de resfriamento mostra um aumento significativo da suscetibilidade
proximo de 570 °C, indicando a formagcdo de nova mineralogia magnética, no caso a

magnetita, provavelmente a partir da biotita (Trindade et al.,2001).
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Figura 6-2. Curvas termomagnéticas (K vs.T) de baixa e alta temperaturas para Grpc dos granitdides

. Aquecimento (curvas em vermelho), resfriamento (curva em azul).

No caso das rochas fundidas com muito material reliquiar, as amostras da facies com
estrutura de fluxo (Fig. 6-3) fornecem as curvas de baixa temperatura também nao se
observam transicbes de fase. As curvas de alta temperatura sao irreversiveis. No entanto,
na trajetéria de aquecimento ndo se observa a transi¢cao caracteristica da magnetita (Tc~580
°C), apenas uma suave queda de suscetibilidade entre 650 °C e 700 °C, provavelmente
relacionada a presenca de hematita. A trajetoria de resfriamento mostra a formacao de

magnetita, com o aumento significativo da suscetibilidade préximo de 570 °C.
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No caso das rochas fundidas com muito material reliquiar de estrutura macica, as
duas curvas termomagnéticas obtidas nessas amostras apresentam comportamento similar
em altas temperaturas e comportamentos distintos para baixas temperaturas (Fig. 6-4a- 6-
4b). Da mesma forma que nos granitdides, nao foram observadas transigdes de fase nas
curvas de baixas temperaturas. As curvas de alta temperatura para essa facies apresentam
comportamento irreversivel, com trajetérias distintas no aquecimento e no resfriamento. A
trajetéria de aquecimento apresenta queda abrupta no valor de suscetibilidade a cerca de
570°C, proximo da temperatura de Curie da magnetita (Fig. 6-4b). Observa-se apés 570°C
uma queda assintdtica até 700 °C, indicando a presenca de hematita, mesmo que em baixa
concentracdo. A trajetéria de resfriamento mostra um aumento significativo da

suscetibilidade préximo de 570 °C, indicando a neoformagao de magnetita.

201

“la) AE-48 7 b) AE-61
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Figura 6-4. Curvas termomagnéticas (K vs.T) de baixa e alta temperaturas para as rochas fundidas
com muito material reliquiar e estrutura maciga. Aquecimento (curvas em vermelho), resfriamento

(curva em azul).

As rochas fundidas com pouco material reliquiar tém curvas termomagnéticas com
comportamento bastante ruidoso (Fig. 6-5a) em funcdo dos baixos valores de
susceptibilidade nesta facies . Embora algumas curvas de baixa temperatura apresentem
alguns picos de suscetibilidade (Fig. 6-5b), como na outra facies constituinte dessa litologia,
elas ndo apresentam indicios confidveis sobre transi¢des magnéticas. Nas curvas de alta
temperatura o comportamento é reversivel ou quase reversivel, com trajetérias semelhantes
no aquecimento e no resfriamento. A trajetéria de aquecimento apresenta queda significativa
no valor de suscetibilidade proximo da temperatura de Curie da magnetita, a cerca de
570°C. Apds 570°C a queda é suave até 700 °C, o que é diagnostico da hematita em baixa
concentracdo. A trajetoria de resfriamento mostra uma leve reducdo da suscetibilidade
préxima de 570°C, podendo esta estar relacionada tanto a deriva do equipamento, quanto a
oxidacdo de magnetita para hematita. A pouca alteragdo mineraldgica pode ser explicada
pela menor quantidade de minerais hidratados (micas), que foram consumidos durante a

fusao/solidificacdo desse material fundido.
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Figura 6-5. Curvas termomagnéticas (K vs.T) de baixa e alta temperaturas para as rochas fundidas

com pouco material reliquiar. Aquecimento (curvas em vermelho), resfriamento (curva em azul).

Nos diques e veios preenchidos por material fundido, as curvas de baixas
temperaturas, embora apresentem um aspecto semelhante as curvas obtidas nas demais
litologias, possuem um suave pico proximo -150°C (Fig. 6-6a, 6-6b), o qual pode estar
relacionado a transicdo de Verwey da magnetita. Em relacéo as curvas termomagnéticas de
alta temperatura, elas podem apresentar tanto um comportamento irreversivel quanto
reversivel (Fig. 6-6a, 6-6b).

Nas curvas irreversiveis (Fig. 6-6a) a trajetéria de aquecimento apresenta pequena
queda no valor de suscetibilidade préoximo da temperatura de Curie da magnetita, a cerca de
570°C, com decréscimo moderado até 700 °C (possivel presenca de hematita) e a trajetéria
de resfriamento mostra-se reversivel até proximo de 570 °C, onde ocorre o aumento
significativo da suscetibilidade devido a provavel formacao de magnetita.

Nas curvas reversiveis (Fig. 6-6b) a trajetéria de aquecimento apresenta grande
queda no valor de suscetibilidade proximo da temperatura de 540°C, o que pode estar
relacionado a temperatura de Curie de titanomagnetitas. Apés 540°C ocorre uma inflexdo
perto de 670 °C, indicando a provavel de hematita. Ja a trajetéria de resfriamento mostra
uma leve reducdo da suscetibilidade proxima de 540°C, efeito que poder estar relacionado

tanto a deriva do equipamento, quanta a oxidagdo de magnetita para hematita.
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Figura 6-6. Curvas termomagnéticas (K vs.T) de baixa e alta temperaturas para os veios e diques

com material fundido . Aquecimento (curvas em vermelho), resfriamento (curva em azul).

6.3- Curvas de aquisicdo de magnetizagao remanescente isotérmica

As curvas de magnetizacdo remanescente isotérmica (MRI) representam a
capacidade de aquisicdo de magnetizacdo remanescente dos minerais portadores de
magnetizacdo sob a acdo de campos indutores progressivamente mais elevados em
temperatura ambiente. Para campos magnéticos mais elevados do que a forca coerciva de
remanéncia desses minerais, 0s momentos magnéticos intrinsecos aos mesmos tendem a
se alinhar ao campo indutor até que haja completa saturagao.

Para este trabalho, foram utilizadas amostras cilindricas (1cm x 1cm) das mesmas
trés litologias utilizadas para investigacado das temperaturas de Curie. Ao todo foram obtidas
curvas de MRI para 12 amostras em campos de até 7 T. A analise dos dados foi feita por
tipo litolégico, com a geracao de curvas cumulativas-gaussianas (Robertson e France, 1994;
Kruiver et. al., 2001). Os parametros utilizados para o ajuste das curvas estao dispostos na

Tabela 6-1 e as curvas e seus significados séo discutidos em seguida.
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Tabela 6-1. Parametros de ajuste das curvas cumulativas-gaussianas

Sitio Componente 1 Componente 2
MRIS % By DP MRIS % B2 DP
(A/m) (mT) (A/m) (mT)
Granito Porfiritico com cataclase
AE-2 60 100 316 0.85 - - - -
AE-19 129 100 214 0.55 - - - -
Rochas fundidas com muito material reliquiar-macigas
AE-61 20 71 56 0.27 8 29 354 0.3
AE-72 47 100 52 0.3 - - - -
Rochas fundidas com muito material reliquiar-com fluxo
AE-14 22 44 50 0.3 28 56 354 0.35
AE-34 3 8.5 24 0.2 32 91.5 446 0.3
Diques e veios preenchidos com material fundido
AE-8 72 66 50 0.3 37 34 562 0.25
AE-30 15 19 50 0.5 65 81 562 0.35
AE-6 6 19 50 0.2 25 81 630 0.28

Rochas fundidas com pouco material reliquiar

AE-21 40 53 56 0.5 35 46 501 0.33
AE-62 25 55 63 0.35 20 45 446 0.35
AE-67 20 36 70 0.4 35 64 707 0.3

Nota: MRIS = magnetizagdo remanescente induzida de saturagéo; % = porcentagem de participagéo
da componente para magnetizagao total da amostra ; B4, = campo aplicado que causa metade da
saturacdo de MRI adquirida; DP = parametro de dispersdo para as coercividades da fase mineral
estudada.

Para o granito porfiritico (Grpc) foram analisados dois espécimes representantes dos
sitios AE-2 e AE-19. As curvas cumulativas-gaussianas (Fig.6-7), em ambos espécimes
foram ajustadas com apenas uma componente, que por sua vez nao atinge a magnetizacao
de saturagdo mesmo em valores de campo acima de 6 T. Esse comportamento demonstra a
presenga de portadores magnéticos de elevada coercividade, que de acordo com os dados
das curvas termomagnéticas provavelmente € hematita. Todavia, as mesmas curvas
termomagnéticas obtidas para essa facies indicam a presenca de magnetita, mesmo que o
sinal das curvas MRI possa ser ajustado com uma componente (Fig.6-7a), é possivel notar
um “degrau” préximo aos valores de 1,5 (Log do campo aplicado em mT), o que é

compativel com a presenca da magnetita.
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Figura 6-7. Curvas cumulativas-gaussianas da MRI (Kruiver et. al., 2001) para o granito porfiritico
com cataclase . Ajuste feito com uma componente nao saturavel. Notar em a “degrau” préximo de 1,5
(LAP).

As curvas de MRI para a facies rochas fundidas com muito material reliquiar co
estrutura macica foram obtidas para dois sitios, o sitio AE-61 e o sitio AE-62. No primeiro
deles, as curvas foram ajustadas com duas componentes (Fig. 6-8a). AE-61 apresentou
uma componente com MRIS préxima de 22 A/m e B, por volta de 50mT, caracteristica da
presenga de magnetita. A segunda componente n&o satura mesmo em campos acima de 6T
e possui By, de 350mT, similar a componente encontrada no granito porfiritico, indicando a
presenga de hematita. Neste caso, os dados de magnetizagdo remanescente induzida séo
condizentes com as curvas termomagnéticas, que indicam a presenga de magnetita e
hematita como portadores de magnetizagdo. Ja para o espécime do sitio AE-72 apenas uma

componente foi necessaria para o ajuste das curvas, esta componente tem MRIS de 47 A/m
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e By, de 50mT, ambos parametros estao relacionados a um portador de coercividade baixa,

no caso a magnetita.
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Figura 6-8 Curvas cumulativas-gaussianas da MRI para as rochas fundidas com muito material
reliquiar macigas. Em a ajuste feito com duas componentes, uma com MRIS em 22 A/m e outra ndo
saturavel. Em b ajuste feito com uma componente com MRIS ~ 47 A/m.

Para a facies rochas fundidas com muito material reliquiar e estrutura de fluxo dois
espécimes foram analisados. As curvas cumulativas-gaussianas foram ajustadas com duas
componentes (Fig. 6-9). Para a amostra AE-14 a primeira componente apresenta
magnetizacao remanescente de saturagdo (MRIS) proxima de 22 A/m e valor de By
proximo de 50 mT, o que indica um portador de baixa coercividade, possivelmente
magnetita. A segunda componente n&o satura, e € semelhante a componente observada na
facies granito porfiritico, com valor de B4, em torno de 350mT, caracteristico da hematita. A
amostra AE-34 possui uma primeira componente com MRIS préxima de 3 A/m e valor de
Bi2 24 mT , o que indica um portador de baixa coercividade, sendo a magnetita o principal
candidato. A segunda componente ndo satura e é semelhante a componente encontrada na
amostra anterior , mas com o valor de By, um pouco maior de 446 mT, da mesma forma

indicando a hematita como portador de magnetizagao.
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Figura 6-9. Curvas cumulativas-gaussianas da MRI para a facies rochas fundidas com muito material

reliquiar com fluxo . Ajuste feito com duas componentes, uma com MRIS em 3 A/m e outra ndo
saturavel.

No caso das rochas fundidas que afloram em forma de diques e veios, trés sitos
foram escolhidos para os ensaios de MRI. Os espécimes tém suas curvas de MRI ajustadas
por duas componentes (Fig.6-10). A primeira componente possui MRIS que varia de 6 a 72
A/m e baixas coercividades, com B, igual a 50 mT, indicando a presenca de magnetitas ou
as titanomagnetitas. A segunda componente €& similar a componente das brechas
monomiticas em “pacotes” que nao satura e pode ser relacionada a hematita, que é

observada tanto nas curvas termomagnéticas quanto nas seg¢des delgadas.
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Figura 6-10. Curvas cumulativas-gaussianas da MRI para os diques e veios de material fundido. Em a,b e ¢ o ajuste foi feito com duas componentes.
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Para as rochas fundidas com pouco material reliquiar, da mesma maneira que no
caso dos diques, foram selecionados trés espécimes, que também apresentaram duas
componentes em suas curvas cumulativas-gaussianas de MRI (Fig. 6-11). A primeira
componente possui MRIS que varia de 20 a 40 A/m, relacionados aos portadores com baixa
(magnetita). A segunda componente € similar aquela que ocorre nas outras litologias. Ela
nao satura possui a 6 T e By, variando de 450 e 700 mT, podendo ser relacionada a

hematita, que também é observada nas curvas termomagnéticas .
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Figura 6-11. Curvas cumulativas-gaussianas da MRI para as rochas fundidas com pouco material reliquiar. Em a, b e ¢ o ajuste foi feito com duas componentes.
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6.4 - Microscopia eletrbnica de varredura

Estudos petrograficos em microscépio eletrbnico de varredura (MEV) foram
realizados com o intuito de localizar e contextualizar os minerais portadores de
magnetizacdo, que através das curvas termomagnéticas e curvas de MRI foram
identificados como sendo a magnetita e a hematita. Ao todo foram analisadas seis se¢oes
polidas e quatro fragmentos de rocha representantes das duas principais litologias, aqui
consideradas como o granito porfiritico (Grpc) e as rochas fundidas durante o impacto.

Para o granito foram determinadas pelo menos trés ocorréncias para os oxidos de
ferro. Na primeira ha presenca da solugdo solida hematita-ilmenita associada em geral a
biotita. Os grédos possuem forma euédrica ou subédrica e provavelmente estao relacionados
a fase pré-impacto, sendo portanto de origem magmatica (Prancha 11A). A segunda
ocorréncia é caracterizada pela formacdo de hematita geralmente de forma especular,
relacionada a dissociagdo da mica e da hematita magmatica devido ao deslocamento
intracristalino promovido durante o colapso (Prancha 11B, 11C), a dissociagdo do
filossilicatos neste caso, ndo deve estar relacionada a onda de choque, pois para ocorrer
esse processo seriam necessarias pressdes acima de 35 GPa (Fel'dman et al., 2006), o que
nao ocorre nessa litologia (Engelhardt et al., 1992).A terceira ocorréncia & evidenciada pela
formagdo de magnetita, que varia de fina a muito fina, com forma aciculada, sendo
encontrada em fraturas planares desenvolvidas em varios minerais durante a cataclase do
granito (Prancha 11D,11E, 11F).
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PRANCHA 11

A-Cristais de hematita euédrica em solugdo com ilmenita (ponto AE-31); B-Cristal de biotita com kink
bands e ruptura, formagéao de hematita especular (ponto AE-31); C- hematita com rescristalizagdo de
borda (ponto AE-22); (//);D-Fraturas planares em k-feldspato preenchidas com magnetita (ponto AE-
22); E- Fratura perpendicular a clivagem da biotita, com formag¢ao de magnetita acicular (ponto AE-
15); (//);F- PF em quartzo com formagao de cristais de magnetita(ponto AE-19).
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As rochas fundidas durante o impacto ao contrario do granito porfiritico foram
submetidas a pressées muito acima de 35 GPa e sendo assim a maior parte dos minerais se
dissociou e fundiu, inclusive os ferromagnesianos como o caso da biotita.

Para essas rochas a maior parte dos minerais portadores de magnetizacdo, a
magnetita principalmente, foi formada durante o resfriamento do composto fundido. Isso é
evidenciado pelo aspecto anédrico que os mesmos apresentam. Comumente a magnetita
estd disseminada na matriz (Prancha 12A) ou associada a decomposicdo de biotitas
reliquiares (Prancha 12B) que perdem consideraveis fragdes de ferro durante a cristalizagéao
deste fundido (Engelhardt et al., 1992). Oxidos de ferro associados aos cristais reliquiares
estdo presentes principalmente na facies onde a quantidade de fundido € menor que a de

cristais reliquiares.
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PRANCHA 12

Flem/Mgt

&1

A-Cristais de hematita/magnetita disseminados na matriz (ponto AE-72); B-Cristal de biotita com
exsolugédo de hematita/magnetita (ponto AE-21)
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7. Tramas magnéticas encontradas no nucleo de Araguainha

A estruturacdo da area interna do nucleo de Araguainha foi feita a partir dos dados
de ASM dos 92 sitios estudados. Os dados de ASM mostram que estruturagdo apresenta
algumas diferencas entre as duas principais litologias, ou seja, entre o granito porfiritico com
cataclase e a rocha fundida de impacto. No entanto, as propriedades magnéticas dessas
litologias indicam que a suas ASMs estao relacionadas dominantemente com magnetitas
formadas direta ou indiretamente com o evento de impacto (ver capitulo 6). Neste capitulo
serdo apresentados os dados de ASM, seus critérios de classificacdo e sua variagdo no

nucleo interno de Araguainha.

7.1— O uso da ASM para investigacéo estrutural de granitos

A susceptibilidade magnética expressa a capacidade de um corpo adquirir
magnetizacdo (M) quando este é submetido a um campo indutor (H). O estudo de fabricas
magnéticas em rochas é baseado na andlise da anisotropia de susceptibilidade magnética
(ASM) que reflete a orientagcdo média da forma dos graos (anisotropia de forma) e/ou da
estrutura cristalina (anisotropia magnetocristalina) para todos os minerais que possam
contribuir para a susceptibilidade magnética. A variagao espacial de K é dada por um tensor
de segunda ordem, que pode se representado espacialmente por um elipsdide cujos eixos
principais sdo K; = K, = K; . Analogamente a geologia estrutural, o elipsdide de
susceptibilidade magnética fornece uma lineagao (K1)e uma foliacado (plano normal a K3).

A anisotropia magnetocristalina refere-se a orientagcado preferencial da magnetizacao
em relagdo aos eixos ou planos do cristal de que o material € formado. Ela tem origem
intrinseca e pode ser explicada pela interacdo do momento angular orbital com os campos
elétricos dos ions do cristal. No caso de minerais ferromagnéticos (/.s.) os eixos
representam as direcbes de magnetizacdo espontanea. Para minerais paramagnéticos, a
simetria da rede cristalina é decisiva para composi¢cao da anisotropia magnética total, pois
estes minerais ndo apresentam anisotropia de forma.

Os corpos granitéides paramagnéticos, isto é, aqueles que ndo possuem magnetita
em sua assembléia mineral, ttm sua ASM definida pela anisotropia magnetocristalina de
minerais ferromagnesianos (e.g., biotita, anfibolio). Nos casos em que o corpo granitico
(paramagnético) conta apenas com a biotita como mineral ferromagnesiano, a orientacéo da
trama magnética dessa populagado de biotitas € similar a orientacdo da petrotrama geral da
rocha (Bouchez, 1997, 2000). Corpos graniticos paramagnéticos possuem intensidade de
susceptibilidade magnética e grau de sua anisotropia relacionado a concentracéo e

orientagdo dos minerais paramagnéticos. Desta forma, os dados de ASM podem ser usados
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diretamente como indicadores de facies petrolégicas ou da deformagdo magmatica
(Bouchez et al., 1990).

No entanto, no caso de granitéides ferromagnéticos, ou seja, aqueles que possuem
magnetita em sua assembléia mineral, as correlagdes entre a trama magnética e a
petrotrama ndo podem ser feitas diretamente como em granitos paramagnéticos. Nesses
corpos, a susceptibilidade magnética total da rocha, bem como o grau de sua anisotropia
esta relacionada diretamente ao conteldo e distribuicdo de minerais ferromagnéticos, que

em geral sdo fases acessorias na assembléia mineraldgica.

7.2— Amostragem

Os dados de ASM da parte interior do nucleo soerguido de Araguainha foram obtidos
a partir de uma amostragem de detalhe que abrangeu todos os litotipos dessa parte da
estrutura, incluindo brechas e produtos de fusdo diretamente relacionados ao impacto.

A. Ao todo, foram coletados aproximadamente 500 cilindros orientados (2,5x15cm)
distribuidos em 92 sitios (Fig.7-1).
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Figura 7-1. Mapa de amostragem com indicagédo da topografia, obtida a partir de imagem SRTM e
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7.3— Qualidade dos dados

Os tensores de anisotropia de susceptibilidade magnética foram obtidos a partir dos
programas desenvolvidos no trabalho de Constable e Tauxe (1990). Através dos mesmos,
foram calculados os valores médios de K; e K; para cada sitio, determinados a partir da
meédia de todos os espécimes medidos. Os dados de ASm estdo dispostos na Tabela 7-1
juntamente com os valores dos erros angulares dos semi-eixos das elipses de 95% de

confianga, que no método sao denominados por n e C.

Tabela 7-1. Dados de Anisotropia de Susceptibilidade Magnética

Localizagao Parametros escalares Dados direcionais
Sitio Lat Long N Km L F P P T u Kimax Erro(°) Kinin Erro(°)
s TBani®y 1n~/0) Barni® ln~lo)
(UTM) (10%s1) Dec(") Inc(") Nl Dec(") Inc(") Nl

Embasamento metamoérfico

1A 8139483 286441 5 2.17E-04 1.03 1.03 1.06 1.06 -0.12 -0.14 157 29 4/1 26 50 5/1
28B 8140439 287035 4 2.24E-04 1.01 1.05 1.06 1.06 0.50 0.49 294 33 5/2 82 52 13/4
60A 8138035 287731 8 1.61E-04 1.02 1.06 1.09 1.09 0.09 0.08 290 65 26/13 162 20 90/18
Granito porfiritico com cataclase

1B 8139483 286441 3 1.42E-04 1.01 1.02 1.04 1.04 0.39 0.38 167 36 52/6 36 30 8/5
2 8139786 286269 12 1.60E-04 1.02 1.04 1.06 1.06 0.46 0.45 166 26 90/5 36 19 6/4
3A 8139808 286337 8 2.56E-04 1.01 1.04 1.05 1.05 0.59 0.58 187 23 16/3 45 23 6/3
3B* 8139808 286337 4 2.14E-04 1.01 1.05 1.06 1.07 0.59 0.58 203 46 36/2 81 18 5/2
4 8139765 286438 6 2.44E-04 1.02 1.04 1.06 1.06 0.44 043 180 27 18/3 59 44 8/3
5 8139697 286440 10 2.22E-04 1.01 1.06 1.07 1.08 0.74 0.73 189 37 22/2 41 44 52
6A 8139634 286445 6 1.70E-04 1.02 1.05 1.06 1.07 049 048 204 30 65/6 52 19 7/5
7 8139551 286465 14 2.38E-04 1.02 1.05 1.06 1.06 045 0.44 221 23 40/3 102 37 9/4
9 8139572 286396 17 3.29E-04 1.01 1.03 1.04 1.04 054 0.53 262 51 12/2 85 28 5/3
10 8139424 286406 13 1.62E-04 1.02 1.08 1.10 1.11 0.57 0.56 104 15 10/3 117 27 5/3
1 8139328 285877 12 2.05E-04 1.02 1.13 1.15 1.16 0.74 0.73 212 28 52/4 89 49 5/4
12 8139485 286726 7 4.16E-04 1.01 1.07 1.07 1.08 0.79 0.78 101 43 90/5 161 6 6/5
13 8139471 286677 6 254E-04 1.02 1.07 1.08 1.09 0.59 0.58 164 34 5/2 33 44 5/2
15 8139655 287138 8 2.14E-04 1.03 1.08 1.12 1.12 043 0.41 174 58 6/2 11 23 3/2
16 8139581 287591 8 2.49E-04 1.02 1.05 1.07 1.08 047 0.46 158 34 11/3 302 52 8/3
17 8139753 287687 11 2.49E-04 1.02 1.05 1.07 1.07 0.52 0.51 127 73 11/4 307 9 6/4
18 8139738 287896 11 2.31E-04 1.02 1.04 1.06 1.07 041 040 130 25 9/2 304 58 6/2
19 8139937 287992 15 2.62E-04 1.03 1.05 1.08 1.09 0.28 0.27 125 16 6/3 187 62 713
20 8140016 288240 10 2.50E-04 1.02 1.03 1.06 1.06 0.20 0.19 176 55 513 334 3N 8/4
23 8139155 287689 9 2.10E-04 1.02 1.06 1.08 1.08 0.58 0.56 317 16 10/3 80 62 5/3
24 8139350 288044 8 1.95E-04 1.02 1.03 1.05 1.06 0.25 0.24 229 20 59/7 112 39 97
25B 8139610 287953 10 2.39E-04 1.02 1.05 1.07 1.07 0.51 0.50 135 36 17/2 119 28 73
26 8139544 288204 10 1.63E-04 1.02 1.06 1.08 1.09 042 0.40 83 11 18/3 113 47 5/3
27 8140896 287057 8 2.74E-04 1.02 1.09 1.11 112 0.70 0.69 166 14 29/3 35 50 6/2
28A 8140439 287035 7 1.31E-04 1.02 1.02 1.04 1.04 -0.15 -0.16 301 32 16/3 81 48 73
29A 8140025 287228 11 3.11E-04 1.03 1.11 1.14 115 0.60 0.59 312 34 30/2 91 33 6/2
30B 8140151 287652 17 3.10E-04 1.01 1.05 1.06 1.06 0.74 0.74 60 59 8/4 198 18 9/4
31 8140480 287821 10 1.76E-04 1.02 1.09 1.11 1.12 0.69 0.67 149 26 13/2 164 61 5/1
32 8140191 289685 10 1.26E-04 1.02 1.04 1.06 1.06 0.18 0.16 96 8 5/3 258 15 9/3
33 8139860 289915 10 1.75E-04 1.01 1.06 1.08 1.08 0.63 0.62 128 16 18/4 150 25 5/4
35 8139635 289304 12 1.86E-04 1.02 1.07 1.09 1.09 0.61 0.60 142 41 14/2 128 34 5/2
36 8139534 289815 5 7.60E-04 1.00 1.02 1.02 1.02 0.78 0.78 80 58 56/1 277 3 4/3
378 8139534 289815 9 1.16E-04 1.03 1.09 1.12 1.13 052 0.50 150 15 33/3 144 28 5/3
41 8140782 289048 7 2.05E-04 1.01 1.03 1.04 1.04 0.33 0.33 324 53 13/5 155 35 9/5
45 8140564 288689 9 1.61E-04 1.01 1.08 1.10 1.11 0.68 0.67 161 22 90/3 163 55 5/2
47 8140837 288243 9 1.59E-04 1.01 1.08 1.10 1.11 0.69 0.68 146 34 33/3 328 55 10/2
60B 8138035 287731 5 1.27E-04 1.01 1.01 1.02 1.02 -0.09 -0.10 94 54 4017 176 18 41/23
63 8138607 288009 10 6.02E-05 1.03 1.02 1.05 1.05 -0.09 -0.10 183 30 10/4 156 47 14/4
69 8138478 288869 13 1.49E-04 1.05 1.11 1.16 1.16 0.34 0.31 103 15 21/2 162 55 72
74 8139697 289331 3 2.04E-04 1.01 1.08 1.10 1.11 0.78 0.77 204 29 19/3 115 36 4/3
77A 8139509 289631 12 7.17E-05 1.01 1.02 1.03 1.03 043 042 143 40 90/6 110 27 10/5
77B* 8139509 289631 4 1.13E-04 1.02 1.06 1.08 1.08 0.53 0.52 72 26 51/6 119 28 8/4
77C* 8139509 289631 8 1.13E-04 1.01 1.06 1.07 1.07 0.67 0.66 154 31 90/8 114 24 11/8
86 8138623 286714 10 2.58E-04 1.02 1.08 1.10 1.10 0.60 0.59 188 9 11/2 52 52 5/2
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Localizagao Parametros escalares Dados direcionais

Sitio Lat Long N Km L F P P T u Kimax Erro(°) Kimin Erro(°)
(UTM) (10°s1) Dec() Inc()  ,/¢ Dec() Inc()  p/¢
Rocha fundida com muito material reliquiar (com estrutura de fluxo)
14 8139600 286846 13 2.39E-04 1.01 1.01 1.02 1.02 0.30 0.30 190 49 4317 182 26 64/21
22 8138863 287476 6 5.26E-04 1.08 1.19 127 129 041 0.36 206 62 11/3 170 16 12/4
34B 8139542 289673 10 1.42E-04 1.02 1.05 1.07 1.07 0.31 0.29 22 16 8/5 131 7 7/5
39 8139966 289207 9 1.96E-04 1.01 1.05 1.07 1.07 0.61 0.60 309 20 63/3 118 53 6/4
43 8141224 288595 11 2.02E-04 1.02 1.08 1.10 1.11 0.64 0.63 282 52 14/2 204 31 5/3
44 8141425 288473 10 2.94E-04 1.02 1.08 1.10 1.11 0.61 0.59 112 53 20/3 197 27 6/3
46 8140479 288375 12 2.16E-04 1.01 1.12 1.14 115 0.79 0.78 190 45 24/2 20 24 5/2
68 8138732 288637 12 1.33E-04 1.02 1.09 1.12 1.12 0.52 0.50 73 12 29/5 218 15 6/5
75A* 8139962 289139 6 5.02E-04 1.01 1.02 1.03 1.03 0.18 0.17 191 36 52/18 180 38 19/10
75B** 8139962 289139 8 4.61E-04 1.00 1.01 1.01 1.01 0.04 0.04 234 30 90/16 51 31 29/13
75C** 8139962 289139 5 3.12E-04 1.00 1.01 1.02 1.02 049 049 221 57 23/11 58 27 26/13
Rocha fundida com muito material reliquiar (maciga)
40 8140529 289470 10 1.54E-04 1.01 1.03 1.04 1.04 0.38 0.37 156 35 40/19 240 33 24/15
42 8141052 288798 9 1.53E-04 1.02 1.12 1.14 115 0.74 0.73 158 22 90/9 124 39 97
48 8141173 288123 11 2.33E-04 1.01 1.05 1.07 1.07 0.57 0.56 224 20 19/6 140 54 11/6
61 8138143 287664 8 1.72E-04 1.01 1.083 1.05 1.05 0.37 0.36 279 18 90/4 76 41 715
71 8139102 288997 19 2.13E-04 1.02 1.07 1.10 1.10 048 047 294 40 20/5 126 3 9/6
72 8139266 289248 10 5.07E-04 1.01 1.03 1.03 1.04 046 045 147 19 29/6 104 22 8/4
73 8139113 289503 12 1.20E-04 1.03 1.04 1.07 1.07 0.11 0.09 296 63 1217 131 19 56/13
78 8139328 286333 10 1.33E-04 1.02 1.07 1.09 1.09 045 044 193 38 25/5 118 28 716

Rocha fundida com pouco material reliquiar

21 8138799 287406 8 3.87E-04 1.00 1.00 1.01 1.01 -0.09 -0.09 202 31 26/17 69 49 48/20
62 8138483 287862 7 2.15E-04 1.00 1.01 1.02 1.02 0.27 0.27 180 44 49/20 155 12 32/14
67 8138491 288261 10 1.46E-04 1.01 1.02 1.02 1.02 0.15 0.15 183 43 90/22 160 37 36/17
84 8139102 286718 5 4.04E-05 1.02 1.04 1.07 1.07 0.14 0.13 114 30 69/24 186 20 81/17
85 8138967 286699 9 1.70E-04 1.01 1.01 1.02 1.02 0.14 0.14 232 8 19/9 227 63 3717
87A 8138976 286852 8 8.68E-05 1.00 1.01 1.01 1.01 0.26 0.25 195 29 64/20 165 30 38/21
87B 8138976 286852 8 1.94E-04 1.00 1.00 1.01 1.01 0.04 0.04 238 8 64/20 171 51 38/21

Diques e veios preenchidos por material fundido (avermelhados)

8A 8139475 286442 14 4.34E-04 1.01 1.01 1.01 1.01 -0.03 -0.04 222 69 10/8 209 9 53/9
8B2 8139475 286442 11 2.36E-04 1.03 1.03 1.05 1.05 0.05 0.04 273 24 26/14 221 36 60/13
25A** 8139610 287953 5 241E-04 1.01 1.01 1.02 1.02 0.34 0.33 215 46 29/8 183 12 21/9
29B 8140025 287228 7 3.63E-04 1.02 1.05 1.07 1.07 049 047 308 63 19/5 114 18 10/6
30A 8140151 287652 7 1.99E-04 1.02 1.10 112 113 0.70 0.68 299 19 18/8 125 45 58/9
34A™* 8139542 289673 7 6.71E-05 1.01 1.01 1.02 1.02 0.26 0.26 38 37 20/7 250 17 14/8
79 8139175 286294 11 1.78E-04 1.01 1.03 1.03 1.03 0.62 0.62 196 55 90/8 198 19 13/7
80*** 8139082 286397 20 3.35E-04 1.01 1.02 1.03 1.03 0.32 0.31 141 67 11/3 221 8 11/4
81 8139129 286446 16 2.89E-04 1.01 1.02 1.03 1.03 0.59 0.59 158 23 15/6 202 8 9/5

82 8139129 286446 28 3.98E-04 1.01 1.00 1.01 1.01 -0.44 -0.44 212 73 5/4 95 9 24/6
83 8139453 286659 35 3.64E-04 1.00 1.01 1.01 1.01 0.14 0.14 233 39 18/13 190 28 46/11
88*** 8139294 286542 29 3.28E-04 1.01 1.03 1.04 1.04 046 045 149 57 32/5 204 13 11/6
89A 8139267 286546 9 6.27E-04 1.00 1.00 1.01 1.01 0.09 0.09 201 50 38/10 183 16 15/9
89B** 8139267 286546 6 3.28E-04 1.01 1.01 1.02 1.02 0.25 0.24 134 27 20/10 229 43 52/10

Diques e veios preenchidos por material fundido (cinza)

6B 8139634 286445 9 9.88E-05 1.01 1.04 1.05 1.06 0.63 0.62 151 44 31/2 155 13 6/3

8B1 8139475 286442 4 4.08E-04 1.01 1.01 1.01 1.01 -033 -0.33 221 51 18/4 95 28 33/7
76A 8139509 289631 13 1.10E-04 1.01 1.01 1.02 1.02 -0.07 -0.07 30 39 12/3 211 39 22/4
76B 8139509 289631 7 8.33E-05 1.01 1.00 1.01 1.01 -0.51 -0.51 117 25 16/8 164 24 32/10

Brecha polimitica

37A 8139534 289815 24 1.26E-04 1.02 1.06 1.08 1.09 047 0.46 188 46 32/22 68 26 90/23
38 8139286 289840 14 7.64E-05 1.02 1.03 1.05 1.05 0.21 0.20 192 31 33/11 161 34 54/7

Nota: N = numero de espécimes medidos; Lat = latitude; Long = longitude; Km = susceptibilidade magnética
média (K1+K2+K3)/3; L = lineagao (K1/K2); F = foliagdo (K2/K3); P = grau de anisotropia (K1/K3); T = parametro
de forma (InF-InL)/(InF+InL) Jelinek (1981); U = fator de forma (2K2-K1-K3)/(K1-K3) Jelinek (1981); n e £ = semi-
eixos maior/menor das elipses de 95% de confianga estimada pelo método bootstrap (Constable e Tauxe, 1990).
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A definicdo das tramas magnéticas ¢ feita a partir dos valores de K, que fornecem a
atitude da lineacdo magnética, e dos valores de K; , que fornecem o pdlo da foliagao
magnética. A confiabilidade ou veracidade das foliagbes e lineacbes magnéticas esta
relacionada a forma do elipséide de ASM (Fig. 7-2), ou seja, esta relacionada as propor¢oes
entre os eixos principais do mesmo. Segundo esse critério, o elipséide pode apresentar
quatro padrdes principais, que s&o: o padrao esférico, que ocorre quando K= Ky= Kj; o
padrao oblato ( em forma de disco), gerado quando K; = K,> Kj; o padrao prolato (e.g.,.em
forma de charuto), quando K;> K, = K3 e padrao triaxial ,que ocorre quando os eixos tém
a configuracao K> K, > K3 Desta forma, as foliacdes poderado ser bem confiaveis quando o
elipsdide possuir o padrdo oblato, no qual o plano que contém o0s eixos maximo e
intermediario é bem definido. Ja a lineagao sera bem confiavel quando o elipséide possuir o
padrao prolato. Para elipséides que apresentam padrao triaxial, tanto a foliacdo quanto a
linecdo podem ser definidas, embora nao sejam tao confiaveis quanto os casos especificos
(oblato e prolato). Ao contrario do que acontece no caso triaxial, elipsdéides que
desenvolvem padrao esférico ndo definem a foliagdo nem tampouco a lineagdo, justamente
por ndo apresentar anisotropia significativa. A determinacdo da forma do elipsdide é
geralmente feita a partir dos dados direcionais dispostos em redes estereograficas, bem
como da andlise dos parametros escalares e seus respectivos diagramas.

Com a rede estereografica e diagramas de P vs. K., e P vs.T é possivel determinar a
forma do elipséide de ASM. O exemplo da figura 7-2a mostra que o elipsbéide apresenta a
forma oblata. Isso é evidenciado na rede estereografica pelo bom agrupamento do pdlo da
foliagdo K; e pela distribuicdo indistinta de K; e K, na mesma guirlanda, outro marcador
que comprova o carater oblato sdo os valores de T positivos no diagrama P vs.T. Note, no
entanto, que no exemplo da figura 7-2b embora os valores de T sejam estritamente
positivos, € possivel notar na rede estereografica a distingdo entre os agrupamentos de Ky,
K. e K; , sendo assim n&o se pode afirmar com certeza, que o elipséide tem a forma oblata,

mas que ele possui uma forma intermediaria entre triaxial e oblata.
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Figura 7-2. Diagramas de P vs. T, K, vs. P e redes esterograficas. (a) elipsdide com forma
oblata, com bom agrupamento do pdlo da foliagdo K; e a distribuigdo indistinta de K; e K. (b)
elipsdide com forma intermediaria entre triaxial e oblato, com distingdo entre os agrupamentos de K;,
Kze K3.
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Neste trabalho, para que se pudesse definir melhor a forma do elipsoide, além da
rede estereografica e diagramas P vs.T, foram construidos histogramas de autovalores do
tensor, utilizando os dados gerados pelo método de bootstrap (Constable e Tauxe, 1990).
Através desses histogramas foi possivel visualizar a relagao entre os eixos K, K; e K3 de
forma quantitativa. Isto permitiu uma investigagdo detalhada dos casos de sobreposicao
entre eixos, como o0 que ocorre no exemplo da figura 7-2b, comprovando ou refutando o
padrao de forma intermediaria do elipséide.

Desta forma, além das quatro formas principais (esférica, oblata, prolata, triaxial) que
o elipsoide pode desenvolver, neste trabalho foram consideradas formas de elipséide
intermediarias ou compostas, como por exemplo: a triaxial oblata; a triaxial prolata; a triaxial
esférica; a oblata esférica e a prolata esférica. Ao considerar as formas intermediarias de
elipsoéide foi possivel validar tramas que pela classificagdo usual ndo seriam consideradas.
A figura 7-3 mostra quatro exemplos de formas do elipsdide normais que foram definidas a
partir dos critérios acima explanados. Ja a figura 7-4 mostra quatro exemplos de formas do

elipsoide intermediarias, que foram definidas a partir dos mesmos critérios.
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Figura 7-3. Diagramas de P vs. T, redes estereograficas e histogramas de autovalores T usados para definir a forma do elipséide: (a) oblato, com bom agrupamento de K; e
distribuigéo indistinta de K; e Kj, no histograma sobreposigéo de t4 e 1,; (b) prolato, com bom agrupamento de K, e distribuigao indistinta de K; e K3, no histograma
sobreposicao de 1, e 73, (c) triaxial, com bom agrupamento em todos os eixos e histograma sem sobreposigéo de 14, 12 € 13. (d) esférico, com pouco agrupamento em todos os

eixos e histograma com sobreposi¢ao de 14, 1, € 13.
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Figura 7-4. Diagramas de P vs. T, redes estereograficas e histogramas de autovalores T usados para definir a forma do elipsoide (a) triaxial-oblato, com bom agrupamento de
K; e distribuicdo distinta de K; e K;, no histograma proximidade de t; e t5; (b) triaxial- prolato, com bom agrupamento de K, e distribuicdo distinta de K, e K3, no histograma
proximidade de 1, e 13 (c) oblato-esférico, agrupamento de Kj e distribuicdo indistinta de K, e Ky, no histograma sobreposicao de 14, 1, € t3 muito proximo de t4, 1. (d) triaxial-

esférico, agrupamento em todos os eixos e histograma sem sobreposicédo de 14, 12 € 13 mais muito proximos uns dos outros.
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7.4 - Dados Escalares

Os dados escalares representam os valores dos principais parametros de
anisotropia obtidos apds a aplicacdo do método estatistico escolhido, que neste caso o de
bootstrap (Constable e Tauxe, 1990). Além disso, através da analise conjunta entre dois ou
mais parametros foi possivel identificar algumas relagcdes de esfor¢o e deformacio, que
foram imprescindiveis na interpretagao tectonica final. Para melhor visualizagdo, os dados
foram divididos por litologias e por facies. Os parametros considerados foram P, T e Km,
onde: Km = susceptibilidade magnética média (K1+K2+K3)/3; P = grau de anisotropia
(K1/K3); T = parametro de forma (InF-InL)/(InF+InL) Jelinek (1981).

7.4.1 — Granito porfiritico (Grpc)

No Granito porfiritico a suscetibilidade magnética média (K,) tem distribuigdo
unimodal, com populagdes que variam de 50 a 500 pSI com uma importante faixa de
concentracao (média) entre 100 e 300 uSl (Fig. 7-5B). Seguido a mesma tendéncia, o grau
de anisotropia P é também unimodal e varia numa faixa 4% a 15% com maior freqiéncia
em torno de 5,5% (Fig. 7-5A). Na figura 7-5C nota-se a tendéncia das populagdes minerais

apresentarem forma oblata (T>0). Ja na figura 7-5D que n&o ha correlagao entre Km e P.
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Figura 7-5. Diagramas de dados escalares de ASM do Granito Porfiritico. (A) histograma do grau de Anisotropia
P ; (B) histograma dos valores de suscetibilidade média Km; (C) Diagrama de P vs. T; (D) Diagrama Kmvs. P .

7.4.2 — Rochas fundidas de impacto (impact melts)

Rochas fundidas com muito material reliquiar (maciga)

Nessa facies os dados de ASM mostram um comportamento bimodal tanto de K,
quanto de P. O histograma de P apresenta duas faixas sobrepostas, uma quase isotropica
variando de 0% a 5% e outra de 5% a 15% (Fig.7-6A). K, varia de 70 a 300 (uSI) na faixa de
maior freqtiéncia, e de 400 a 600 (uSl) na de menor freqiiéncia (Fig.7-6B). A tendéncia de
duas populagdes também fica clara no diagrama P s K., da figura 7-6D,muito embora nao
haja aumento sistematico de Km em funcado do grau de anisotropia. Ambas as populacgoes

possuem forma dominantemente oblatas (T>0) (Fig.7-6C).
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Figura 7-6. Diagramas de dados escalares de ASM rochas fundidas com muito material reliquiar e estrutura
maciga. (A) histograma do grau de Anisotropia P ; (B) histograma dos valores de suscetibilidade média Km; (C)

Diagrama de P vs. T; (D) Diagrama Km vs. P .

Rochas fundidas com muito material reliquiar (fluxo)

A suscetibilidade magnética média (K.,) nessa facies é unimodal e esta distribuida no
intervalo de 150 a 400 (uSI) (Fig. 7-7b). Da mesma forma, P também €& unimodal e varia
numa faixa 4% a 20% , com alguns pontos isolados que alcangam até 25% (Fig. 7-7A). Na
figura 7-7C, nota-se que as populacbes minerais apresentam forma dominantemente oblata
(T>0) como na outra facies dessa litologia. A figura 7-7D mostra uma ténue tendéncia de

aumento de Km com o aumento de P.
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Figura 7-7. Diagramas de dados escalares de ASM das rochas fundidas com muito material reliquiar e estrutura
de fluxo. (A) histograma do grau de Anisotropia P ; (B) histograma dos valores de suscetibilidade média Km; (C)

Diagrama de P vs. T; (D) Diagrama Km vs. P .

Diques e Veios de material fundido

No caso dessa facies, os dados escalares de ASM foram separados em grupos, em
funcdo do conteudo de hematita na matriz da rocha, estimado com em Iamina delgada. Com
esses critérios, dois grupos foram criados: o dos diques/veios cinza e o dos diques/veios
avermelhados.

O grupo dos veios cinza (com menos de 30% de hematita na matriz) — Nesse grupo
tanto K, quanto P tém comportamento bimodal. O grau de anisotropia (P) apresenta duas
faixas, ambas de baixa anisotropia, uma variando de 0% a 3% e outra de 4% a 8% (Fig.7-
8A). A susceptibilidade média K, varia na faixa de maior freqiéncia de 50 a 150 puSl e na de
menor freqiéncia de 150 a 300 uSI (Fig. 7-8B).. As populag¢des variam, em forma, de prolata
(T<0) a oblata (T>0) como mostra a figura 7-8C. A tendéncia de duas populagdes nao fica

muito clara no diagrama P s K, da figura 7-8D.
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Figura 7-8. Diagramas de dados escalares de ASM dos Diques e Veios de material fundido cinza. (A)
histograma do grau de Anisotropia P ; (B) histograma dos valores de suscetibilidade média Km; (C) Diagrama de

P vs. T; (D) Diagrama Kmvs. P .

O grupo dos diques/veios avermelhados (com 50% a 70% de hematita na matriz) - O
comportamento da suscetibilidade magnética média (K.,) nessa sub-facies é unimodal e esta
distribuida no intervalo de 200 a 600 (uSl) (Fig. 7-9A). Da mesma forma, P também assume
um comportamento unimodal com baixas anisotropias e variando numa faixa 0% a 6%. (Fig.
7-9B). A figura 7-10C mostra uma tendéncia de aumento de Km com o aumento de P para
alguns pontos. Ja na figura 7-9D nota-se uma forte tendéncia das populagbes migrarem de

prolatas (T<0) a oblatas (T>0) com o0 aumento do grau de anisotropia.
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Figura 7-9. Diagramas de dados escalares de ASM Diques e Veios de material fundido avermelhado. (A)
histograma do grau de Anisotropia P ; (B) histograma dos valores de suscetibilidade média Km; (C) Diagrama de
P vs. T; (D) Diagrama Kmvs. P .

Rochas fundidas com pouco material reliquiar

O comportamento da suscetibilidade magnética média (K,) nessa facies é unimodal
e esta distribuida no intervalo de 50 a 300 (uSl) (Fig. 7-10B). Da mesma forma, P também
assume um comportamento unimodal e varia numa faixa 0% a 3%, demonstrando assim,
um carater quase isotrépico (Fig. 7-10A). Na figura 7-10C nota-se que as populagdes

minerais variam, em forma, de prolata (T<0) a oblata (T>0).
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Figura 7-10. Diagramas de dados escalares de ASM das Rochas fundidas com pouco material reliquiar. (A)
histograma do grau de Anisotropia P; (B) histograma dos valores de suscetibilidade média Km; (C) Diagrama de

P vs. T; (D) Diagrama Kmyvs. P .

7.5 — Dados direcionais

Os dados direcionais estao relacionados ao posicionamento do elipséide de ASM no
espaco, segundo um dado sistema de coordenadas, e representa a suposta estruturagéo da
rocha. A analise dos dados direcionais foi feita com base nos critérios definidos no item 7.3
e, do mesmo modo que nos dados escalares, foi dividida por litologias e por facies. O

resumo desses dados pode ser observado na Tabela 7-1.

7.5.1 — Granito porfiritico (Grpc)
A trama magnética possui orientagao essencialmente eliptica (Fig. 7-11) coerente

com a geometria da area exposta para essa litologia. Todavia, dois setores destacados na
figura 7-11, um no centro da estrutura e outro na por¢cado nordeste da mesma, mostram
tramas incongruentes ao padrado eliptico. Em ambos os casos, as tramas sugerem a

formacao de dobra, no setor central e a nordeste.
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A) Lineagcao magnética B) Foliagao magnética
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Figura 7-11. Padrao das tramas de ASM do granito porfiritico com cataclase (A) Lineacdo magnética (paralelo a K1) e contornos estruturais (B) Foliagdo magnética

(perpendicular a K3) e contornos estruturais
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As lineagbes magnéticas possuem caimento que variam de suave, nas areas
marginais, a alto proximo ao centro (Fig. 7-12A). O histograma da figura 7-12B mostra que
existe uma populagdo dominante, de caimento suave a moderado com valores de inclinagao

entre 15 e 20 graus. Os valores acima de 60 graus estdo relacionados a pontos localizados

no centro da estrutura.

Freqiiéncia

w w w 0 10 20 30 40 50 60 70
286000 287000 288000 289000 290000 o
Inc (°)

Figura 7-12. (A) contorno do nucleo granitico com isolinhas do caimento da lineagdo, interpolado através do
método de Krieg. Notar caimentos de alto &ngulo proximo da regido central; (B) histograma dos valores de
inclinagdo da lineagao, com valores concentrados na faixa de 15 a 40 graus.

As foliagbes magnéticas apresentam dominantemente um comportamento caimento
variando de suave, a NW do centro, até alto nas regides marginais (Fig. 7-13A). Pelo
histograma de valores de inclinagao (Fig. 7-13B), nota-se a existéncia de duas populacdes,
a primeira com caimento suave variando de 15 a 40 graus e a segunda com caimentos
moderados, que variam de 40 a 60 graus. Na porcao central (Fig. 7-11B) observa-se um
conjunto de 4 pares de foliagdo com caimentos convergentes numa mesma dire¢ao, que
sugerem a presenga de uma estrutura sinformal. Na por¢cao NE a presenga de foliagdes com
caimentos convergentes também indicam a estruturagdo sinformal. Este tipo de estrutura

tem sido observado em outras crateras complexas (Kenkmann, 2003).
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Figura 7.13. (A) contorno do nucleo granitico com isolinhas do caimento da foliagéo, interpolado através do
método de Krieg. Notar caimentos de baixo angulo préoximo da regido central; (B) histograma dos valores de

inclinacao da foliagdo, com valores concentrados nas faixas de 20 a 40 graus e de 40 a 60 graus.

7.5.2 — Rochas fundidas de impacto (impact melts)

As tramas magnéticas desenvolvidas nas rochas fundidas foram divididas em trés
dominios estruturais: (i) rochas com trama isotrépica; (ii) rochas com trama magnética
associada a fluxo e (iii) rochas com tramas magnéticas associadas ao preenchimento de
veios e diques.

O primeiro dominio compreende as rochas fundidas com estrutura maci¢ca (com
pouco ou muito material reliquiar). Neste dominio os elipsdides de ASM apresentam forma
essencialmente esférica e, sendo assim, ndo definem tramas de lineacéo ou foliacdo. Esse
tipo estruturagao interna pode estar relacionado ao resfriamento na auséncia de esforco, e
também a distribuicao caodtica de temperatura, o que ndo permitiria que padrdes de fluxo
fossem impressos na estrutura da rocha.

O segundo dominio é observado em poucos pontos e se refere as rochas com
estrutura de fluxo. As tramas magnéticas encontradas nesse dominio por vezes se
aproximam aquelas observadas no granito porfiritico (Fig.7-14). As lineagbes magnéticas
para o segundo dominio puderam ser definidas em apenas trés sitios, dois deles (AE-43 e
AE-44) possuem caimento moderado, com valores de inclinagdo de 53 graus, o outro sitio
(AE-68) possui caimento suave de 11 graus. Os trés sitios se localizam em regides
marginais do nucleo e possuem lineacdo magnética similar as encontradas nos sitios
graniticos vizinhos. As foliagbes magnéticas foram definidas para sete sitios, sendo que 5

deles possuem direcédo coerente com a foliagdo dos seus vizinhos graniticos. No entanto, o

82

80

90



caimento dessas foliagbes magnéticas € ligeiramente mais alto, com valor médio de 58

graus para 53 graus no granito.

A) Lineacao magnética B) Foliagao magnética

_Caimentoda
lineagao

—_— 030"

— 3060
- 60-90

Figura 7-14. Padrdo das tramas de ASM das rochas fundidas com estrutura de fluxo (A) Lineagdo magnética
(paralelo a K1) (B) Foliagdo magnética (perpendicular a K3) . As tramas magnéticas do granito e os contornos

estruturais foram dispostos como marca d’agua (cinza claro) para efeitos de comparagao.

O ultimo dominio estrutural € composto pelas tramas magnéticas dos diques e veios
formados pelas rochas fundidas. Para definir as tramas magnéticas desse dominio foram
usadas como base as atitudes das paredes dos diques (Fig 7-15), sendo assim, péde-se
definir se a trama é normal, inversa ou intermediaria (Rochette et al., 1992; Tauxe, 2005).

Tramas normais sdo aquelas onde as foliagdes magnéticas séo paralelas ao plano
do dique. As tramas intermediarias sdo caracterizadas pelos agrupamentos de K1 e K3
proximos ao plano do dique e K2 quase perpendicular ao mesmo. Ja as tramas inversas séo
aquelas onde K1 e K2 formam um plano paralelo ao plano do dique e a foliagdo é

perpendicular ao mesmo.
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Figura 7-15. Exemplo de estudo de tramas magnéticas nos diques preenchidos por material fundido. Sitio AE-
8A, com desenvolvimento de trama normal, ou seja, com plano da foliagdo paralelo a parede do dique.
Quadrados representam K1 e circulos representam o pdlo da foliagao K3.

Em geral os diques sdo subverticais. As medidas de atitude de suas paredes
revelaram que existe uma disposi¢cao concéntrica, mas com uma tendéncia NE-SW (Fig 7-
16), em relacdo a estrutura. A disposicao concéntrica € similar as tramas encontradas em

sua encaixante

Al B

90°

270° 90° 270°

180°

Figura 8-16. Diagrama de roseta da orientagédo dos diques preenchidos por material fundido (A) Diagrama para
todos os diques amostrados, 27 ao todo (B) Diagrama para os diques que foram efetivamente usados no estudo

de ASM,18 ao todo. Em ambos os diagramas notar tendéncia NE-SW.
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As tramas magnéticas dos diques sao essencialmente normais, com excegao dos
sitios AE-76A/B, AE-83 e AE-89B, que possuem tramas intermediarias. Para os diques de
tramas normais, a lineagdo magnética apresenta caimento que varia de suave a alto.
Caimentos suaves foram definidos como aqueles que estdo entre 0 e 30 graus (26% dos
dados); moderados entre 30 e 60 graus (33% dos dados) e altos entre 30 e 90 graus (41%
dos dados). A predomindncia de lineagcdes de altos angulos pode ser observada no
diagrama da figura 7-17A. As foliagdes magnéticas para esse dominio apresentam, da
mesma forma, caimentos que variam de suave a alto, porém em proporgdes diferentes com

predominio de caimentos de altos angulos em 80% dos dados (Fig. 7-17B).

A i

N =237
Densidade méaxima = 3.74
Densidade minima = 0.05

Densidade média = 1.00
Intervalos de contorno= 10

270° 90°

180°

N =237
Densidade méaxima = 3.09
Densidade minima = 0.13

Densidade média = 1.00
Intervalos de contorno= 10

270°

180°

Figura 7-17. Diagramas de densidade dos eixos do elipsdide de ASM dos diques preenchidos por material
fundido. (A) Densidade do eixo maximo K1, com maior concentracdo em inclinagées de alto angulo . (|B)
Densidade do eixo minimo K3, com maior concentragdo em inclinagdes de baixo angulo, indicando verticalizagédo

da foliagdo magnética (perpendicular a K3) .
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8. Discussao e conclusoes

A analise e integracdo dos dados apresentados anteriormente permitem esbogar
uma proposta de evolugdo para nucleo central soerguido e para suas litologias constituintes.
Além disso, alguns aspectos sobre o processo de soerguimento ocorrido nessa estrutura
podem ter implicagdes importantes para os atuais modelos numéricos de colapso de
crateras complexas. Neste capitulo serdo discutidos aspectos sobre a geragdo de tramas
em granitéides, os significados das tramas magnéticas nas litologias do nucleo interno de

Araguainha e suas implicagdes para os modelos de colapso de crateras.

8.1 — Petrotramas formadas em estado sélido: cataclasitos em granitoides

Cataclasitos sdo rochas encontradas essencialmente em zonas de cisalhamento com
histéria ruptil em seu desenvolvimento, como por exemplo, zonas de falha. O termo
cataclasito (s.s.) é reservado para diversos tipos de rochas cataclasticas coerentes e com
uma percentagem de matriz superior a 10% (Sibson, 1977). Rochas analogas aos
cataclasitos, mas em que a redugao granular resultou de processos ducteis (deformacgao-
recuperacgao-recristalizacdo) designam-se por milonitos. Estes sdo, portanto, caracteristicos
de zonas de cisalhamento ducteis. Os mecanismos atuantes nas zonas de cisalhamento sao
importantes para definir com maior precisdo as reconstrugbes estruturais regionais e, por
conseguinte os modelos tectbnicos implicitos.

O reconhecimento de modelos de falhas e fraturas pode ser observado em todas as
escalas, desde feicbes em escala de imagens feitas por satélite até microestruturas
observadas em sec¢des delgadas. Em laboratdrio poucas investigagdes foram feitas sobre o
desenvolvimento de fraturas durante o cisalhamento (e.g., Cloos, 1954). Todavia, quando
essas investigagcbes sdo associadas a observagbes de campo (Logan et al., 1992),
importantes conclusdes podem ser obtidas, tais como:

- O desenvolvimento e reprodutibilidade da trama dependem da pressdo de
confinamento do material, a taxa de deformacao envolvida, a espessura e o tipo de rocha.

- Fraturas do tipo R1, R2, P e Y (Fig. 8-1) sdo os elementos estruturais mais
abundantes durante o desenvolvimento de zonas de cisalhamento. O tipo de elemento
estrutural formado depende exclusivamente do valor de deformagao cisalhante atuante, e
desta forma a trama muda conforme a deformacéo cisalhante.

- As tramas possuem as mesmas caracteristicas tanto na escala de afloramento

quanto na escala microscopica.
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Figura 8-1. Arranjo e relagbes geométricas entre as fraturas desenvolvidas em zonas de falha
durante compresséo triaxial. Depois de Logan et al. (1992).

Com o intuito de identificar e entender os processos que atuam em zonas de
cisalhamento alocadas em corpos graniticos, alguns trabalhos foram feitos para casos
geoldgicos (e.g. Mitra, 1993; Lin, 1996; Keulen et al.,2007) e outros foram desenvolvidos em
laboratorio, onde amostras de rochas graniticas foram submetidas a diversas condi¢cbes de
esforco (e.g. Tullis e Yund, 1977; Hadizadeh e Jonhson, 2003; Heilbronner e Keulen, 2006).
Os resultados obtidos nos casos reais acrescidos daqueles obtidos em casos sintéticos
fornecem importantes parametros para o reconhecimento e interpretacdo de estruturas e
feicOes diagndsticas de deformacgao ruptil em corpos granitdides,

Do ponto de vista petrografico, a deformagao em rochas graniticas, quando essas
sdo submetidas a altas taxas de deformacgéao e a baixas temperaturas, promove a formacgao
de feicdes semelhantes as de fluxo no estado sélido, tais como: o microfraturamento; zonas
ou bandas de deformacgao; deformacao interna e recristalizacdo de graos; “caldas” de
recristalizacao; elongacao e recristalizacdo de agregados (e.g. quartzo e micas); reducao de
granulometria ou cominuicdo de graos; formagao de mirmequitas; flames de pertita entre

outros.
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8.2 — O significado das tramas magnéticas do nucleo central soerguido de Araguainha

O Arranjo estrutural dos granitos mostra que a trama concéntrica ou eliptica esta
associada a geometria circular do corpo, que possui fraturas no mesmo padrao. Essas
fraturas radiais e concéntricas sao evidenciadas pelos diques preenchidos por material
fundido. A geometria circular do nucleo soerguido em crateras é segundo Collins et al.
(2002), fruto da interacao entre o fluxo centrifugo para fora (sentido nucleo-bordas) criado
pelo soerguimento do nucleo e o fluxo centrifugo para dentro (sentido borda-nuicleo) devido
ao colapso das paredes da cratera transiente. Nessa geometria, o granito porfititico de
Araguainha apresenta lineagdes verticais no centro e horizontalizadas na periferia, ambas
relacionadas ao primeiro fluxo, centrifugo para fora da estrutura.

As lineacbes verticais podem entdo ser interpretadas como marcadores da haste
vertical do “cogumelo” do peak-ring (Fig. 8-2), mostrando fluxo vertical ascendente de
material que se horizontaliza ao afastar-se do centro. Essa tendéncia de arrasamento das
inclinacdes é determinada a partir das lineagdes horizontais, que marcam o efeito de splash
(respingo) do material em fluxo. As foliagbes por sua vez, além de marcar o padrdo
concéntrico, marcam também a formagao de sinformes, que podem ser interpretados como
estruturas provenientes do comportamento heterogéneo local, assim como prevé os

modelos numéricos de Collins et al. (2004).
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Figura 8-2. Nucleo soerguido de Araguainha, segundo o modelo proposto de Peak-Ring. Notar
lineagdes (em azul) verticais no centro da haste e se horizontais nas borda.

No entanto, para que se desenvolvam tramas indicando uma estrutura do tipo peak-
ring seria necessario que o nucleo granitico tenha se comportado de forma hidrodinamica.
Para que rochas graniticas adquiram comportamento hidrodindmico, mais especificamente
binghaniano, seu limite de coesdo deve ter sido ultrapassado. Dois mecanismos sao

propostos para explicar a perda do limite de coesdo de uma rocha durante o evento de
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impacto: o de atenuagdo por aquecimento e fraturamento, pois devido as altas pressoes e
temperaturas do material impactado, este passa a se comportar de forma hidrodinamica
subsequentemente a compressao; o de atenuacao por fluidificacdo acustica, que prevé que
a atenuacao da resisténcia das rochas é provocada pela alta freqliéncia de flutuacdo de
pressao (vibragdes) produzidas nos primeiros estagios do evento de impacto, o que reduz a
resisténcia friccional das rochas ao alivio de pressao de sobrecarga.

Em Araguainha, o limite de coesédo do granito porfiritico ndo foi estimado, porém
suas tramas e geometria apontam para a perda dessa coesdo. Segundo Engelhardt e
colaboradores (1992) o nucleo granitico soergueu como uma massa plastica uniforme, pois
nao havia indicios de grandes familias de fraturas. Todavia, as observacdes petrograficas
feitas no presente trabalho (ver capitulo 5) indicam que a rocha sofrera principalmente
deformacado de cataclase ou de estado sélido. Desta forma, é possivel dizer que a coesao
da rocha pode ter sido rompida por dissociagdo mecéanica, assim como prevé o mecanismo
de fluidificacdo acustica (Melosh,1989; Melosh e lvanov, 1999) e que, como no modelo
proposto por Collins e colaboradores (2004), o embasamento nessas condi¢des participa da
formacado do peak ring de maneira similar as rochas supracrustais, ou seja, de maneira
hidrodindmica. O mecanismo de aquecimento/ fraturamento ndo se aplica a nesse caso,
pois se estimam, com base na preservagcdo do sistema de Ar/Ar para biotita
(Hammerschmidt e Engelhardt, 1995), que as temperaturas que o granito porfiritico alcangou
durante a passagem da onda de choque foram pequenas para promover a mudang¢a no
comportamento reoldgico.

O colapso da area central do nucleo criou uma depressao na qual se acumularam as
brechas polimiticas e as rochas fundidas. Assumindo-se entdo, que as rochas fundidas
(impact melts) fazem parte do preenchimento da depressao formada e que esta é
relacionada ao estagio pos ou tardi-impacto (etapas finais da fase de modificagcédo), suas
tramas devem refletir dominantemente os processos de cristalizagdo sem esforco. A
interpretacdo dessas tramas foi feita com base nos trés dominios estruturais definidos
anteriormente (ver item 7.5.2).

As tramas das rochas com estrutura maciga (isotrépicas) foram interpretadas como
tramas de cristalizacdo. Com resfriamento na auséncia de esforgo e a distribuicdo cadtica
de temperatura, a rocha ndo adquiriu padrdes de fluxo ou estiramento.

Ja as rochas com estrutura de fluxo, que estado localizadas quase sempre na base
dos morros, apresentam trama muito semelhante a do granito porfiritico. Interpreta-se que a
trama reflete fluxos locais, confinados pela pressao exercida pelo pacote de rochas (melts e
brecha) acima depositadas e o granito porfiritico abaixo. A direcdo do fluxo pode ser
influenciada pela topografia que o corpo granitico adquiriu durante o colapso, devido a

deformacao heterogénea.
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Os diques tém orientagdo paralela a trama do granito (concéntrica) e as rochas
fundidas que as preenchem apresentam trama normal e lineagdo dominantemente vertical.
Acredita-se que a formacao desses diques ocorreu em trés estagios: no primeiro, fraturas
radiais e concéntricas foram geradas pela passagem da onda de choque; no segundo
estagio essas fraturas foram abertas devido ao soerguimento da estrutura e por fim, no
terceiro estagio elas foram preenchidas pela migragcao do material fundido.

Segundo Lana (comunicagdo pessoal, abril de 2008) os diques foram preenchidos
pelo material fundido proveniente da fusao parcial do granito, que migrou de varias diregdes,
isto é, a fratura serviu de drenagem do material, e que a concentragdo de hematita é fruto da
decomposicdo da biotita. Engelhardt et al. (1992) também atribui, com base em dados
geoquimicos, que o material dos diques é proveniente da fusdo do granito. Porém alguns
desses diques analisados mostraram diferengas de composicdo em relagdo ao granito
adjacente, o que torna a migracao direta do granito (drenagem) inconclusiva. Além disso,
somente a quebra da biotita talvez ndo explique a grande quantidade de hematita presente
nos diques. Por esse ponto de vista, duas outras hipoteses podem ser formuladas, o
enriquecimento em Ferro pode ser migragdo de material fundido mais denso (decantacao) e
neste caso, o preenchimento € dominantemente passivo ou o enriqguecimento é ocasionado
percolagdo de agua metedrica ou marinha (Petrick et al, 2003). Mesmo avaliando todas as
hipéteses, a migracdo do material fundido ainda ndo é bem estabelecida e carece de mais

estudos.

8.3 — Evolug&o do nucleo soerguido de Araguainha

Em Araguainha o estagio de compressdo produziu pressdes e temperaturas
suficientes para vaporizar todo meteorito e fundir parte dos sedimentos e embasamento da
bacia do Parana (Fig. 8-3A). A onda de choque promoveu escavagao de 2400 metros de
profundidade, que representa por 1/10 do didmetro da cratera transiente estimada em 24 km
(Engelhardt el al.,1992; Lana et al., 2007a). A passagem da onda de choque desestabiliza a
estrutura cristalina dos materiais (Langenhorst e Deutsh, 1998), e com sua atenuagao o
material se desagrega em resposta ao ganho energético, com isso forma-se a cratera
transiente (Fig. 8-4B). As rochas que nao foram escavadas, ou seja, langcadas para fora da
cavidade tém ainda sua resisténcia ou coesdo afetada. Isso ocorre devido ao efeito de
fluidificagdo acustica, onde se reduz a resisténcia friccional das rochas ao alivio de pressao
de sobrecarga (Fig. 8-3C).

Com a criagao da cratera transiente, um enorme ponto de alivio de pressao se forma,
com isso as paredes dessa cavidade comecam a colapsar em direcdo ao centro da

estrutura. Esse colapso causa o deslocamento lateral das rochas impactadas, que se
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estenderam por quildbmetros para dentro da estrutura (Fig. 8-3D). De forma oposta, o
deslocamento vertical ficou confinado a algumas centenas de metros, junto ao nucleo
granitdide, no colar montanhoso (Lana et al., 2006).

O colar montanhoso apresenta caracteristicas estruturais semelhantes a outras
crateras do tipo peak-ring (e.g., Goldin et al., 2006; Scheler et al., 2006), como por exemplo:
dobras isoclinais resultantes do escorregamento diferencial entre os estratos; imbricacao de
placas quilométricas provenientes dos estratos da mesma Formagao (Fm. Furnas) e
constricao lateral de sedimentos (Fm. Ponta Grossa). Além disso, a rotagcdao do acamamento
e sua verticalizagao junto ao nucleo granitéide foram associadas ao soerguimento continuo
do mesmo durante o colapso (Lana et al., 2008) (Fig. 8-3E).

O soerguimento do nucleo granitéide (fluxo centrifugo para fora, sentido nucleo-
bordas) foi concomitante ao deslocamento lateral (fluxo centrifugo para dentro, sentido
borda-nucleo). Devido a fluidificacdo acustica o granito se comportou de forma
hidrodindmica formando uma espécie de estrutura em “cogumelo” (Fig. 8-3F). Com a
dissipacao das vibracbes essa estrutura colapsa, as fraturas radiais e concéntricas que
foram geradas pela passagem da onda de choque se abrem (Fig. 8-3G). Uma depressao

central se forma e nela sdo depositados o material fundido e a brecha (Fig. 8-3H).
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Figura 8-3. Desenhos esquematicos da evolugdo do nucleo soerguido de Araguainha. (A) fase de
compressao, vaporizagdo e produgdo das ondas de choque; (B) fase de escavagdo, formagao das
fraturas radiais e formacgéo da cratera transiente; (C) processo de fluidificagdo acustica, flutuagéo nas
pressoes;(D) fase de modificagéo, fluxo centrifugo borda-centro(setas vermelhas) e fluxo centro-borda
(setas azuis); (E) soerguimento do nucleo granitico e verticalizagdo das rochas da Fm. Furnas e Fm.
Ponta Grossa; (F) formagao da estrutura tipo cogumelo, splash do nucleo; (G) abertura das fraturas
radiais; (H) colapso da parte central, preenchimento das fraturas por material fundido, morfologia do
tipo peak-ring.
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9. Consideragoes finais

A integracdo e analise dos dados de mapeamento geoldgico, de petrografia, de
mineralogia magnética e de anisotropia de suscetibilidade magnética permitiram um melhor
entendimento sobre o processo de soerguimento do nucleo central da estrutura de impacto
de Araguainha.

O mapeamento geolégico associado a caracterizagdo petrografica permitiu a
definicdo e localizagao espacial de quatro litologias: o embasamento metamdérfico; o granito
porfiritico; as rochas fundidas durante o impacto e as brechas polimiticas. O embasamento
metamorfico é a encaixante do granito porfiritico, caracterizado por rochas metapeliticas de
baixo grau metamorfico, que foram interpretadas como uma parte do embasamento da bacia
do Parana. Por sua vez, o granito porfiritico perfaz cerca de 60% das rochas aflorantes no
interior do nucleo soerguido. Ele é caracterizado como um granito com matriz faneritica
meédia-grossa e megacristais de K-feldspato de até 3 cm, ambos marcados por feicdes de
deformacgdo no estado sélido ou cataclase. As rochas fundidas durante o impacto afloram
em menor frequéncia, em geral associadas aos morros testemunhos adjuntos as rochas
supracrustais. Elas sado caracterizadas por rochas de textura fina com clastos de seus
protélitos e estruturalmente ocorrem de trés formas: rochas com muito material reliquiar;
rochas com pouco material reliquiar e diques ou veios preenchidos com material fundido. As
brechas polimiticas representam os depodsitos formados pelo material escavado, fundido e
misturado durante os estagios de compressao, escavac¢ao e modificagdo da estrutura.

A caracterizagdo mineralégica-magnética das litologias encontrou dois portadores de
magnetizagcao: a hematita e a magnetita. Esta ultima foi considerada como dominante em
relagdo aos dados de anisotropia magnética observados. Dos grupos litolégicos, dois deles
apresentaram framas magnéticas consistentes, passiveis de interpretagdo. O granito
porfiritico apresenta tramas concéntricas, com lineagbes que variam de sub-verticais no
centro da estrutura a sub-horizontais nas regides periféricas, que foram interpretadas como
marcadores de fluxo em estruturas do tipo peak-ring. Ja as foliagbes foram interpretadas
como marcadores da deformagao heterogénea que essa estrutura adquiriu durante o seu
colapso. As tramas magnéticas das rochas fundidas foram interpretadas como marcadores
dos processos pos-colapso, como por exemplo, a cristalizagdo do melt na auséncia de
esforco (tramas isotropicas), fluxo confinado desse melts, condicionados a topografia das
rochas graniticas e preenchimento de fraturas.

A caracterizagdo do nucleo de Araguainha como uma estrutura do tipo Peak-Ring
feita a partir das ferramentas supracitadas, demonstram pela primeira vez de forma nao
apenas numérica que o embasamento cristalino pode se comportar de forma hidrodinamica,

similar ao esperado em um material binghaniano. Além disso, a deformacido de estado
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solido impressa nessas rochas € um forte indicativo que o processo de fluidificagao acustica
foi o responsavel por eliminar a coesado das rochas para que estas pudessem se comportar

como um fluido.
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ABSTRACT

The 40-km-wide Araguainha structure is
the largest and best-exposed complex impact
crater in South America. It was excavated
in flat-lying sediments of the intracratonic
Parana Basin, where target rocks are well
exposed and have remained undeformed
since the impact event ca. 245 Ma. Despite
the excellent state of preservation and expo-
sure, information available on the target
rock stratigraphy, post-impact erosion, and
morphology of the structure is limited. Qur
combined field observations and remote sens-
ing analysis demonstrate that Araguainha
preserves all features of a shallowly eroded
peak-ring crater. The interior of the struc-
ture exposes a central peak surrounded by a
5-km-wide annular basin and two main ring
features 10-12 and 14-18 km from the cen-
ter. Analysis of the pre-impact stratigraphy,
present morphology, and crater dimensions
indicates that excavation related to the tran-
sient cavity formation was extensive in the
annular basin, but minimal to nonexistent
beyond the inner ring feature. The formation
of the inner ring feature can be reconciled
with compressional stresses during outward
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collapse of the central uplift and inward
slumping of the crater walls. Regional strati-
graphic data combined with field observa-
tions indicate two periods of post-impact
erosion associated with exhumation of the
Parana Basin. We estimate that 250-350 m of
fallback deposits and target rocks have been
removed by erosion. Erosion also accounted
for removal of the proximal ejecta immedi-
ately outside the rim of the structure. In con-
trast to previous suggestions that the impact
took place in a shallow-marine environment,
our observations are more consistent with
an extremely shallow, brackish to freshwater
lacustrine environment, with little effect on
the developing impact crater.

Keywords: impact craters, Parand Basin, Ara-
guainha, peak ring, crater collapse.

INTRODUCTION

Advanced numerical and experimental mod-
eling and recent geophysical and field-based
mapping have demonstrated unequivocally that
large meteorite impacts are violent catastrophic
events that lead to substantial lateral and verti-
cal movement of subsurface target rocks (e.g.,
Melosh, 1989; Melosh and Ivanov, 1999; Kenk-
mann et al., 2000; Kenkmann, 2002; Collins et
al., 2002; Wiinnemann and Ivanov, 2003; Lana
et al., 2003a, 2003b, 2006a, 2006b; Collins and
Wiinnemann, 2005; Osinski and Spray, 2005).

In most complex craters, the lateral and vertical
displacements are directly associated with exca-
vation and/or expansion and subsequent gravi-
tational collapse of their transient cavity. For
example, the creation of a central uplift and ter-
raced walls in small to medium (<25 km diam-
eter) complex craters (e.g., Flynn Creek, Sierra
Madera, Gosses Bluff, Bosumtwi, Upheaval
Dome, and Ries) is currently best reconciled with
a dominant centrosymmetric inward and upward
movement of the target rocks during slumping
of the transient cavity walls, and rebound of
highly compressed rocks from the transient cav-
ity floor (Wilshire et al., 1972; Roddy, 1979;
Milton et al., 1996; Scholz et al., 2002; Karp
et al., 2002; Wiinnemann et al., 2005; Osinski
and Spray, 2005; Scherler et al., 2006; Goldin
et al., 2006). Larger complex craters (known as
peak rings or multi-ring basins) seem to record
a more complex structural evolution, involving
additional outward movement of the target rocks
during collapse of their central uplift (Morgan et
al., 2000; Kenkmann et al., 2000; Collins et al.,
2002; Vermeesch and Morgan, 2004; Wieland et
al., 2005). Results of numerical modeling sug-
gest that the central uplift in these large complex
craters collapses outward due to excessive ver-
tical displacement of the target rocks (Melosh
1989; Melosh and Ivanov, 1999; Collins et al.,
2002). According to these models, the outward
flow regime of the collapsing central uplift can
interfere with the inward slumping of the tran-
sient cavity walls, thus resulting in the formation
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of peak-ring features (e.g., Ivanov and Deutsch,
1999; Collins et al., 2002). However, field-based
data that can be translated into kinematic models
for excavation and collapse of peak-ring craters
remain limited. The scarcity of field-based geo-
logical data has been due to the small number
of exposed structures (e.g., Vredefort, Sudbury,
Manicouagan, Charlevoix) that preserve some of
their peak-ring morphology (e.g., Grieve et al.,
1981; French 1998, 2004; Dence, 2004; Grieve
and Therriault, 2000, 2004).

The Araguainha impact structure (Figs. 1
and 2) is the result of a violent and catastrophic
impact event in the northern parts of the Parand
Basin ca. 245 Ma (Crésta et al., 1981; Engel-
hardt et al., 1992; Hammerschmidt and Engel-
hardt, 1995). The energy released upon impact
was enough to excavate >2 km of the Parand
strata and to uplift a 5-km-wide core of crystal-
line basement rocks in the center of the structure
(Figs. 1A-1C) (Engelhardt et al., 1992; Lana et
al., 2006a). The rebound of the compressed tar-
get rocks inside the excavated crater led to exhu-
mation of a complete section of Ordovician—Car-
boniferous rocks (Crésta et al., 1981; Engelhardt
et al., 1992; Bischoff and Prinz, 1994; Hippertt
and Lana, 1998; Lana et al., 2006a; Romano et
al., 2006), which otherwise can only be stud-
ied along the margins of the basin and through
borehole core logging. Recent results of struc-
tural analysis have indicated that the structure
provides an unparalleled opportunity to under-
stand kinematics of complex crater formation
(Lana et al., 2006a). In addition, preliminary
remote sensing observations by Romano et al.
(2006) suggested that Araguainha preserves all
the morphological features of a peak-ring struc-
ture. The analysis of a digital elevation model
derived from Shuttle Radar Topographic Mis-
sion data (Romano et al., 2006) depicted two
main concentric rings surrounding the central
uplift. However, detailed investigations of the
geometry of the ring features have been hindered
by the relatively incomplete stratigraphic and
structural data. Previous studies at Araguainha
have been focused on the impact-related mate-
rial in the central parts of the structure; the level
of erosion and the distribution and orientation of
the target strata have not been established. This
raises some uncertainties as to the original mor-
phology of the Araguainha structure.

This paper presents new results of a com-
prehensive field-based stratigraphic analysis on
the sedimentary target rocks in and around the
impact structure (Fig. 2). Field mapping, using
high-resolution 1:50,000 aerial photographs and
hand-held spanning receiver units, covered an
area of 1900 km?. Field-based observations from
more than 900 stations (Fig. 2) throughout the
crater were combined with detailed analysis of
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1:60,000 thematic mapper and advanced space-
borne thermal emission and reflection radiome-
ter (ASTER) imagery. The objective is to investi-
gate whether Araguainha is an eroded peak-ring
structure and to provide further data on exca-
vation and collapse of its transient cavity. The
stratigraphic observations are used to elucidate
the nature of the pre-impact sedimentological
setting and the amount of post-impact erosion.

BACKGROUND

The 40-km-wide Araguainha impact crater is
the largest and best exposed complex crater in
South America (Dietz and French, 1973). The
structure exposes a 10-km-wide central uplift,
annular ring features, and a well-preserved rim
defined by radial and concentric faults (Figs. 1B
and 2) (Crosta et al., 1981; Engelhardt et al.,
1992; Hippertt and Lana, 1998; Lana et al.,
2006a; Romano et al., 2006). The central uplift
is a major structural feature in the otherwise
flat-lying sediments of the northern parts of the
Parand Basin (Figs. 1C and 2) (e.g., Silveira
Filho and Ribeiro, 1973; Pena, 1974; Engelhardt
etal., 1992; Bischoff and Prinz, 1994). Although
erosion has removed much of the impact-related
crater fill, many of the macroscopic features
diagnostic of impact, such as shatter cones,
impact melt rocks, and polymict and monomict
impact breccia deposits, are still preserved in the
central uplift area (Crésta et al., 1981; Theilen-
Willige, 1981; Engelhardt et al., 1992).

The impact-related material has been divided
into monomict and polymict (suevite) brec-
cias and impact melt rocks (Crosta et al., 1981;
Theilen-Willige, 1981; Engelhardt et al., 1992).
The impact melt rocks consist of fragments of
a porphyritic granite (from the basement of the
Parand Basin) floating in a recrystallized fine-
grained, feldspar-quartz—rich matrix (Engelhardt
et al., 1992). Petrography and geochemical data
for the impact melts indicate that the matrix is
derived from the rapid cooling of a superheated
melt that derived from the porphyritic granite
(Engelhardt et al., 1992). The polymict brec-
cias consist of a wide variety of shocked (partly
molten) and unshocked clasts of the porphyritic
granite and the Parand strata (Crésta et al., 1981;
Theilen-Willige, 1981; Engelhardt et al., 1992).
The shape and textures of some molten clasts
were interpreted as the result of crystallization
during ballistic flight (Engelhardt et al., 1992;
Hippertt and Lana, 1998; Lana and Hippertt,
1999). The monomict breccias consist of sand-
stones from the basal sediments of the Parand
sequence (Furnas Formation). Field relation-
ships and petrographic observations suggest that
the polymict breccias represent fallback above
the basal layer of granitic impact melt rocks

(Engelhardt et al., 1992; Hippertt and Lana,
1998; Lana and Hippertt, 1999).

Total degassing “°Ar/*Ar ages (Hammer-
schmidt and Engelhardt, 1995) for the impact
melt fragments from the polymict breccias
indicate that the impact event occurred between
245.5 £3.5 and 243.3 + 3.0 Ma. These age val-
ues (from well-defined plateaus) overlap within
26 error (Hammerschmidt and Engelhardt,
1995), and confirm earlier stratigraphic correla-
tions that the impact event took place during or
shortly after the deposition of Permian—Trias-
sic carbonates and siltstones along the northern
edge of the Paran4 Basin. Based on the “Ar/*Ar
ages and general interpretations of the stratigra-
phy, Engelhardt et al. (1992) suggested that the
impact event took place in a shallow sea. While
this seems significant for the evolution of the
crater, there is no authoritative investigation on
the pre-impact geological setting at Araguainha.
Detailed stratigraphic descriptions of the young-
est stratigraphic units are restricted to unpub-
lished work by the Brazilian Geological Survey
(Drago et al., 1983) and brief descriptions of
a borehole core obtained near Alto do Garcas
(Fig. 1B) (e.g., Engelhardt et al., 1992). Our
stratigraphic analysis focuses on the sediments
in and around the impact structure, including
the youngest target strata that not only define the
stratigraphic age and pre-impact environment,
but also serve as a key horizon for establishing
the present level of erosion at the crater.

STRATIGRAPHY

The target rocks at Araguainha comprise
Ordovician to Triassic lithologies of the north-
ern parts of the Parand Basin and underly-
ing crystalline basement (Figs. 1A-1C). Near
the impact site, we have identified four main
sequences, represented by the Parand, Tubario,
and Passa Dois Groups (Figs.2 and 3). The
Parand Group comprises an 800-m-thick sec-
tion of Devonian fluvial and marine sediments
of the Furnas and Ponta Grossa Formations
(Fig. 3). These marine and fluvial sediments are
fairly well exposed along roads linking Ponte
Branca, Dovelandia, Ribeiraozinho, and Torix-
oreu (Fig. 1B). Sediments of the basal Furnas
Formation are Early Devonian coarse-grained
arkose sandstone alternating with poorly sorted
conglomerate (Figs. 1 and 3). The conglomer-
ate occurs as 2-3-m-thick beds, with rounded
millimeter- to centimeter-sized quartz pebbles
in a quartz-feldspar—rich matrix. The overlying
sediments comprise a section of white coarse-
grained sandstone, passing upward into a rhyth-
mic alternation of 20—80-cm-thick fine-grained
sandstone beds and centimeter-thick layers
of siltstone and/or mudstone (Fig.3). The
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Figure 2. Simplified geological
map of the Araguainha impact
structure, showing the domi-
nant lithologies and structures.
Black dots represent strati-
graphic and/or structural sta-
tions. See Figure 1 for location.
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fine-grained sandstone beds are characterized
by plane-parallel and cross-bedding features.
Channel features showing irregular bases and
a fining-upward trend typify the sediments as
fluvial. Our stratigraphic correlations and bore-
hole core data indicate an average thickness of
250-300 m for the Furnas Formation.

The Middle to Late Devonian Ponta Grossa
Formation is 450-500 m thick and is exposed 3—
4 km to the northwest of the crater rim. The for-
mation is 465 m thick near Alto Garcas (Fig. 1B)
(e.g., Engelhardt et al., 1992). The Ponta Grossa
strata consist dominantly of iron-rich siltstone
and sandstone, which is altered locally due to
supergene processes. In areas to the northeast
of the structure (Fig. 1B), the strata are char-
acterized by a substantial variation in color,
including ochre, purple, and red, as a result of
differential alteration of individual beds. Some
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of the dominant sedimentary features such as
cross-bedding and local flaser stratification are
consistent with the shallow-marine environment
proposed for the sediments (e.g., Schneider et
al., 1974; Milani et al., 1994; Milani and Zalan,
1999). Lenses of red sandstone and conglomer-
ate suggest a substantial contribution from ter-
rigenous depositional systems toward the end of
the Ponta Grossa sedimentation.

The contact between the Ponta Grossa For-
mation and the overlying Tubardo sequence is
marked by an erosive surface caused by marine
regression in the early Carboniferous (Fig. 1A)
(e.g., Schneider et al., 1974; Milani and Zalan,
1999). Sedimentation of the Tubardo sequence
led to accumulation of an 800-m-thick section
(the Aquidauana Formation; Figs. 1A and 3) of
iron-rich continental conglomerate, sandstone,
and glacial sediments (diamictites) that are

exposed in escarpments and plateaus surround-
ing the structure (Figs.4A, 4B). The base of
the Aquidauana Formation comprises alternat-
ing meter-thick beds of massive red sandstone
and centimeter- to meter-thick lenses of poorly
sorted conglomerate (Fig. 4B). The sandstone
is poorly sorted and medium to coarse grained.
The conglomerate is matrix supported and con-
tains rounded pebbles of quartz, granite, schist,
and siltstone, and angular to rounded quartz
grains as the main constituent of the matrix.
Toward the top of the section, bedding in the
sandstone becomes progressively more distinct,
with meter-wide trough cross-bedding structures
(Fig. 4C). The sandstone beds alternate with gla-
cial red siltstone and diamictite. The red siltstone
is characterized by a rhythmic intercalation of
<1 cm red and white layers (Fig. 3). The diamic-
tites (late Carboniferous fluvio-glacial deposits;
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Figure 3. Detailed stratigraphic
column and summary of field
observations for the target rocks
in and around the Araguainha
impact structure. Thickness of the
strata is also indicated between
brackets.
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z @ | (iron-poor) toward the contact with the overlying formation.
o ——==—— o
3 3
<
1.0-2.0-m-thick, massive, iron-rich sandstone beds alternating with
0.1-1.0-m-thick matrix supported conglomerate layers.
% E | 0.1-0.5-m-thick, laminated, red and ochre siltstones, alternating with
o S 0.05-0.3-m-thick lenses/layers of banded iron formation. Plane-parallel
((_’5“ 0 and flaser structures are the main sedimentary features in the siltstones.
e B | Minor lenses of conglomerate and medium-grained, white sandstones
& < | are observed towards the top of the sequence.
€ | 0.1-2.0-m-thick sandstone layers alternating with 0.1-0.2-m-thick
o siltstone lenses/layers. Sandstones record dominantly plane-parallel
§ 8 and trough cross-bedding structures.
£ o
T & 0.5-1.0-m-thick basal conglomerate beds alternating with coarse-
grained arcose sandstone and pelite layers/lenses. Conglomerate
is matrix to clast-supported. Clasts are dominantly quartzitic.
N g Strongly deformed, foliated metapelites (only observed in the central uplift)
[aV)
\%

Milani et al., 1994) comprise 1-10 cm clasts of
sandstones and purple siltstones embedded in a
fine-grained, red groundmass.

The Passa Dois Group has been subdivided
into the Irati and Corumbatai Formations
(Fig. 1A) (Schneider et al., 1974; Milani et
al.,, 1994). The basal Irati Formation consists
of oolitic and sulfide-bearing carbonate, black
shale, ash-fall layers, siltstone, and chert. Type
sections of these sediments (e.g., Fig. 3D) can
be found along main gravel roads and in carbon-
ate quarries to the south of the structure and in
the crater rim area. The discordant and/or ero-
sive contact with the Aquidauana red sandstone
is exposed along the main roads between Santa
Rita do Araguaia and Araguainha (Fig. 1B). The
erosive contact is overlain by a 10-15-m-thick,
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laminated, red, purple, green, and gray siltstone
(Fig. 4D) that alternates with 1-20-cm-thick lay-
ers of chert and silicified (locally oolitic) carbon-
ate. The chert layers are massive and tabular, and
occur parallel to the siltstone bedding. Locally,
the chert layers have a brecciated appearance
with 1-5-cm-wide angular clasts of chert and
silicified siltstones. The thickest brecciated chert
layer occurs as a 2 m interval, 2-3 m above the
contact with the Aquidauana Formation. The
silicified carbonate layers are characterized
by 1-5 mm-wide oolites in a cryptocrystalline
quartz matrix. Some of these layers contain
abundant fragments of fossil bivalve shells.

The siltstone-chert section is overlain con-
formably by a 50-cm-thick layer of black
(bituminous) shale, which marks the base of

a 30-50-m-thick carbonate stratum. The latter
shows a rhythmic alternation of white carbon-
ate, black shale, and white oolitic chert layers
(Fig. 4E). The carbonate beds are character-
ized by abundant bone fragments of primitive
reptiles that characterize the section as part
of the Irati Formation (e.g., Schneider et al.,
1974; Milani et al., 1994). Nearly complete
skeletons of Mesosaurus (Fig. 4F) were found
in the carbonate quarry of Portelandia, ~60 km
from the crater rim (Fig. 1B). A 278.4 + 2 Ma
U-Pb zircon age from the ash-fall layers in the
southern parts of the Parand Basin suggests
that the deposition of the Irati strata occurred
in the Early Permian (Santos et al., 2006).

The upper Irati sediments (Figs. 1A and 3) are
in gradational contact with mudstone, siltstone,
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Figure 4. (A) Large escarpment exposing a 20 m section of the Aquidauana Formation. The sediments are
dominantly red cross-bedded sandstones and minor siltstones. The escarpment is ~10 km southwest of the
structure. (B) Detail of alternating horizontal sandstone and conglomerate beds in the Aquidauana Formation.
Qutcrop is 5 km southwest of the crater rim. The small displacements in the layers are related to normal fault-
ing around the crater rim. (C) Cross-bedding structure in the upper Aquidauana red sandstone. (D) Example
of the basal Irati Formation, with characteristic compositional layering defined by siltstones and chert layers.
The section is located along the main road from Araguainha to Alto Gracas, ~10 km from the southwestern
rim of the structure. (E) Partly altered Irati carbonate-black shale layering, just above the basal siltstone-chert
sequence in D. (F) Sample of a Mesosaurus (family Mesosauridae) spinal cord found in a carbonate quarry,
near Portelandia (~50 km southeast of the crater rim). Hammer is 40 cm long.
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and oolitic carbonate of the Corumbatai Forma-
tion, deposited under shallow-water conditions
(Fig. 1A) (e.g., Schneider et al., 1974). The
Corumbatai Formation is significantly less com-
plex than the Irati type sequence. It comprises
dominantly green to grayish siltstone, alternat-
ing with centimeter-wide lenses or layers of
carbonate and chert. Minor lenses of grayish
sandstone are observed toward the top of the
sequence. The sandstones are characterized by
graded bedding and ripple marks. Studies in the
central parts of the basin suggest that the Corum-
batai sequence is ~130 m thick (Schneider et al.,
1974), although it measures only 80—100 m near
the impact structure (Fig. 3).

On a regional scale, the Corumbataf strata are
overlain unconformably by a 300-m-thick Late
Triassic sequence of fluvial to eolian sandstone
and fluvial conglomerates (Piramboia Forma-
tion) (Schneider et al., 1974; Milani et al.,
1994). Near the impact structure, however, the
Triassic sediments are missing. The Corumbatai
strata have a discordant contact with Jurassic—
Cretaceous sediments of the Botucatu—Serra
Geral sequence that postdate the impact event.
The same contact relationship is observed else-
where in the northern part of the Parand Basin,
indicating that the Piramboia Formation was
eroded prior to the deposition of the overlying
sequence. The Botucatu—Serra Geral sequence
is represented by a >2-km-thick section of eolian
sandstones (Botucatu Formation) and basaltic
lavas (Serra Geral Formation) (e.g., Schneider
etal., 1974). Results of “’Ar/*Ar dating indicate
that the Serra Geral basaltic lavas were erupted
over 10 m.y. between 137 and 127 Ma (Turner
et al.,, 1994), and that the dominant magmatic
pulse took place between 131.4 + 0.4 and 129.2
+0.4 Ma (Renne et al., 1996). Several Creta-
ceous sills of basaltic composition (Fig. 1A)
intrude the sediments within the Passa Dois For-
mation. These sills are intrusive equivalents of
the Serra Geral volcanic rocks.

CRATER MORPHOLOGY

Differential erosion has affected the origi-
nal morphology of the Araguainha crater. As
depicted in our three-dimensional (3D) sur-
face model (Fig.5), the highest level of ero-
sion is manifested in the low and relatively
flat topographic areas in the southeastern half
of the structure, particularly to the southeast
of the Araguaia River (see GSA Data Reposi-
tory Figs. DR1a, DR1b!). The northwestern

!GSA Data Repository item 2007139, Fig-
ures DR1 and DR2, is available at http://www.geoso-
ciety.org/pubs/ft2007.htm or by request to editing@
geosociety.org.
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half is marked by a relatively steep topographic
relief, deeply carved by a concentric and radial
drainage pattern (Figs. SA and DR1a, DR1b).
Despite this differential erosional pattern, the
structure is characterized by a pervasive annular
morphological pattern with concentric moun-
tain peaks and ridges surrounding an annular
basin and a central peak. The dominant morpho-
logical feature is a 6—7-km-wide central peak
surrounded by a 5-km-wide annular basin and
two 1-km-wide concentric rings (Figs. 5A and
DR1a, DR1b). The ring features are defined by
concentric chains of hills and inselbergs, very
often truncated by radial faults.

The 6-7-km-diameter central peak is a near-
circular feature, defined by a 4-5-km-wide cen-
tral topographic low and a 1-2-km-wide con-
centric ring (Figs. 5A and DR1a, DR1b). The
low topographic area corresponds to the core
of the central uplift, which exposes crystalline
basement rocks underlying the Parand Basin
(described in the next section). The surround-
ing ring feature forms a collar of concentric and
radial ridges. It is open to the southeast due to
the main northwest-southeast drainage system
that developed in the central part of the cra-
ter (Figs. DR1a, DR1b). The radial ridges are
100 m above the average topographic relief of
the core and expose the fluvial sandstone of the
Furnas Formation.

The central peak is a morphological fea-
ture that is not equivalent to the central uplift
of the structure (Figs. 5B, 5C). As defined by
the stratigraphic and structural data (e.g., Lana
et al., 2006a), the central uplift comprises
the core of uplifted basement rocks and the
upturned Furnas and Ponta Grossa Formations
(Figs. 5B, 5C). This is supported by our north-
south cross section in the northern half of the
crater that shows the top and bottom contacts
of the Ponta Grossa Formation steeply dip-
ping outward. The present orientation of the
Ponta Grossa strata is consistent with substan-
tial uplift of the sediments in the outer parts of
the central uplift. In addition, the base of the
overlying Aquidauna Formation has to some
extent been uplifted. However, our combined
lithological and 3D topographic data show
that the Ponta Grossa Formation is 100-200 m
topographically lower than the Furnas, being
exposed in the annular basin of the structure
(Figs. 5B, 5C). The annular basin is a 5-km-
wide flat depression that envelops the collar of
the central peak (Figs. 5A-5C). For the most
part, the basin shows a concentric drainage
system that seems to follow the main orien-
tation of the target rock strata. In addition to
the Ponta Grossa sediments, the basin exposes
massive or brecciated red sandstones of the
Aquidauana Formation (Figs. 6A, 6B).

The ring features that surround the annular
basin have been largely affected by erosion, and
are difficult to characterize in plan-view Land-
sat or ASTER imagery. Our 3D modeling shows
two main ring features, which are best preserved
in the northern half of the structure (Fig. SA).
The first ring feature appears 10-12 km from
the center of the core (Fig. 6). This is the most
prominent ring, with an average elevation of
150-200 m above the annular basin. The second
ring appears 14-18 km from the center (Fig. 6).
The crater rim, 20-22 km from the center, is
characterized by a flat topography representa-
tive of much of the Parand Basin. The rim area
in the northern part of the crater is on average
50-100 m above the highest peak in the inner
ring. Variations in the topographic relief in the
crater rim area are due to erosion along radial
and concentric fault zones that juxtapose sedi-
ments of the Aquidauana Formation and Passa
Dois Group (Fig. 2).

FIELD RELATIONSHIPS
Central Peak

The core of the central peak exposes a
ca. 480 Ma (Hammerschmidt and Engelhardt,
1995) porphyritic granite, with 0.5-2-cm-long
euhedral K-feldspar megacrysts surrounded by
a coarse-grained matrix of plagioclase, biotite,
quartz, and accessory zircon, titanite, magne-
tite, hematite, and tourmaline. Local variations
of the mineralogical composition and texture of
the granite are commonplace (see Engelhardt
et al., 1992; Paulo-Rodrigues et al., 2006). At
several localities the dominant rock is a syenite,
containing dominantly plagioclase, biotite, and
nepheline. The granite and syenite contain a wide
assortment of xenoliths of arkose sandstone and
biotite-muscovite schist. A large (>5 m wide)
xenolith of biotite-muscovite schist, found in the
porphyritic granite (center of the core), has been
metamorphosed to cordierite-bearing hornfels.
The hornfels has been largely shattered and has
well-preserved centimeter-long shatter cones.
The impact melt rock and the polymict breccias
were deposited over the granite and/or syenite
crystalline rocks and the core-collar boundary.
(For further details on the impact rocks in the
central uplift, see Engelhardt et al., 1992.)

The exposed contact between the crystal-
line core and the supracrustal strata in the col-
lar is characterized by faulting, fracturing, and
brecciation. Good exposures of the contact are
found in deep gullies in the southwestern, east-
ern (e.g., Fig. 7A), and western sectors of the
dome. Sediments overlying the crystalline core
comprise a 5-20-m-thick sequence of variably
deformed, red or gray shales and siltstones.
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The Araguainha peak-ring structure, central Brazil

Figure 5. (A) Three-dimensional (3D) surface model (derived from ASTER stereoscopic bands; see text), showing the central peak, annular
basin, and concentric rings. The surface model is merged with a false color composite of Landsat thematic mapper bands 432 displayed in
RGB (red-green-blue). Note that the crater rim is defined by the distribution of the Passa Dois sediments. The geological information high-
lighted in this image (including the shading of the Passa Dois Group) based observations in the field. (B) Detail of the 3D surface model for
the northern parts of the crater. Note the morphology of the central peak (CP), annular basin (AB), concentric rings (CR), and crater rim
area (CRA). (C) North-south cross section from the central uplift to the crater rim, showing topography and lithological variation across
the structure (y axis in meters and x axis in kilometers). Note the variation in topography associated with the central peak (CP), annular
basin (AB), concentric rings (CR), and crater rim area (CRA).

-

—L— Bedding .
— Lithological contacts ~T__ < Anticline

——-= Outer ring — — - Inner ring

Figure 6. Lithological and structural map of the northwestern part of the Araguainha structure, showing the two main
annular rings and bedding orientations.
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Figure 7. (A) Overview of the contact between the crystalline rocks in the core of the central uplift and
the overlying supracrustal strata. View is from the northern part of the collar of the central peak toward
the south (dashed white line marks the collar-core contact). (B) Overview of the main east-west-trending
ridge in the southern part of the collar of the central peak. The ridge exposes variably deformed sediments
of the Furnas Formation (dashed black lines mark the bedding orientation). View is from the north toward
the south. (C, D) Detailed image of the Furnas Formation shown in the boxed areas in B. The views in C
and D are slightly oblique relative to that in B. Note that the bedding orientation changes from horizontal
to subvertical. (E) Example of a large-scale upright radial fold in the Furnas Formation (dashed black
lines mark the bedding orientation). (F, G) Outward- and inward-dipping strata of the upper Aquidauana
Formation in outer annular ring of the structure (dashed black lines mark the bedding orientation). Pho-
tos were taken from the northern part of the structure.
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They unconformably overlie the alkali granite
of the core and are stratigraphically below the
Early Devonian sediments of the Furnas Forma-
tion. The nature of the sediments is masked by
a pervasive foliation and multiple crosscutting
quartz veins that predate the impact event. As
a consequence, the sedimentological character-
istics are no longer clear, making it difficult to
place them into the stratigraphy of the Parand
Basin. Mineral assemblages of the shales and
siltstones are dominantly sericite and quartz and
minor opaques, sphene, and zircon.

The Early to Middle Devonian Furnas Forma-
tion (Fig. 1) is almost continuously exposed in
the collar. It is exceptionally thick to the north,
west, and southwest of the core-collar contact,
where 2 km of strata stand on end (Fig. 7A).
In the southeast sector, the Furnas Formation
has been substantially eroded and covered by
Quaternary deposits. Scattered Furnas outcrops
occur along drainages and ravines and extend as
much as 600 m from the core-collar contact. The
basal strata of the Furnas Formation are exposed
at several localities along tracks and road cuts
in the central peak and in the valleys surround-
ing the granite core. The sediments comprise
conglomerate and coarse-grained sandstone.
The overlying fine-grained sandstone is well
exposed on most of the hills and ridges adjacent
to the crystalline core (Fig. 7A).

Annular Basin and Concentric Rings

The Ponta Grossa sediments crop outin a 2—3-
km-wide concentric area representing an annu-
lar trough. Outcrops are relatively less abun-
dant than those of the Furnas Formation, being
mainly observed along the Araguaia River and
tributaries that dry out during the winter season.
The Ponta Grossa consists of an iron-rich silt-
stone intercalated with fine-grained sandstone
and thin lenses of conglomerate. Several lenses
of sandstone and conglomerate are observed
near the contact with the Furnas Formation.
The uppermost sediments, which are near the
contact with the Aquidauana Formation, com-
prise dominantly ochre and yellow siltstone. At
several places, the contact is marked by radial
vertical faults zones, separating large blocks of
sediments (Figs. 2 and 6).

The Aquidauana Formation is well exposed
in the northern sector of the annular basin, but is
partly hidden under Quaternary deposits border-
ing the Araguaia River in the south (Figs. DR
la, DR1b; see footnote 1). The sediments are
massive, with poorly developed bedding struc-
tures and layering. For most parts of the annular
basin, the layering is defined by 0.5-2.0-m-thick
massive sandstone alternating with 0.2-1.0-m-
thick conglomerate beds. Bedding becomes
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more prominent near the annular ring zone, and
is arrayed concentrically around the basin, dip-
ping shallowly to steeply inward (Fig. 6). The
sedimentary layers seem to describe small-scale
shallow to tight folds, but transposition by fault-
ing, intense fracturing, and brecciation on a cen-
timeter scale does not allow a complete analysis
of the fold geometries.

The hills and inselbergs in the ring area
expose the full sequence of alternating siltstone
and sandstone layers of the upper section of the
Aquidauana Formation (Fig. 6). The stratigra-
phy is defined by the intercalation of cross-bed-
ded sandstone and siltstone. The Late Carbon-
iferous diamictites are rare and only preserved
near the contact with the overlying Passa Dois
sediments. In most places the diamictite clasts
are fairly stretched and somewhat folded due to
impact-related strain partitioning between the
distinct sedimentary layers (e.g., Lana et al.,
2006a). Some of the fault zones bound outcrops
of intensely brecciated siltstones of the Passa
Dois Group. Remnants of the Passa Dois sedi-
ments also crop out in several small hills of the
ring area, ~10-15 km to the north, southwest,
and southeast of the central uplift (Fig. 2).

Crater Rim Area

Erosion has removed much of the original
morphology of the rim area at Araguainha.
Instead of an elevated and continuous rim, com-
monly observed in extraterrestrial craters, the
rim area at Araguainha is defined by a number
of kilometer-scale fault-bound blocks, which
are concentrically arranged around the annular
trough (Fig. 2). The blocks comprise sediments
of the upper section of the Aquidauana Forma-
tion and the Passa Dois Group. The sediments
are slightly tilted; most of the layering dips out-
ward (Fig. 2).

The stratigraphy of the fault-bound blocks
can be delimited along several fault-related
escarpments around the crater rim. The domi-
nant sediments are green to grayish siltstone
and sandstone of the Corumbatai Formation
that dip shallowly toward the crater rim. The
basal sediments of the Irati Formation (siltstone,
chert, and brecciated chert) are found along the
roads linking Alto Araguaia, Riberaozinho, and
Santa Rita do Araguaia, in the northern rim of
the crater. The overlying carbonate strata were
found at three localities in the northern, north-
eastern, and southwestern sectors. The carbon-
ates are exposed over a 10-20-m-thick section
with alternating carbonate beds and shale, some
of which contain large numbers of fossil bivalve
shells and bone fragments. These layers are
overlain by siltstones and fine-grained sand-
stones of the Corumbatai Formation.

The Corumbataf strata are the youngest sedi-
mentary rocks in the target rock sequence and
were likely to be at or near the surface at the time
of the impact event. The Corumbatai sediments
inside the crater rim area are gray to greenish
siltstones that alternate with gray lenses of fine-
grained sandstones. The sandstones commonly
show ripple marks and bioturbation features.
At two localities we also observed desicca-
tion features such as mud cracks, indicating a
very shallow depositional environment for the
Corumbatai sequence.

The contact between the Aquidauana Forma-
tion and sediments of the Passa Dois Group is
complex, very often defined by fault or breccia
zones. The breccia zones consist of 0.1-5.0-cm-
wide angular, poorly sorted clasts of the host
rock and a fine-grained clastic matrix. These
are surrounded by a number of 0.1-2-cm-wide
fractures, commonly filled with millimeter-wide
clastic material.

GEOMETRY OF THE CENTRAL
UPLIFT AND CONCENTRIC RINGS

Central Uplift

The central uplift of Araguainha is a 10-12-
km-wide structural feature that encompasses
the core of basement rocks and the Furnas and
Ponta Grossa Formations (Fig. 5C). The most
prominent features of the central uplift are the
several kilometer-long concentric ridges that
are separated by radial fault zones (Fig. 7A).
The ridge segments seem to define a polygonal
geometry for the central uplift (Fig. 6), similar
in many aspects to that of the Vredefort Dome
(South Africa) and Gosses Bluff (Australia)
(Antoine et al., 1990; Milton et al., 1996; Lana
et al., 2003a, 2006b; Wieland et al., 2005).

The collar rocks display an overall concen-
tric arrangement of bedding, with upturned to
slightly overturned dips in the northwestern sec-
tor and steep dips in the northern, eastern, and
southern sectors (Fig. 6). Locally, bedding ori-
entations are highly variable due to meter-scale
folds and imbrication of the strata. For example,
the east-west-trending ridge in the southern
sector of the central uplift exposes fine-grained
sandstones of the upper Furnas Formation that
have been folded on a meter scale (Figs. 7B—
7D). Locally, bedding orientation varies from
horizontal to vertical and seems to define large-
scale imbricated stacks of sandstones (Fig. 7B).
Large-scale open folds (Fig. 7E) with radially
striking axial planes are also observed. The ori-
entation of the folds indicates substantial east-
west compression of the strata during formation
of the central uplift. The same relationship is
observed in the northwestern sector, where the
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Furnas sediments are largely faulted and folded
along several radial fault zones. The radial fault
zones separate two main radial ridges, trend-
ing roughly north-northwest—south-southeast
(Fig. 6). The bedding orientation and the geom-
etry of the radial folds are consistent with the
inward movement and lateral constriction of the
target rocks in the uplift area.

The lateral constriction of the strata led to
substantial thickening of the Furnas stratigra-
phy in the collar of the central uplift. The pres-
ent thickness of the strata ranges from 600 m
in the southeastern sector to 2 km in the north-
ern sector. This is equivalent to 2—6 times the
pre-impact thickness of the Furnas Formation,
which is ~300 m thick in most parts of the
Parand Basin (Fig. 1A) and 250 m thick near
Alto Garcas (e.g., Engelhardt et al., 1992).

As with the Furnas Formation, the Ponta
Grossa sediments were substantially thickened
by the impact in the northern half of the central
uplift. Our measurements suggest a minimum of
800 m thickening of the entire sequence in the
southern half of the central uplift and a maxi-
mum of 2 km in the northern half. The orienta-
tion of the Ponta Grossa sediments is vertical to
steeply dipping outward or inward (Fig. 6). The
strata have been variably folded into upright and
recumbent folds, and faulted at outcrop scale.
Shear-sense indicators along fault planes have
not been observed. Fold axes have random orien-
tations, making it difficult to determine the main
direction of the compressional stresses. Some
asymmetric folds observed along the Araguaia
river section indicate a dominant component of
outward movement during collapse of the struc-
ture (e.g., Lana et al., 2006a). Complex symmet-
ric and asymmetric fold geometries have also
been observed in other central uplifts, such as
those of the Sierra Madera and Vredefort struc-
tures. In all these cases, the fold geometries have
been interpreted as the result of a combination
of tangential shortening during inward collapse
of the transient cavities and outward collapse of
the uplifted rocks in the center of the structure.

Concentric Rings

The ring features surrounding the annular
basin of the structure (Figs. 5 and 6) are rem-
nants of two concentric kilometer-scale struc-
tural features, which are crosscut by both radial
and concentric fault zones. The geometry of the
inner ring feature is complex. It is characterized
by relatively steep bedding orientations in the
northern parts of the basin, most of the strata
dipping 60°-90° inward or outward (Fig. 6). The
relatively symmetric orientation of the bedding
is consistent with an antiformal geometry for the
inner ring, with a subvertical axial plane. The
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hinge is likely to be horizontal or with double
shallow plunges. Local upright to recumbent
parasitic folds, with horizontal to shallowly dou-
bly plunging hinges, have been observed. The
hinges of the parasitic folds are parallel to the
main concentric arrangement of the ring axis.
The outer ring feature is marked by relatively
shallow bedding orientations that describe an
open anticline (Fig. 6). The strata are essentially
horizontal in the core, whereas in the limbs they
dip shallowly 10°-30° outward and 30°-50°
inward (e.g., Figs. 7F, 7G). The limbs are very
often displaced along subvertical to vertical,
concentric normal faults (Fig. 7F).

The bedding orientations in the rings are fairly
consistent with previous structural observations
along the river profile (discussed in Lana et al.,
2006a). The river profile exposes mainly the
basal sequence of the Aquidauana Formation.
Bedding is relatively steep over a radial distance
of 15 km from the central uplift, which encom-
passes the annular basin and the first inner con-
centric anticline (Lana et al., 2006a). The bed-
ding is relatively steep and is crosscut by several
meter-wide radial and concentric fault zones.
Along the outer 5 km of the river profiles, the
bedding orientation may change from horizon-
tal to gently dipping inward or outward.

POST-IMPACT EROSION

The present stratigraphic data set and field
relationships at the rim of the structure indicate
that the Corumbataf strata are the youngest sedi-
ments affected by the impact event. Although
there is no radiometric age for the Corumbatai
Formation, the bulk of the paleontological and
stratigraphic data available for the Parand Basin
is consistent with the Corumbatai sediments
being deposited between the Late Permian and
Early Triassic (Schneider et al., 1974; Sohn
and Rocha-Campos, 1990; Milani et al., 1994).
According to regional studies (Schneider et al.,
1974; Milani et al., 1994; Milani and Zalan,
1999), the Corumbatai sediments mark the final
stages of a transgressive-regressive depositional
cycle that was only reestablished during the Mid-
dle Triassic with the deposition of the Piramboia
Formation. Thus, the ca. 245 radiometric age for
the impact event and the sedimentological and
stratigraphic data for the Parand Basin indicate
that the impact took place during or shortly after
the deposition of the Corumbatai Formation and
that the ejecta was deposited within or above the
Corumbataf strata.

As shown on the regional map for the north-
ern parts of the Parand Basin (Fig. 1B), the
sediments of the Corumbatai Formation are in
direct contact with the Jurassic—Cretaceous sedi-
ments of the Botucatu Formation. This contact

is a regional feature observed throughout the
northern parts of the Parand Basin (Drago et al.,
1983). It attests to a well-defined hiatus during
which an entire section of the Triassic Piramboia
Formation (Fig. 1A) and part of the Corumbataf
Formation were removed by erosion between
the Early Triassic and Late Jurassic, before
deposition of the Botucatu Formation. Conse-
quently, the proximal ejecta deposits (deposited
within the Corumbatai Formation or between the
Corumbatai and Piramboia Formation) are no
longer present near the impact site. The fallback
deposits inside the crater and part of the crater
rim have likewise been removed by erosion.

Results of previous stratigraphic correla-
tions and borehole core information indicate
an almost regular thickness of 130-200 m for
the Corumbatai sediments in most parts of the
Parand Basin (Schneider et al., 1974; Drago et
al., 1983). In contrast, the present thickness of
the Corumbataf strata is 80—100 m in the type
section near Santa Rita or Alto Araguaia (Figs. 1
and 3). This implies that the Corumbatai sedi-
ments, which were at the surface shortly before
the impact event, have been eroded by 50—
130 m during the Early Triassic—Late Jurassic.
The same should apply to the fallback depos-
its, which are stratigraphically equivalent to the
Corumbatai sediments. We thus suggest that the
Early Triassic—Late Jurassic erosion removed
50-130 m of the original crater, prior to the
deposition of the Botucatu sequence. In addi-
tion, recent erosion has removed the Jurassic
basalts (Serra Geral Formation; Fig. 1A), the
Botucatu Formation, and the Passa Dois Group
in a radius of 10 km from the rim of the impact
structure (Fig. 1C; see also Fig. DR2). We esti-
mated the amount of recent erosion based on the
topographic difference between the erosion sur-
face created in the Early Triassic—Late Jurassic
(below the Botucatu Formation) and the present
level of erosion (Fig. DR2). This topographic
difference (200-220 m) represents the verti-
cal thickness of the fallback deposits that has
remained inside the crater since the first period
of erosion between the Early Triassic and Late
Jurassic. Given the total amount of the material
that has been removed by the Early Triassic—
Late Jurassic and recent erosion, we estimate
that level of erosion at Araguainha may range
between 250 and 350 m. This relatively shal-
low erosion level is consistent with the fact that
remnants of the impact-related fallback deposits
(e.g., Engelhardt et al., 1992) are still observed
in the central parts of the impact structure.

DISCUSSION

The earliest studies at the Araguainha impact
structure suggested that the impact event took
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place in a relatively shallow marine environ-
ment (Crésta et al., 1981; Theilen-Willige,
1981; Engelhardt et al., 1992) during deposition
of Permian—Triassic carbonates and siltstones
of the Passa Dois Group. Although this assumed
that the pre-impact setting would have played a
potential role on the morphology of the crater
rim, due to water resurge effects created during
the modification stage of the crater (Dypvik and
Jansa, 2003), the youngest target strata at Ara-
guainha (the Passa Dois Group) do not record
compelling evidence of deposition in a shallow
sea environment. For example, the presence of
mesossaurid fossils in the Irati sediments is an
important indication of a shallow lagoon-estua-
rine environment for the deposition of the Passa
Dois Group (e.g., Smith et al., 1993). The shal-
low estuarine environment for the impact event
is further supported by recent stable isotope geo-
chemistry of the Passa Dois Group, which has
suggested a confined lacustrine environment for
the deposition of the Irati Formation and overly-
ing sequences (Faure and Cole, 1999). Accord-
ing to Faure and Cole (1999), the stable isotopic
data (C, S, and O) and mineralogical composi-
tion of the Irati carbonates are consistent with
sedimentation under brackish to evaporitic con-
ditions. The presence of shell beds alternating
with fine-grained siltstone and sandstone in the
overlaying Corumbataf section indicates a clear
change from chemical precipitation (that pre-
vailed during the deposition of the Irati strata) to
terrigenous sedimentation with substantial input
of continental sediments. Sohn and Rocha-Cam-
pos (1990) identified a rich fauna of nonmarine

ostracodes in the top siltstones of the Corum-
batai Formation: according to them, the ostra-
code shells record morphological evidence of
nonmarine, probably freshwater environment.
The ostracodes and terrigenous sediments were
brought into the basin during significant fresh-
water input from rivers in the northern parts of
the basin (Sohn and Rocha-Campos, 1990). The
presence of desiccation features in the sediments
suggests frequent fluctuation of the water level,
typical of lagoon-estuarine settings.

Judging from the magnitude of energy
released during the impact event, which was
capable of excavating more than 2 km of tar-
get rocks in a vertical section (Engelhardt et
al., 1992; Lana et al., 2006a), we suggest that
the amount of surface water had no significant
effect on the cratering process and post-impact
morphology of the crater.

Excavation and Collapse of the Structure

The excellent state of preservation of the
target rocks and their exposure throughout the
Parand Basin makes Araguainha a key area for
detailed investigation of cratering processes.
Previous “’Ar/*Ar dating, detailed petrographic
studies, and structural analysis have provided
important data on the timing of impact, amount
of excavation, and peak pressure and tempera-
tures recorded in the Araguainha target rocks
(e.g., Engelhardt et al., 1992; Hammerschmidt
and Engelhardt, 1995). According to Engelhardt
et al. (1992), the impact melt rocks cooled from
temperatures above 2000 °C, whereas clasts in
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the polymict breccias underwent shock pres-
sures of >20 GPa. Engelhardt et al. (1992) also
noted that the fallback polymict breccias con-
tain partly shocked clasts of granite and horn-
fels, both of which were derived from the base-
ment rocks. This information is very important
because it indicates that the meteorite excavated
the entire ~2-km-thick column of sediment of
the Parand Basin and part of the basement rocks.
It also explains the presence of the impact-melt
rocks of granitic composition (Engelhardt et al.,
1992), which were produced at the peak pres-
sures and temperatures below the Parand strata.

Fundamental parameters for modeling the
evolution of the crater, such as depth and diam-
eter of the Araguainha transient cavity, remain
largely undefined. This is mainly because of the
complex strain patterns related to the collapse of
the transient cavity. Further complexities arise
from the outward collapse of the uplift, which
seems to be a response to excessive amounts
of vertical movement in the center of large cra-
ters (e.g., Lana et al., 2003a, 2003b, 2006b).
The proposed 20-25 km diameter for the Ara-
guainha transient cavity (Fig. 8) (e.g., Lana et
al., 2006a) is based on scaling equations by
Melosh (1989) and Melosh and Ivanov (1999).
Our observations indicate that the annular basin
is a topographic low that encompasses much of
the transient cavity (Figs. 8A, 8B). Although the
basin may not overlap with the zone of maxi-
mum depth in the center of the transient cavity
(Figs. 8A, 8B), it represents a zone of excessive
excavation, which was subsequently modified by
the upward movement of the Furnas and Ponta
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~ 7 7 target rocks and a schematic

Excavated .

representation of the tran-
sient and excavation cavities.
Tt b e e s e s He=01Dt=2-25KM + ¢ ¢+ + 4 4+t oa s The(?epthanddlamet'erofth'e
et s s s s i e s e s e s s e s s s s+ e+ 4+ 4+ +| transient and excavation cavi-
+ Displace*d***** e tiesarebasedonscalingequa-
Foa s T e e e e e e e e s e e e e e s+ o+ =mmmemExcavation cavity tions by Melosh (1989) (Rt =
PR T I 004032 Dt * C ' e Transient cavity radius of transient cavity; R =

INNER RING OUTER RING

I—II—|

radius of the final crater; He
excavation cavity depth; Ht
transient cavity depth; Dt
transient cavity diameter).
(B) North-south cross section
from the central uplift to the

5
| IBasement Complex
| 1Aquidauana Formation

IFurnas Formation

"15
I Ponta Grossa Formation
[ IPassa Dois Group

"0

crater rim, showing topogra-
phy and lithological variations
across the structure (y axis in
meters; x axis in kilometers).

Geological Society of America Bulletin, September/October 2007

1147



Grossa Formations during the central uplift for-
mation. The inner ring feature coincides with the
proposed diameter for the transient cavity. This
ring feature exposes material that was temporar-
ily uplifted during the expansion of the transient
cavity and flowed inward during the collapse of
the cavity walls. The present orientation of the
strata is, however, not exclusively related to the
slumping of the transient cavity walls (see fol-
lowing). The outer ring feature (2-5 km outside
the transient cavity) preserves much of the pre-
impact stratigraphy of the upper Aquidauana
Formation, and was probably not involved in
the excavation flow field.

The rim of the structure is characterized by
kilometer-scale fault-bounded blocks (e.g.,
Fig. 6) that may be equivalent to slumped ter-
races of extraterrestrial complex craters. Other
medium- to large-sized impact structures such
as Bosumtwi, Haughton, Mjglnir, and Montag-
nais (Reimold et al., 1998; Osinski and Spray,
2005; Tsikalas et al., 1998a, 1998b; Dypvik and
Jansa, 2003) are also characterized by a num-
ber of vertical and radial fault zones, separating
kilometer-scale blocks around the crater rim. In
all cases, the vertical displacements recorded
in the slumped blocks are remarkably small
(<200-500 m) relative to the large (1-2km)
upward movement in central uplift. This attests
to the fact that most of the target rock movement
during crater development was focused within
the transient cavity area, whereas the crater rims
are expressions of surface adjustments outside
the transient cavity.

Formation of the Central Peak, Annular
Basin, and Concentric Rings

All terrestrial planets display peak-ring
craters as significant landforms. Craters with
diameters above a certain size, ranging from
~30km on Venus (Alexopoulos and McKin-
non, 1994) to ~140 km on the moon (Pike
1983; Melosh, 1989) have peak-ring geom-
etries. Typical peak-ring craters are charac-
terized by a concentric area of rugged hills,
peaks, and massifs that stands above an other-
wise flat floor in the interior of the crater (e.g.,
Melosh, 1989; Alexopoulos and McKinnon,
1994). Other peak-ring craters display a nar-
row central peak, an annular trough, and sur-
rounding concentric hills (e.g., Melosh, 1989;
Alexopoulos and McKinnon, 1994). The exact
mechanism that controls the internal geometry
of peak-ring craters is not well understood, but
it is generally agreed that the annular basin and
concentric rings are the result of the interac-
tions between inward- and outward-directed
flow regimes generated during the final stages
of crater formation (e.g., Ivanov and Deutsch,

1148

Lana et al.

1999; Alexopoulos and McKinnon, 1994; Mor-
gan et al., 2000; Collins et al., 2002).

Araguainha preserves a central peak, annular
basin, and concentric annular rings, similar in
many aspects to lunar craters such as Compston
and Antoniadi. The diameter of the central peak
(6-7 km wide; ~20% of the crater diameter) is
in good agreement with estimates for central
peaks of lunar craters (Hale and Head, 1979;
Melosh, 1989). Although we define the central
peak as the morphological feature, its present
geometry is entirely controlled by structural
elements such as bedding orientations and
radial and concentric fault zones in the Furnas
Formation. Our stratigraphic correlations and
structural analysis clearly show that the Furnas
sediments underwent large-scale thickening
and upturning during the cratering process. We
estimate that Furnas strata were thickened by
a factor of 2-6 relative to the strata outside the
Araguainha structure. Based on the presence of
radial folds and bedding orientations, we sug-
gest that thickening was associated with lateral
constriction of the sediments during formation
of the central uplift. The presence of overturned
dips in the northern parts of the collar requires
that the Furnas Formation was rotated by more
than 90°. This amount of rotation seems to be
consistent with an outward collapse of the cen-
tral uplift, as also observed at other medium to
large impact craters (Vredefort—Lana et al.,
2003a, 2003b, 2006b; Wieland et al., 2005;
Haughton—Osinski and Spray, 2005). Support
for this interpretation is provided by results of
numerical modeling of large complex craters
that suggest that central uplifts become over-
heightened or unstable and collapse outward
(Melosh and Ivanov, 1999; Kenkmann et al.,
2000, Collins et al., 2002).

The annular basin between the central peak
and the concentric rings is a morphological
feature where the Ponta Grossa and Aquidaua-
nha Formations are exposed. We are not certain
whether the basin is an artifact of differential
erosion or an original feature of a peak-ring
structure. The structural data for the Ponta
Grossa Formation suggest that the sediments
were upturned and folded during the forma-
tion of the central uplift and that originally they
might have stood as high as the Furnas Forma-
tion. However, these sediments display out-
ward-verging asymmetric folds and horizontal
displacements, which are features consistent
with an outward movement of the target rocks
during or shortly after the collapse of the central
uplift. In addition, we observed that the Ponta
Grossa Formation has been thickened by a fac-
tor of 3—4 during the central uplift formation.
This amount of thickening might have affected
the stability of the outer parts of the central

uplift, making it easier to collapse and produce
the annular basin.

The ring features surrounding the annular
basin are structurally controlled morphological
features that remained from differential erosion
of the original crater (Figs. 5A, 5B). Despite
the differential erosion, the estimated diam-
eter of the first ring is exactly half of the cra-
ter diameter, and confirms earlier studies that
the peak-ring geometry is a constant fraction
of the crater diameter (D2 ek = 05D,_,.»
Wood and Head, 1976). The ridge segments of
the inner ring feature display steeply dipping
sediments that describe a concentric, possibly
upright, anticline (Fig. 6). The origin of this
structure requires a substantial amount of hori-
zontal compression that cannot be explained by
a dominant centripetal flow of the target rocks
toward the central uplift. This is particularly true
given that the inner ring is located 10-12 km
away from the area of maximum constriction
in the central part of the crater. Given the evi-
dence for inward movement of target rocks
from the crater rim and outward movement of
the collapsing central uplift, we suggest that the
horizontal compression in the ring area is the
result of complex interactions of opposite flows
of target rocks. Wieland et al. (2005) suggested
similar interpretations for the formation of the
ring syncline surrounding the Vredefort uplift
that exposes outward-verging folds related to
the cratering process.

Many well-characterized central-peak struc-
tures (e.g., Upheaval Dome, Gosses Bluff,
Sierra Madera) seem to record one dominant
inward flow that leads to substantial constriction
of the target rocks in the central uplift (Wilshire
et al., 1972; Milton et al., 1996; Scherler et al.,
2006; Goldin et al., 2006). Some medium-size
complex craters such as Haughton also have
substantial evidence of outward movement fol-
lowing the collapse of their central uplift (Osin-
ski and Spray, 2005). The outward movement at
Haughton was, however, not sufficiently large
to generate prominent ring structures (Osinski
and Spray, 2005). Araguainha records evidence
of opposite movement of target rocks that are
likely to be associated with the inward collapse
of the transient cavity walls and the outward col-
lapse of the central uplift. We conclude that the
central peak, annular basin, and concentric rings
are structural features that remained from differ-
ential erosion of the peak-ring crater.

CONCLUSIONS

Combined field-based observations and
remote sensing analysis indicate that the Ara-
guainha impact structure is a shallowly eroded
peak-ring impact crater. The structure preserves
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a pervasive concentric geometry, defined by
a central peak, annular basin, and concentric
rings. The present morphological pattern of the
structure reflects not only the structural char-
acteristics of the crater, but also the distribu-
tion of the well-stratified target lithologies that
become progressively older and more intensely
deformed toward the central uplift. The interior
of the structure is characterized by two distinct
morphological features: an annular basin with
largely brecciated massive sandstones and an
outer annular ring area with younger layered
siltstones and sandstones. The origin of these
features is directly linked to the excavation
and later collapse of the transient cavity of the
structure. Reconstructions of the pre-impact
stratigraphy and transient cavity dimensions
suggest that excavation was extensive in the
annular basin, but minimal to nonexistent
beyond the inner ring feature. The annular
basin was probably part of the initial excava-
tion crater, which was later modified by the
rebound of the highly compressed rocks at the
bottom of the transient cavity. The inner ring
feature exposes material that was temporarily
uplifted during the expansion of the transient
cavity and flowed inward during the collapse
of the cavity walls. The origin of this feature is
directly linked to compressional stresses cre-
ated during semicontemporaneous collapse of
the central uplift and transient cavity walls.

The structure underwent two periods of ero-
sion. The first period occurred in the Late Trias-
sic—Early Jurassic, during which 50-130 m of the
original crater was removed. The second period
relates to the recent removal of 200-220 m of
target rocks and overlying impact-related mate-
rial. Our estimates suggest a relatively shallow
level of erosion (250-350 m), which explains
the presence of impact breccia remnants and the
good state of preservation of the stratigraphy and
crater morphology. The proximal ejecta was also
removed by erosion, shortly after the formation
of the crater: no evidence of ejecta or fallout
exists outside the structure. Analysis of the target
rock stratigraphy indicates that the impact took
place in an extremely shallow lacustrine envi-
ronment, which was probably sustained by fresh
water from rivers in the northern parts of the
Parand Basin. The relatively shallow waters had
no significant effect on the cratering process.
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Abstract- The Araguainha impact structure in central Brazil is a rare example of a
shallowly eroded crater that presents unique insights into the final stages of peak-ring
crater formation. The bulk of the strain related to the formation of Araguainha was
partitioned into several structural features that formed during the collapse of its transient
cavity. Non-coaxial strain related to the collapse of the cavity walls resulted in inward
verging-inclined folds in the uppermost sediments at the crater rim, and a km-scale outer
anticline at 14-18 km from the centre of the crater. The folding stage was followed by
radial and concentric faulting and downward displacement of km-scale blocks that are
concentrically arranged around the crater rim area. The central uplift records evidence for
large-scale upward movement of crystalline basement rocks from the transient cavity
floor and km-scale lateral moment of sedimentary target rocks from the cavity walls.
Much of the bedding orientation in the collar strata of the central uplift relates to
structural staking of km-scale plates of sedimentary target strata onto the core of
crystalline basement rocks. Outward-plunging radial folds indicate tangential oblate
shortening of the strata during the plate imbrication. Each individual plate records an
early stage of folding and thickening due to non-coaxial strains, shortly before plate
imbrication. We attribute this folding and thickening phase to the large-scale inward
movement from the transient cavity walls to the central uplift. The outer parts of the
central uplift record additional outward moment of the target rocks, possibly related to
the collapse of the central uplift. An inner ring structure at 10-12 km from the crater
centre marks the extent of the deformation related to the outward movement of the
target rocks. Although erosion has removed some of the original morphology of
Araguainha, evidence of stratigraphic uplift in the inner ring structure suggests that a

peak-ring feature existed above the present level of erosion.
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INTRODUCTION

Complex impact craters are prominent surface features on different bodies
throughout the solar system (e.g., Pike 1974, 1977; Wood and Head 1976; Melosh 1989).
The most intriguing complex craters invariably show peak-ring morphologies, with a
concentric peak-ring surrounding a central annular basin or a central peak (e.g., Pike
1974, 1977; Wood and Head 1976; Melosh 1989; Alexopoulos and McKinnon 1993,
1994). Early studies by Pike (1974, 1977) and Wood and Head (1976) suggested that the
morphological and morphometrical variations between impact craters vary as a function
of the diameter of the crater rim, which in turn is translated into energy of impact and
gravitational acceleration (e.g., Melosh 1989). Morphometric studies of peak-ring craters
on the Moon, Venus and Mercury observed that crater-rim to peak-ring diameter ratios
vary inversely with crater size (Alexopoulos and McKinnon 1993; 1994; Nycz and
Hildebrand 2003). This inverse relationship has been indicated to Alexopoulos and
McKinnon (1993) that peak-ring features results from collapse of gravitationally unstable
central uplifts in large complex craters. The formation and preservation of peak rings in
terrestrial impact structures remain however a matter of ongoing studies. Several
compilations of field-based mapping, remote sensing and geophysical analysis have
demonstrated unequivocally that terrestrial peak-ring craters of similar sizes may have
distinct internal structure and morphology (Grieve et al. 1981; Grieve and Terriault 2000,
2004; Dypvik and Jansa 2003). The internal variation between terrestrial craters seems to
be a result of the variable response of different target rocks (under distinct strain regimes
and geothermal gradients) to the extreme pressure and temperatures released upon
impact (Ivanov and Deutsch 1999; Lana et al. 2003a, b; Spray et al. 2004; Dence 2004;
Collins et al. 2004; Gibson and Reimold 2005).

A complete understanding of peak-ring crater development is hampered by the

fact that the terrestrial crater record has been substantially obliterated by erosion,

Meteoritics & Planetary Science



Running Head

tectonism and/or post-impact sedimentation (e.g., Gtieve et al. 1987; Grieve and
Terriault 2004; Spray et al. 2004; Vermeesch and Morgan 2004; Spray et al. 2004; Riller
2005). Notable examples of well exposed impact structures are those carved in the
crystalline basement of the Canadian Shield (e.g., Spray et al. 2004; Dence 2004; Riller
2005); but their evolution is difficult to constrain because of the complex nature and pre-
impact history of the target rocks. Peak-ring craters formed in sedimentary basins, with
relatively undeformed well-stratified target rocks, are commonly covered by post-impact
sediments (Jansa et al. 1989; Tsikalas et al. 1998a, b; Morgan et al. 2000; Dypvik and
Jansa 2003; Vermeesch and Morgan 2004). Their overall geometry and internal structure
have been revealed by interpretations of geophysical data and borehole core information.

In an effort to shed some light onto the internal structure of peak-ring craters we
call attention to an underappreciated and pootly studied peak-ring impact structure in
central Brazil (Romano et al. 2006; Lana et al.,, 2007a). The 40-km-wide Araguainha
impact structure is a rare example of a shallowly eroded impact structure that provides
unparalleled opportunity to study the kinematics of peak-ring crater formation (Fig. 1).
Remote sensing analysis and stratigraphic correlations indicate that Araguainha preserves
a fully exposed central peak, an annular basin and concentric ring features (Fig. 2a)
(Romano et al. 2006; Lana et al. 2007a). Lana et al. (2007a) used structural, stratigraphic
and remote sensing data to demonstrate that Araguainha is a shallowly eroded peak-ring
crater and that its present morphology is largely controlled by the concentric
arrangement of the structures and distinct sedimentary units. According to these authors,
the rings themselves are km-scale structural features that formed during the collapse of
the transient cavity. The inner ring in particular seems to be directly related to the bulk
strain created during the outward collapse of the central uplift and inward slumping of
the transient cavity walls (Lana et al. 2007a). Less obvious is, however, the correlation

between these ring structures and the original peak-ring that exited above the present
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level of erosion. In addition, the extent of the outward movement of the central uplift
and the origin of the outer ring feature remain largely unconstrained. Here we extend the
structural dataset at Araguainha to provide a detailed structural analysis of a 40 km-wide
peak-ring structure (Fig. 1). Thematic Mapper (TM) (Fig. 2a) and Advance Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) dataset is combined with field
observations for a detailed investigation of the geometry and internal structure of the
central uplift, concentric rings and crater rim. The objective is to provide a
comprehensive understanding of the kinematics central uplift formation and crater rim
collapse and to investigate the nature of strain that led to formation of the inner and

outer ring features.

GEOLOGY OF ARAGUAINHA

The Araguainha impact event, in central Brazil, was probably one of the most
violent catastrophic episodes in the history of the Parana Basin (Lana et al. 2007a). “’Ar/
PAr ages of 245.5 + 3.5 and 243.3 * 3.0 Ma (Hammerschmidt and Engelhardt 1995) for
impact melt samples form the central part of the structure and stratigraphic correlations
led earlier studies to suggest that the impact took place in a shallow sea around the
Permian-Triassic transition (Engelhardt et al. 1992). More recent stratigraphic
investigations and published paleontological studies indicate that the impact event took
place in a lagoon-estuarine environment, which in all likelihood was too shallow to affect
the formation of the impact crater (Lana et al. 2007a). The impact was sufficiently strong
to excavate a 2-2.5 km vertical section through the undeformed sediments of the Parana
basin and part of the underlying Precambrian to Ordovician crystalline basement rocks
(Fig. 2b). The excavation of the Parana sediments extended over a radius of several
kilometres and resulted in a 20-25 km-wide cavity with a minimum depth of 2-2.5 km

(Lana et al. 20006). Further inward compression during the dissipation of the shock wave
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might have pushed the crystalline basement rocks at the floor of the cavity to depths
larger than 4 kilometres (Lana et al, 2007a). The rebound of the highly compressed rocks
led to exhumation of Ordovician to Carboniferous sediments and a 5 km-wide crystalline
basement core in the centre of the structure (Fig. 1, 2c¢).

The sedimentary rocks exposed inside the structure belong to the Passa Dois,
Tubarao and Parana Groups (Fig. 2b). The Passa Dois Group comprises a 20-40 m-thick
section of Permian siltstone, chert and carbonate (Irati Formation) and an 80-100 m-
thick section of Permian-Triassic siltstone and subsidiary sandstone and chert
(Corumbatai Formation). The Tubarao Group (Aquidauana Formation) is represented by
a 700-800 m-thick Carboniferous section of massive sandstone and conglomerate
overlain by stratified siltstone and sandstone. The Parana Group encompasses an 800 m-
thick Devonian section of fluvial white sandstone and conglomerate (Furnas Formation)
and marine siltstone and minor sandstone (Ponta Grossa Formation) (Fig. 2b). The
crystalline basement comprises dominantly a 480 Ma old (Hammerschmidt and
Engelhardt 1995) porphyritic granite that contains subsidiary xenoliths of sandstones and
siltstones.

Detailed stratigraphic analysis has demonstrated that the structure was exposed
on surface twice since the impact event but, because of relatively low rates of erosion, the
target rocks (now exposed at the surface) have been exhumed from very shallow depths
(250-350 m) since the impact event (Lana et al. 2007a). Whilst erosion was sufficient to
remove most of the impact-related deposits (impact breccias and impact melt layer), the
floor of the structure remained relatively well preserved, with the typical concentric
geometry of a peak-ring crater (Romano et al. 2006; Lana et al. 2007a). The most
noticeable morphological features shown by 15-metre resolution ASTER digital elevation
models include a 6-7 km-wide central peak, surrounded by a 5-km-wide annular basin

and two main concentric ring features at 10-12 km and 14-18 km from the centre of the
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structure (Fig. 2a) (Lana et al. 2007a). The diameter of the central peak (6-7 km-wide;
20% of the crater diameter) is in good agreement with estimates for central peaks of
lunar craters, whereas the diameter of the inner ring is exactly half of the crater rim
diameter (Lana et al. 2007a). These morphometrical parameters strongly suggest that
Araguainha is an eroded remnant of a peak-ring crater (Lana et al. 2007a). It also
confirms earlier studies that the peak-ring geometry is a constant fraction of the crater

diameter (D, =05D

entral peak —

cates Wood and Head 19706).
CRATER RIM AREA

The crater rim area at Araguainha is characterized by km-scale blocks of variably
deformed Passa Dois and underlying Aquidauana sediments (Figs. 1a, b). The geometry
of several of the blocks is clearly visible in ASTER and Landsat imagery data (Figs. 2a
and 3a, b), because the Passa Dois is characterised by a coarser texture and more uniform
tonal variation relative to the Aquidauana Formation. The present structural dataset for
the crater rim indicates that the overall bedding orientation in the Passa Dois is
subhorizontal, shallowly dipping outwards from the crater rim (Fig. 1a). The bedding
orientation in the largest blocks of the Passa Dois sediments (in the southwest, northwest
and southeast) may vary locally due to gentle folding of the strata on a hundred-metre
scale (Fig. 3c). The folded strata invariably dip inwards and outwards, describing large-
scale open (gentle) folds with subhorizontal hinges. The orientation of the hinges is often
radial or tangential to the main concentric geometry of the crater rim (Fig. 3c). The same
applies to bedding in the Aquidauana sediments, which is slightly buckled, dipping
shallowly (5°-10°) inwards and outwards (e.g., Lana et al. 2006). The geometry of the
folds is consistent with large-scale buckling of the Passa Dois and Aquidauana sediments,

during downfaulting of the individual fault-bounded blocks.
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The large-scale folding of the target sediments was accompanied by localized
development of outcrop-scale folds in the Passa Dois Group. The small-scale folds have
been identified in the southern and western parts of the crater, where the Passa Dois
bedding is folded into open to tight inclined folds with shallowly plunging hinges
(Fig.3d). The fault hinges range from oblique to tangential relative to the concentric
arrangement of the crater rim. Small-scale intrafolial folds are also present (Fig. 3e). The
geometry of these folds is consistent with a strong component of non-coaxial
deformation, associated with the inward movement of the Passa Dois sediments towards
the centre of the crater (see also, Lana et al. 2000). Local variation of bedding and fold
hinges is observed near the radial faults, whereby bedding orientation changes from
concentric (dipping shallowly inwards and outwards) to radial (parallel to the fault
planes). In this case, refolding of the pre-existing structures occurred contemporaneously

with the radial and vertical faults.

Concentric and radial faults

Fault zones are very prominent structural features along the crater rim (Figs. 1a
and 2a). They vary from a few centimetres to several metres in width, and are often
associated with conjugate sets of fractures that are oriented orthogonally to the main
fault plane. In most cases, the master plane (or planes) in the fault zones are defined by a
curved or planar, cm-wide zone. The fault surfaces are however seldom exposed and
cannot always be traced at the outcrop scale. Analysis of the orientation and distribution
of these fault zones has only been possible with combined structural and remote sensing
analysis (Fig. 2a, 3a, b).

Our remote sensing analysis has enabled a clear definition of the trace of the
faults in all sectors of the Araguainha structure (e.g., Figs. 2a, b). The analysis was applied

to the fault planes located in steep and straight gullies that cut across the Aquidauana and
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Passa Dois sediments. The dominant set of faults comprises concentric normal brittle
zones that juxtapose the Passa Dois with the Aquidauana sediments (Fig. 1 and 2a, b).
The outermost concentric fault zones define the crater rim of the structure. They have
been observed near steep escarpments of the Aquidauana sandstones (bordering the rim)
that locally stand 10 to 30 m above the crater floor (Fig. 4a). The measured concentric
fault zones are vertical to steeply dipping towards the centre of the structure. The vertical
displacements along the measured concentric fault zones range from 200 to 300 metres.
In the southwestern sector, where sediments are well exposed along road cuts, the
vertical displacement between the Irati sediments (Passa Dois Group) has been measured
at ~250 m.

A second dominant set of fault zones is radial to oblique to the main
circumference of the crater rim. The oblique trending faults are the most easily depicted
(Fig. 4c). They form conjugate pairs that separate triangular- or diamond-shaped wedges
Aquidauana sandstones (Fig. 4b, c¢). Some of the largest faults extend from the crater rim
to the annular trough and displaced several large-scale structures such as the concentric
ring features (e.g., Fig. 2a, 5a; described below). In this case, the concentric ring features
have been separated into several km-scale segments that have been displaced inwards or
outwards (Figs. 2a, 5a). The largest displacements are observed in the northern and
northwestern sectors where the outer ring feature and segments of the crater rim have
been displaced by 1-2 km. The main fault plane has, however, not been found in the
field. Small radial faults also disturb the internal geometry of the ring features. In most
cases, movement along the fault planes has rotated the bedding planes in the concentric
ring area (described below).

Several of the oblique faults extend to 5-10 km outside the crater rim, where
relatively undeformed sediments of the Passa Dois Group (exposed to the west, south

and southwest of the crater rim) have been juxtaposed with the Aquidauana sediments.
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In the southwestern sector, a NE trending reverse fault has a measured vertical throw of
4 metres and juxtaposes the Passa Dois sediments with the Aquidauana sandstones (Figs.
4d, e). The main reverse fault plane is associated with small normal faults (Fig. 4e),
consistent with block oscillation during the crater formation. The arrangement of the
blocks at the crater rim suggests that these faults also accommodated several kilometres
of lateral movement. This is supported by rare slickensides and plunging grooves in the
fault planes that indicate oblique movement between the various blocks of the
Aquidauana Group.

The traces of the major lineaments observed on the Landsat TM and ASTER
images from the northern and northwestern sectors (Fig. 3a, b) are consistent with the
concentric faults being intersected by radial or oblique faults. This is supported by the
geometry of the blocks of the Passa Dois sediments, which suggests that the radial faults
were formed contemporaneously or later than the concentric faults. It is also clear from
the major radial faults inside the crater that some of the radial faulting occurred later than
the concentric folding of the strata (Fig. 5a). It is important to note, however, that several
oblique sets of small faults do not transgress the radial faults at the contact between the
Passa Dois and Aquidauana sediments (Fig. 3a, b; 4b). This evident in the southwestern
sector where a number of NE-trending faults are truncated by the Aquidauana/Passa
Dois contact (Fig. 4b). There is thus no field evidence that the faulting events were
separated in time, even though the distinct geometries of the faults suggest that there

were different events of faulting.

Local-scale brecciation
Brecciation of the target rocks inside the crater rim area is expressed in the form
of mm-wide veins to cm-wide dykes of cataclastic breccia. The dykes are characterised by

pootly-sorted angular to rounded clasts, surrounded by a fine-grained to cryptocrystalline
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groundmass (Figs. 4f, g). The clasts comprise either rock or mineral fragments of the
host rock, ranging in size from a few mm to several cm. The mm-scale breccia veins are
often observed near the dykes and occur in close association with a network of mm-scale
fractures. The veins consist dominantly of mineral fragments in a cryptocrystalline black
matrix (Fig. 4g). The mineral fragments (e.g., quartz and feldspar) have been strongly
fractured during brecciation. Quartz fragments often show evidence of intracrystalline
deformation such as undulose extinction and subgrain boundaries.

The breccia dykes vary in attitude from horizontal to vertical and have no
preferred orientation with respect to the impact-related faults. Even though they occur
inside the crater rim (very often near the contact between Aquidauana and Passa Dois
sediments) their temporal relationship with the radial or concentric faulting has not been
observed. In contrast, both dykes and veins cross cut dominantly local-scale folds in the
Passa Dois and Aquidauana Groups. Many of the mm-wide veins and fracture networks
are subparallel to the folded bedding planes and displace the bedding on a millimetre
scale. Opposite sense of displacements are invariably observed in the same outcrop, as if

the strata oscillated to develop the mm-wide crush zones.

CONCENTRIC RING FEATURES

Previous structural and remote sensing observations suggested that the annular
ring area comprises two main ring features at 10-12 km and 14-18 km from the centre of
the structure (Lana et al. 2007a). The rings are expressed in the form of ridges or aligned
hills that surround the annular basin (Fig. 2a). Bedding orientation collected throughout
the northern sector (Fig. 5a) and along 6 main profiles (a-a’ to f-f; Fig. 1) indicate a
concentric geometry for both ring features, with bedding dipping shallowly to steeply
inward and outward (Fig. 5b). The outer ring has been segmented by several of the radial

faults (Fig. 1a and 2a). The segments (as well as the blocks of the Passa Dois group in the
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Meteoritics & Planetary Science



Running Head

crater rim area) have been laterally displaced by 500 m to 2 km apart. The inner ring has
also been affected by radial (and some oblique) faults but we have not been able to
identify large-scale lateral displacements. It is possible that lateral displacements decrease
in magnitude towards the centre of the crater; a feature consistent with the severe space
problems expected to occur in the central parts of complex impact structures (e.g., Lana
et al. 2003a, b; Osinki and Spray 2005; Wieland et al. 2005).

The geometry of the outer ring has been well constrained in the northern and
northwestern sectors (Figs. 5a, b), where outcrops expose layered siltstones of the upper
Aquidauana Formation. Our present structural dataset for this sector indicates an inward
verging geometry for the outer ring, with a relatively shallow outer limb (dipping at 10°-
20° outward) and a steep inner limb (dipping at 40°-60° inward). The core of the anticline
is characterised by shallowly folded bedding orientations, indicating a horizontal to
shallowly plunging hinge. The geometry of the inner ring feature is complex. In the
northern part of the inner ring, the Aquidauana bedding dips steeply (50° -80°) inwards
and outwards, suggesting an upright antiformal geometry for the inner ring feature (Fig.
5a, b). For the rest of the inner ring, however, the sandstones are largely faulted, and are
generally poorly exposed. The variation of bedding orientations may be related to
rotation of metre- to hundreds of metre-scale blocks, consistent with seismic profiles
across impact structures of similar size (Jansa et al. 1989; Tisicalas et al. 1998a, b). Our
structural measurements indicate an antiformal geometry for inner ring, possibly an
upright tight anticline. Several upright to inclined parasitic folds, with horizontal to
shallowly double plunging hinges, have been observed. The folds range from metre to
tens of metre wide, but are only partially preserved or poorly exposed (e.g., Lana et al.
2006). The hinges are parallel to the main concentric arrangement of the anticline axis.

The main structure separating the two ring features cannot be characterised at

present because of difficult access to the main outcrops in the northern and western
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sectors and lack of exposure in the southern half of the crater. Bedding orientations
between the anticlines suggest a relatively tight syncline; however, the sediments have
been affected by parasitic folding, local-scale faulting and brecciation. This is particularly
evident near the contact between the Aquidauana sandstones and remnants of the Passa
Dois Group, which occur at 10-15 km from the central uplift. The Passa Dois Group
was juxtaposed with the Aquidauana sandstones along radial and concentric faults. The
presence of densely-spaced fracture-network and breccias veins and dykes in the Passa

Dois sediments, suggests that faulting was associated with local-scale brecciation.

CRATER CENTRE

The central part of the Araguainha structure is characterised by two distinct
morphological features that have been described by Lana et al. (2007) as a 6-7 km-wide
central peak and a 5 km-wide annular basin (Fig. 2a). The central peak is a major
structural high which consists of a 4-5 km-wide core of porphyritic granite and a 1-2 km-
wide collar of upright, slightly overturned sediments of the Furnas Formation (Figs. 1,
6a). The surrounding annular basin is a flat circular depression between the concentric
rings and the central peak. The basin exposes sediments of the uplifted Ponta Grossa
Formation and largely fractured sandstones of the Aquidauana Formation. Lana et al.
(2007a) noted, however, that the central peak, as a morphological feature, does not
correspond to the central uplift of the structure. The minimum extent of uplifted rocks
in the central part of the structure is indicated by the Ponta Grossa — Aquidauana
contact, located at 10-12 km from the centre of the crater (Figs. 1a, 2a). According to
borehole core and stratigraphic information the Ponta Grossa-Aquidauana contact was
>900 m below the surface prior to the impact event. The maximum extent of the central
uplift cannot be constrained, because the basal sandstones of the Aquidauana Formation

do not contain well defined stratigraphic markers. Nevertheless, it is clear from the
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stratigraphic data (Fig. 2a) that the basal sediments of the Aquidauana in the annular
basin and inner ring have also been exhumed during the crater formation by several
hundreds of metres. This implies that the central uplift is significantly larger than
previously proposed (e.g., 10 km; Lana et al. 2000), encompassing much of the annular

basin and inner ring feature.

The central peak

The central peak at Araguainha is characterised by an off-centred polygonal
geometry, being slightly elongated along a WNW-ESE axis (Fig. 6a). As clearly shown in
the geological map or in our LandSat image (Figs. 1, 6a), this asymmetry relates directly
to the arrangement of the collar strata around a rather symmetrical granite core. The
inner part of the collar is characterised by a chaotic juxtaposition of metre- to hundreds
of metre-scale blocks (megablocks) of basal sediments of the Furnas Formation. The
blocks were rotated at various degrees, making it difficult to constrain the arrangement of
the sediments around the collar-core contact. Well-exposed sections across the collar-
core contact indicate that the basal sequence of the Furnas Formation has been
duplicated along steep to shallowly dipping reverse fault zones. In a SW-NE section (Fig.
6b), we observed that metre-scale slices of fine-grained sandstones of upper Furnas
Formation were juxtaposed with the basal conglomerate along a NE-dipping reverse
fault. The orientation of the fault zones is consistent with inward movement of the
sediments during the central uplift formation. A detailed kinematic analysis of the block
movement cannot be constrained because much of the core-collar contact is covered by
impact breccias.

Beyond the 500 m-wide “megablock” zone, the sediments show more consistent
(albeit complex) bedding orientations as a result of a more cohesive deformation. This is

particularly true for the upper part of the Furnas Formation, which is rather well exposed
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on several 2-6 km long ridges around the core of the central uplift (Fig.6a). Two ridges
in the northern, northeastern and northwestern sectors of the collar show prominent
sigmoidal (Z-shape) geometries. The longest ridge (6 km long) spans from the northern
to the northeastern sectors of the central peak, but has been segmented by a number of
radial to oblique fault zones. The overall orientation of the bedding is roughly parallel to
the NW-SE trend of this ridge (Fig. 7a). The strata are steeply dipping NE or are slightly
overturned (dipping 40-70 SW) in some segments of the ridge. The bedding has been
folded into hundred-metre scale, NW-plunging open folds (Fig. 7b). These folds are
similar in many aspects to radial gentle folds observed in the collar of the Vredefort
dome (e.g., Wieland et al.,, 2005), and might be directly associated with buckling and
thickening of the Furnas Formation. In addition to buckling, several outcrop-scale folds
ranging from vertically plunging to shallowly NW plunging isoclinal (Figs. 7c, d) indicate
that slip movement between the strata contributed to further thickening of the strata.
The ridge in the northwestern sector is 2 km long and exposes dominantly upright to
steeply outward dipping Furnas sandstones (Fig. 6a). The sandstone bedding was rotated
from an east-west trend (tangential to the core-collar contact) to a NNE trend near the
contact with the Ponta Grossa Formation. Much of the local scale variation of the
bedding relates to fault-related block rotation between the segments. No visible outcrop-
scale folds or extreme variation of bedding have been observed. This indicates a slightly
less complex deformation pattern in the northwestern sector relative to that of the
northern and northeastern sectors.

The arrangement of the strata in the southwestern sector follows a similar
sigmoidal pattern to that described above. Although there is no prominent ridge with
excellent outcrop exposure in this sector, the sigmoidal pattern can be traced along a
large number of scattered outcrops that extend from the south to the west, bordering the

core-collar contact (Fig. 6a). The strike of the strata changes from a NW-SE trend
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(parallel to the core-collar contact) to a WNW-ESE trend, when following from the
south to the west. Small-scale variation of bedding orientations could not be identified,
due to the paucity of outcrops in this sector. Nevertheless, there is substantial evidence
of strata overturning (Fig. 5a), either due to localised block rotations or folding.
Abundant outcrops are found along an east-west trending ridge in the southern sector,
which exposes the upper section of the Furnas Formation (Fig. 8a). The Furnas
sediments show steep orientations, with most of the strata dipping south, southeast or
southwest (Fig. 8a, b). In the southern face of the ridge the sediments dip 60-80 SW or
SE. The slight variation in the overall bedding orientations (from south to southeast or
southwest) relates to two main oblique faults that seem to represent conjugate sets of
strike slip faults (Fig. 8a). Large-scale variation of the bedding orientations has also been
observed, with the sediments being rotated from subhorizontal to vertical (Fig. 8c), due
to large-scale folding of the strata. Local-scale variation also occurs due to outcrop-scale
folding. The Furnas sediments have been largely folded into open to tight upright folds.
Most of the folds are shallowly to steeply plunging south. In addition, we have observed
WE-verging imbrication features, which together with the fold geometry and the
conjugate nature of the faults, suggest a strong E-W compression vector, consistent with
the tangential shortening of the strata during the central uplift formation.

The bulk of the structural data indicate that the ridges evolved as individual plates
that were subsequently welded together during the central uplift formation. Evidence for
repletion of the strata and steep bedding orientation between the ridges in the north and
northwest is a clear indication of imbrication of km-scale plates during the central uplift
formation. The rotation of the strike of the bedding from concentric to
oblique/tangential occurs in all individual ridges of the central uplift and may represent
the zones of convergence between the individual plates. The arrangement of the

individual plates around the granitic core is slightly asymmetric, with the Furnas
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Formation substantially thicker in the western and nothwestern sectors than in the
eastern and southeastern sectors. Calculations of the true thickness of the Furnas
formation in the collar (Lana et al., 2007a) suggests that the strata has been thickened by
a factor of 7 in the western sector and a factor of 2 in the eastern sector during the

formation of the central uplift.

The annular basin

The structural record for the annular basin is not as compressive as that for the
Furnas Formation in the collar of the central peak. Much of the Ponta Grossa and
Aquidauana Formations is covered by Quaternary deposits. The Ponta Grossa sediments
consist of an iron-rich siltstone intercalated with fine-grained sandstone and occasional
lenses of conglomerate. Bedding orientation varies from concentric to oblique with
respect to the centre of the structure. The concentric strata dip outwards at moderate
angles. The strata may also be folded into concentric open folds, with upright geometries.
Radial folds have also been observed; most of which have recumbent to isoclinal
geometries (Fig. 8d). The measured fold hinges have random orientations. Locally, some
of the concentric strata shows cm-scale asymmetric intrafolial folds suggesting outward
movement of the top sediments (Fig. 8e, f).

The Aquidauana Formation is well exposed in the northern sector of the annular
basin, but is partly hidden under Quaternary deposits in the south. The sediments are
rather massive, with poorly developed bedding structures and layering. For most parts of
the annular basin, the layering is defined by 0.5-2.0 m-thick massive sandstone alternating
with 0.2-1.0 m-thick conglomerate beds. Bedding becomes more prominently visible near
the annular ring zone, and is arrayed concentrically around the basin, dipping shallowly to
steeply inwards. It seems to describe small-scale shallow to tight folds, but transposition

by faulting, intense fracturing and brecciation on a centimetre-scale does not allow a
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complete analysis of the fold geometries. Intense fracturing and localised brecciation of
the Aquidauana sediments are common features elsewhere around the contact with the

Ponta Grossa Formation.

DISCUSSION

Field-based structural studies of eroded complex impact structures, ranging in
size from a few kilometres to several tens or hundreds of kilometres, have provided
important constraints on the impact cratering process (e.g., Wilshire et al. 1976; Roddy et
al. 1979; Shoemaker and Shoemaker 1996; Milton et al. 1996; Lana et al. 2003a, b;
Wieland et al. 2005; Osinski and Spray 2005; Kenkmann et al. 2005; Riller 2005).
Specifically for small- to medium-sized complex structures (diameter between 2 and 25
km), structural analyses have indicated a complex deformation history with lateral and
vertical constriction of the target rocks as result of a convergent flow field towards the
centre of the crater (e.g., Wilshire et al. 1972; Roddy 1979; Shoemaker and Shoemaker
1996; Milton et al. 1996; Osinski and Spray 2005; Kenkmann et al. 2005; Scherler et al.
2006). The structural evolution of peak-ring impact structures is somewhat more
complex, as it involves additional outward movement of the target rocks accompanying
the collapse of their central uplift (e.g., Ivanov and Deutsch 1999; Collins et al. 2002;
Wieland et al. 2005; Wunnemann et al. 2005; Spray et al. 2005). The results of this study,
which comprise the most complete structural dataset for a 40 km-wide impact crater,
allow a direct evaluation transient cavity collapse and formation of the crater rim, the

central uplift and the concentric ring features.

Collapse of the transient cavity walls
Formation of the crater rim is directly related to concomitant inward movement

and downfaulting of the target rocks due to gravitational collapse of the transient cavity
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walls. Observations at extraterrestrial craters indicate that the cavity rim collapses to form
concentric outward dipping terraced walls (e.g., Melosh 1989; Melosh and Ivanov 1998).
Many terrestrial craters have been eroded and do not preserve their terraced walls. Their
rim is often defined by fault-bounded blocks that slid down along radial and concentric
faults during the transient cavity collapse (e.g., Grieve et al. 1987). The crater rim at
Araguainha is to some extent similar to that of small complex impact structures
elsewhere (Wilshire et al. 1976; Milton et al. 1996; Osinski and Spray 2005). The
geometry of the blocks and the degree of deformation within them seem comparable to
that observed at the 23 km-wide Haughton impact structure (Osinski and Spray 2005).
The km-sized blocks around the Araguainha rim have been rotated along vertical
concentric faults with the result that most of the strata dips outwards from the crater rim.
The radial and concentric faults seem to ovetlap in time; however, they post-date the
local-scale folding at crater rim and formation of the ring features (e.g., Fig. 2a).

The geometry of the gentle folds at the crater rim is consistent with lateral
compression and bulk shortening of sediments. We suggest that folding began during
eatly stages of the collapse of the crater rim. This was then followed by the downfaulting
of the target rocks and formation of the blocks, which in all likelihood occurred while the
inward lateral movement was in progress. Kenkmann (2002) and Kenkmann et al. (2000)
suggested that the inward movement of the target rocks during transient cavity collapse
may have been accommodated by several listric faults that merge into low-angle
(horizontal) detachments. Warping of normal listric faults and formation low-angle
detachments require however specific thermomechanical parameters and/or vatiations of
the stress fields (Buck 1988; Dave and Lister 1988; Melosh 1990; Parsons and Thompson
1993; Coleman et al. 1994), which would allow a rotation of the sigma-1 stress
component from vertical to subhorizontal. Although details of fault mechanics during

crater collapse have yet to be constrained, the variation in the stress field at the crater rim
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may not be entirely consistent with the extremely fast strain rates of the impact process.
In addition, whilst low angle fault zones have been observed at surface of one impact
crater (Kenkmann et al. 2000), the scale of the displacements along them has not been
documented. It is thus difficult to know whether the normal concentric faults (with
curved geometries) do necessarily accommodate the bulk of the strain created during the
inward movement of the crater rim.

The large number of outcrop-scale asymmetric tight folds and the network of
bedding parallel cataclastic breccia veins at Araguainha, suggest that the nature of strain
at the crater rim is more complex than previously proposed by Kenkmann (2002).
Evidence from Araguainha indicates that strain was clearly heterogeneous in the
sedimentary sequence, with the highest strain rates affecting relatively week layers of the
target rocks — the siltstones of the Passa Dois Group. The presence of the asymmetric
folds in the Passa Dois Formation (Fig. 3d, e) indicates differential movement between
the strata, with the topmost sediments moving toward the central parts of the transient
cavity. This implies that at least part of the strain was non-coaxial within individual layers
of the target rocks. Variation of strain intensities in mixed target rocks has also been
predicted by numerical modelling of the Chesapeake Bay impact structure (Collins and
Wunnemann 2005). This study presents results of a two layer model (sedimentary and
crystalline basement), which shows clearly the heterogeneous nature of strain in the
sedimentary unity near the outer rim of the structure. More importantly, the asymmetric
geometry of some of tracer lines depicted in this model (Figs. 2 and 3 in Collins and
Wunnemann 2005) confirms our observations that the strain was non-coaxial in some
parts of the sedimentary strata. In the absence of listric faults as a mechanism to
accommodate the inward movement, we suggest that the deformation at the Araguainha

crater rim was partitioned between week and strong layers of the target rocks and that
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part of the inward movement at the transient cavity walls was accommodated by
differential slip between the rheologically distinct strata.

The close association of the dykes and veins of cataclastic breccia with the folds
in the crater rim seems to be directly related to the inward movement of the target rocks.
Previous observations have suggested that network of breccia is a key structure to
accommodate the instantaneous folding during collapse of complex craters (Kenkmann
2002; Lana et al. 2003a; Wieland et al. 2006). According to these studies, the presence of
a pervasive network of fractures and breccias may have provided the necessary
temporary strength degradation for folding of the strata during the inward movement of
the target rocks. Although there is no evidence of large slip magnitudes along major
dykes of breccia, the consistent millimetre- to centimetre-scale displacements of the
bedding along the veins suggest that the high-strain deformation could have been

distributed as discrete shear in the breccia-fracture network.

Formation and collapse of the central uplift

General models for impact crater formation propose that central uplifts in large
complex craters commence formation during or shortly after the expansion of the
transient cavity (e.g., Collins et al. 2002; Dence 2004; Wunnemann et al. 2005). According
to numerical models, the centre of transient cavities began to uplift before the outward
growth of the transient cavity ceases (e.g., Ivanov and Deutsch 1999). Estimates of the
transient cavity dimensions at Araguainha suggest a depth of excavation of 2-2.5 km and
a cavity diameter of 20-25 km (Engelhardt et al. 1992; Lana et al. 2006; 2007a). These
cavity dimensions require that the crystalline core was exposed in a radius of several
kilometres at the floor of the transient cavity and that much of the sediments (Furnas and
Ponta Grossa Formation; now exposed in the collar of the central uplift) departed from

the walls of the transient cavity (Lana et al. 2006). A similar scenario has been shown by
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numerical modelling of the 12-16 km-wide Sierra Madera impact structure (Goldin et al.
20006), where much of the sedimentary strata (overlying the Hess Formation; Wilshire et
al., 1976) was thinned to almost nothing at the floor of the transient cavity. The final
result of this modelling appears to indicate that the inward movement of the crater walls
was accompanied by substantial thickening of the sedimentary target, which departed
from the transient cavity walls and which is now exposed in the collar of the central
uplift (Goldin et al. 2000).

Stratigraphic correlations at Araguainha suggest that the Furnas Formation have
been thickened by factors of 2 to 7. The thickening was rather heterogeneous and
partitioned between the individual ridges of the Furnas Formation. This in turn led to an
asymmetric geometry for the central uplift, with the collar being substantially thicker in
the western sector relative to the eastern sector. The cause of the asymmetric distribution
of the individual ridges around the core of central peak is not well understood, and
whether this might reflect the strain partitioning related to an oblique impact (as
suggested for other asymmetric central peaks, Scherler et al. 2006) or to pre-existing
heterogeneities in the strata sequence must remain speculative.

Less speculative is the assertion that thickening of the collar strata was due to
progressive deformation, during the lateral movement of the target rocks - from the
transient cavity walls to the central part of the crater. We observed that the target rocks
follow four main stages of deformation before they finally reached their present upright
to overturned orientation in the collar:

o Outcrop-scale folding as a result of differential slip movement between strata. Isoclinal
folds (Fig. 7c, d) might have contributed for target thickening in each of the
individual ridges (or plates) of the Furnas Formation. This process might
have began much eatly in the collapse stage, with the inward movement of

the target rocks from the transient cavity walls to the central uplift.
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Imbrications of km-scale plates of Furnas Strata: The structural stacking of distinct
plates resulted in the duplication of the stratigraphy in several sectors of the
collar of the central uplift. The staking was also responsible for the present
sigmoidal pattern of bedding orientations (Fig. 6). Similar arrangement of
plates of target rocks has been observed in several other impact structures,
and seems to be a common structural process during central uplift formation
(e.g., Wilshire et al. 1976; Kenkmann et al. 2005; Schetler et al. 2000).

Lateral constriction of the sediments: The constriction of the sediments led to
formation of radially outward plunging gentle folds. This contributed for
further thickening of the strata during or shortly after the imbrication of the
large-scale plates (Fig. 7b).

Additional rotation of the bedding due to continuons uplift of the crystalline basement
rocks: Although the structural stacking resulted in the reorientation of the
structural features, the mechanics of thrusting alone would not count for the
subvertical, vertical and locally overturned orientation of the Furnas strata.
We believe that additional rotation of the bedding to vertical orientations
might have been associated with progressing uplift of the crystalline core to

its maximum height.

The surrounding Ponta Grossa sediments have been thickened by factors of 2 to
4 (Lana et al., 2007a) and have been uplifted by more than 1 km during the central uplift
formation. It is possible that these sediments record a similar structural evolution to that
described above, but the poor exposure does not allow a complete reconstruction of the
target rock movement. The steep orientation of the sediments and the presence of
isoclinal folds (Fig. 8d) in the Ponta Grossa sediments suggest that at least part of the

strain field was compressional. Further complications on the structure of the Ponta
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Grossa Formation (e.g., fold hinges with random orientations) should be attributed to
the fact that central uplifts of medium- to large-size complex structures are expected to
collapse outward (e.g., Lana et al. 2003; Osinki and Spray 2005; Wieland et al. 2005).
Kinematic features indicating how the central uplift have collapsed are rare, possibly
because of the deformation would not be substantially coherent to form ductile
asymmetric structures (e.g., Wieland et al. 2005). Direct evidence of the central uplift
collapse with outward movement of the Ponta Grossa sediments is only indicated by the
presence of small-scale outward-verging intrafolial folds (Fig. 8e, f). The geometry of
these folds suggests that outer parts of the Ponta Grossa slipped toward the crater rim.
The presence of veins of shock melt in the granitic core (e.g., Engelhard et al. 1992) is
equally important an indication of central uplift collapse. Intrusion of shock melts into
the basement could have been only possible under a strain field involving substantial

extension.

Implications from the concentric ring features

Peak-ring features are best defined as a semi-continuous ring of hills that
originally protrude through the crater fill deposits (Grieve et al. 1981). The nature and
origin of these features have not, however, been clearly established. Several field
observations and geophysical studies at preserved impact structures (e.g., Popigai,
Chixculub, Ries) agree that the upper levels of peak-ring features consist dominantly of
large-scale blocks (megablocks or megabreccia) that have been displaced from the
transient cavity floor during the cratering process (Visnevisky and Montanary 1999;
Collins et al. 2002; Wunnemann et al. 2005; Grieve and Terriault 2000; 2004). Numerical
models indicate that the peak-ring rocks are derived dominantly from the collapsing
central uplift (Collins et al. 2002; Wunnemann et al. 2005). According to Collins et al.

(2002) the centrifugal flow field created during the outward collapse of the central uplift
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overrides the inward flow field that departs from the transient cavity walls. The
interaction between the two flow fields generates the circular topographic ring
surrounding a central basin. For most well preserved craters, the central basin is covered
by impact-related crater-fill deposits, including impact melts (e.g., Grieve et al. 1981).

Formation of a topographic peak-ring feature due to collapse of the central uplift
seems to be the most plausible mechanism to explain the presence of impact breccias and
impact melts overlying the crystalline core in the central uplift at Araguainha. The present
distribution of these impact-related material suggest that the central uplift collapsed to an
extent that a topographic low was formed, allowing some of the melt and breccia to
accumulate and be retained above its core. However, much of the peak-ring ring as well
as the crater fill deposits at Araguainha have been removed by erosion, and the original
morphology and extent of the peak-ring cannot be constrained. The only direct evidence
that a peak-ring existed above the present level of erosion is the inner ring feature, which
in turn is a zone of topographic and stratigraphic uplift. The inner ring feature exposes
strongly faulted and fractured basal sandstones of the Aquidauana Formation. Given the
present depth of the Aquidauana basal sediments outside the crater (Fig. 2b), it is likely
that these sediments have been rotated from their original horizontal orientation and
uplifted by hundreds of metres (Fig. 2c). The degree of rotation and uplift of the
sediments may be directly related to compressional strains caused by the concomitant
collapse of the central uplift and transient cavity walls. The inner ring might thus mark
the maximum extent of the peak-ring at Araguainha.

The outer ring is a concentric morphological feature that remained from
differential erosion of an asymmetric anticlinal structure (Fig. 5). This feature exposes the
upper section of the Aquidauana sediments and some remnants of the Passa Dois
Group, which are the youngest sediments of the target rocks sequence (Fig. 2b).

Although the anticline forms a prominent topographic feature, it does not represent a
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zone of intense block faulting and stratigraphic uplift. It is thus difficult to reconcile the
origin of the outer ring feature with the compressional strains that led to formation of
the inner ring feature. The inward-verging geometry of the anticline is rather consistent
with the non-coaxial inward movement of the target rocks, as also indicated by the
sediments at the crater rim. This implies that at distances beyond 14 km from the centre
of the structure and at the present depth of exposure the target rocks may not have been
affected by far-field stresses related to the collapse of the central uplift, but instead were

under the influence of the inward flow from the cavity walls.

CONCLUSIONS

Detailed structural analysis at Araguainha impact structure has provided
important constraints on the collapse of its transient cavity. Collapse of the transient
cavity rim was accompanied by formation of large scale fault-bounded blocks, which are
now concentrically arranged around the rim of the impact structure. The blocks have
been formed by semi-contemporaneous radial and concentric faulting that shaped much
of the geometry, morphology and structure of the crater rim. Sediments in the individual
blocks record an early history of folding that predates much of the radial and concentric
faulting. The inward-verging geometry of the folds is consistent with differential slip
movement between the strata that might have been initiated during the early stages of
transient cavity collapse. The bulk of the strain related to the collapse of the transient
cavity wall was accommodated by differential slip movement and radial and concentric
faulting. No evidence for low-angle detachment faults has been observed at the present
level of erosion.

The formation of the central uplift was associated with large-scale upward
movement of the crystalline basement and inward moment of the sedimentary target

rocks. The sediments comprising the collar of the central uplift were most likely
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displaced from the transient cavity walls. The inward movement from the cavity walls to
the collar of the uplift resulted in extreme thickening of the target rocks. The thickening
involved: 1) isoclinal folding as a result of differential slip movement between strata, 2)
imbrication of km-scale plates of Furnas strata, and 3) formation of radial folds during
lateral constriction of the sediments. Much of the bedding orientation presently observed
in the collar of the central uplift relates to the imbrications of the km-scale plates of the
Furnas Formation. Additional rotation of the bedding to vertical orientations was caused
by progressing uplift of the crystalline basement rock.

The deformation in the annular trough of the crater and formation of the ring
features initiated during the collapse of the central uplift and transient cavity walls. The
collapse of the central uplift was accompanied by formation of inclined folds in the
Ponta Grossa Formation (in the collar of the central uplift) and excessive rotation and
stratigraphic uplift of the sediments in the inner ring feature. Although erosion has
removed much of the original morphology of Araguainha, the presence of impact
breccias and melt onto the crystalline basement and evidence of stratigraphic uplift in the
inner ring feature suggest that a peak-ring feature existed above the present level of
erosion. The inner ring, which possibly represents a concentric anticline, marks the
extent of deformation related to the outward movement of the target rocks. In contrast,
formation of the outer anticline is associated with the differential movement of the target
rocks during the collapse of the transient cavity walls. The last stage of deformation is
marked by radial faults that displace the outer ring feature and the crater rim by several

kilometres.
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CAPTIONS

Fig. 1: Geological map of the Araguainha impact structure, showing strike and dip of
strata, fault zones and the contours for the outer ring anticline. The profiles labelled a-a
to f-f” represent structural data analysed for the inner ring featured (see stereoplots on

Fig. 5b).

b

Fig. 2: a) Main structural lineaments (short-dashed lines) and lithological contacts (solid
lines) superimposed onto a false color composite image of Landsat TM bands displayed
in RGB. Contours of the inner and outer ring features (long-dashed lines) are also
shown. b) Simplified stratigraphic column of the Araguainha target rocks (after Lana et
al. 2007a). ¢) NNE-SSW oriented profile (a-a’) showing lithologies and an interpretation
of the geometry of the inner and outer ring features. Extent and orientation of the profile
is labelled on (a).

Fig. 3: a-b) Landsat TM image of the crater rim in the southwestern (a) and northwestern
(b) sectors. Dashed white lines mark the lithological boundaries between the Aquidauana
sandstones and Passa Dois sediments. Dashed black lines mark the concentric faults of
the crater rim. Solid black lines indicate the main trend of the radial faults. Boxed area is
shown in Figure 4a. ¢) Low hemisphere equal area stereonet projections of the folded
bedding (full circles) at the crater rim. d-e) examples of outcrop-scale asymmetric folds in
the Passa Dois Group in the southwestern (d) and southeastern (e) sectors.

Fig. 4: a) Overview of the Aquidauana sandstones forming a major escarpment along the

crater rim (southwestern sector). Location of the image is marked in boxed area in Fig 3a.

b) Conjugate sets of oblique faults in the southwestern sector. The faults separate blocks
of the Aquidauana sediments on a hundred-meter scale. ¢) Lower hemisphere equal area
stereonet projections of the planes of the radial and oblique faults at the crater rim. d)
Large-scale radial reverse fault juxtaposing the Passa Dois and Aquidauana sediments.
The contact between the sediments is marked by solid black lines. ¢) Secondary normal
faults associated with the reverse fault shown in (d). The faults displace the sediments on
a centimeter scale. ¢) Dyke of breccia cross cutting the Passa Dois sediments. f)
Photomicrograph (plane polarized light) of a millimetre-scale breccia vein in the Passa
Dois sediments. The main vein (horizontal) is parallel to the bedding Passa Dois siltstone
and is interconnected with a number of oblique veins.

Fig. 5: a) Structural data for the northern and northwestern sectors of the crater. Solid
lines represent the main faults zones displacing the crater rim and/or the ring features.
The contour of the inner and outer rings is marked with thick dashed lines. Thin dashed
lines highlight the lithological boundaries at the crater rim. b) Lower hemisphere equal
area projections of the rotated strata in the inner ring feature. Structural data colleted
along several profiles as indicated in Fig. 1.
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Fig. 6: a) Structural map of the collar of the Araguainha central peak. Low hemisphere
equal area projections indicate pole to the bedding (circles) for individual structural
domains of the core. Black square in stereonet projections indicate the orientation of fold
hinges. b) NNE-trending profile showing the structural arrangement of the lithologies at
the contact between the crystalline core and the collar sediments. The orientation of the
profile A-B is labeled in (a).

Fig. 7: a) Detail of bedding orientations in the Furnas sandstone ridge in the northeastern
sector of the central peak. The ridge has been separated into several segments by radial
faults. Solid white line marks the core-collar contact. Thick black lines show fault zones.
Boxed areas mark location of Figures (b) and (c). b) Example of outward plunging radial
fold in the Furnas sandstones. The fold plunges 60 NE. c-d) Example of steeply NW
plunging intrafolial folds in the Furnas sandstones. The folds are inclined (c) and isoclinal

(.

Fig. 8: a) Detail of bedding orientations in the Furnas sandstone ridge in the southern
sector of the central uplift. b) View of the southern limb of the ridge with the Furnas
strata dipping steeply to south. ¢) View of the eastern side of the ridge with the Furnas
strata. The strata change in orientation from subhorizontal to vertical due to lateral
constriction of the sediments. d) Isoclinal NE plunging fold in the sediments of the
Ponta Grossa Formation. e-f) Outward verging folds in the Ponta Grossa sediments. The
fold geometry is consistent with movement of the Ponta Grossa strata towards the crater
rim.
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Fig. 1: Geological map of the Araguainha impact structure, showing strike and dip of

strata, fault zones and the contours for the outer ring anticline. The profiles labelled a-a’
to f-f' represent structural data analysed for the inner ring featured (see stereoplots on

Fig. 5b).
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Fig. 2: a) Main structural lineaments (short-dashed lines) and lithological contacts (solid
lines) superimposed onto a false color composite image of Landsat TM bands displayed in
RGB. Contours of the inner and outer ring features (long-dashed lines) are also shown. b)
Simplified stratigraphic column of the Araguainha target rocks (after Lana et al. 2007a).
c) NNE-SSW oriented profile (a-a') showing lithologies and an interpretation of the
geometry of the inner and outer ring features. Extent and orientation of the profile is
labelled on (a).

Meteoritics & Planetary Science



OCOoO~NOUIS, WN P

Running Head

33

Southeast

34

west

Figure 3, Lana et al

Fig. 3: a-b) Landsat TM image of the crater rim in the southwestern (a) and northwestern
(b) sectors. Dashed white lines mark the lithological boundaries between the Aquidauana
sandstones and Passa Dois sediments. Dashed black lines mark the concentric faults of
the crater rim. Solid black lines indicate the main trend of the radial faults. Boxed area is
shown in Figure 4a. c) Low hemisphere equal area stereonet projections of the folded
bedding (full circles) at the crater rim. d-e) examples of outcrop-scale asymmetric folds
in the Passa Dois Group in the southwestern (d) and southeastern (e) sectors.
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Fig. 4: a) Overview of the Aquidauana sandstones forming a major escarpment along the
crater rim (southwestern sector). Location of the image is marked in boxed area in Fig
3a. b) Conjugate sets of oblique faults in the southwestern sector. The faults separate

blocks of the Aquidauana sediments on a hundred-meter scale. c) Lower hemisphere
equal area stereonet projections of the planes of the radial and oblique faults at the
crater rim. d) Large-scale radial reverse fault juxtaposing the Passa Dois and Aquidauana
sediments. The contact between the sediments is marked by solid black lines. e)
Secondary normal faults associated with the reverse fault shown in (d). The faults
displace the sediments on a centimeter scale. e) Dyke of breccia cross cutting the Passa

Dois sediments. f) Photomicrograph (plane polarized light) of a millimetre-scale breccia

vein in the Passa Dois sediments. The main vein (horizontal) is parallel to the bedding
Passa Dois siltstone and is interconnected with a number of oblique veins.

Meteoritics & Planetary Science



©CoO~NOUITA,WNPE

Running Head

Meteoritics & Planetary Science

Page 38 of 41



Page 39 of 41 Running Head

OCOoO~NOUIDSWN P

30 Figure 5; Lana et al.

32 Fig. 5: a) Structural data for the northern and northwestern sectors of the crater. Solid
33 lines represent the main faults zones displacing the crater rim and/or the ring features.
34 The contour of the inner and outer rings is marked with thick dashed lines. Thin dashed
35 lines highlight the lithological boundaries at the crater rim. b) Lower hemisphere equal
36 area projections of the rotated strata in the inner ring feature. Structural data colleted
37 along several profiles as indicated in Fig. 1.
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Fig. 6: a) Structural map of the collar of the Araguainha central peak. Low hemisphere
equal area projections indicate pole to the bedding (circles) for individual structural
domains of the core. Black square in stereonet projections indicate the orientation of fold
hinges. b) NNE-trending profile showing the structural arrangement of the lithologies at
the contact between the crystalline core and the collar sediments. The orientation of the
profile A-B is labeled in (a).
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Fig. 7: a) Detail of bedding orientations in the Furnas sandstone ridge in the northeastern
33 sector of the central peak. The ridge has been separated into several segments by radial
34 faults. Solid white line marks the core-collar contact. Thick black lines show fault zones.
35 Boxed areas mark location of Figures (b) and (c). b) Example of outward plunging radial
36 fold in the Furnas sandstones. The fold plunges 60 NE. c-d) Example of steeply NW

37 plunging intrafolial folds in the Furnas sandstones. The folds are inclined (c) and isoclinal

38 (d).

Meteoritics & Planetary Science



OCOoO~NOUIS, WN P

Running Head

Figure 8; Lana et al

Fig. 8: a) Detail of bedding orientations in the Furnas sandstone ridge in the southern
sector of the central uplift. b) View of the southern limb of the ridge with the Furnas
strata dipping steeply to south. c) View of the eastern side of the ridge with the Furnas
strata. The strata change in orientation from subhorizontal to vertical due to lateral
constriction of the sediments. d) Isoclinal NE plunging fold in the sediments of the Ponta
Grossa Formation. e-f) Outward verging folds in the Ponta Grossa sediments. The fold

geometry is consistent with movement of the Ponta Grossa strata towards the crater rim.
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