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Num meio dia de fim de primavera

eu tive um sonho como uma fotografia.
Eu vi Jesus Cristo descer a Terra,

Ele veio pela encosta de um monte
tornado outra vez menino,

a correr e a rolar-se pela erva,

e a arrancar flores para as deitar fora

e a rir de modo a ouvir-se de longe!

Ele tinha fugido do céu,

era nosso demais para fingir

de segunda pessoa da Trindade.

No céu era tudo falso, tudo em desacordo
com flores e arvores e pedras,

No céu Ele tinha que estar sempre sério,

e de vez em quando de se tornar outra vez homem,
e subir para a cruz, e estar sempre a morrer
com uma coroa toda a roda de espinhos

e 0s pés espetados por um prego com cabega,
e até com um trapo a roda da cintura,

como 0s pretos nas ilustracoes.

[..]

Um dia que Deus estava a dormir

e 0 Espirito Santo andava a voar,

Ele foi a caixa dos milagres e roubou trés:
Com o primeiro

fez que ninguém soubesse que ele tinha fugido,
com o segundo

criou-se eternamente humano e menino,
com o terceiro

criou um Cristo eternamente na cruz

e deixou-o pregado na cruz que ha no céu
e serve de modelo as outras.

Depois fugiu para o sol

e desceu pelo primeiro raio que apanhou.
Hoje, vive na minha aldeia comigo.

E uma crianca bonita de riso e natural.
Ele limpa o nariz no brago direito,

Ele chapinha nas pogas de agua,

Ele colhe as flores e gosta delas.
Esquece-as.

Atira pedras nos burros,

rouba as frutas dos pomares

e foge a chorar e a gritar dos cées.

E, porque sabe que elas ndo gostam,

e que toda a gente acha graga,

Ele corre atras das raparigas

gue vdo em ranchos pelas estradas
com aquelas bilhas nas cabegas,

e levanta-lhes as saias!

A mim, ensinou-me tudo.

Ensinou-me a olhar para as coisas,
aponta-me todas as coisas que ha nas flores,
mostra-me como as pedras sdo engragadas
quando a gente as tem na mdo

e olha devagar para elas.

[.]

Depois, cansado,
0 menino Jesus adormece nNos meus bracos
e eu levo-o ao colo para casa.

Ele mora comigo na minha casa,

a meio do outeiro.

Ele é a Eterna Crianca.

O deus que faltava.

Ele é 0 humano que é natural.

Ele é o divino que sorri e que brinca.
E por isso é que eu sei com toda a certeza
que Ele é o0 Menino Jesus verdadeiro.
Damo-nos tdo bem um com o outro,
na companhia de tudo,

gue nunca pensamos um no outro,
mas vivemos juntos os dois.

Com um acordo intimo,

como a mao direita e a esquerda.

]

Depois eu conto-lhe histdrias das coisas s6 dos
homens

e ele sorri, porque tudo € incrivel.

Ele ri dos reis

e dos que ndo sao reis,

E tem pena de ouvir falar das guerras,

dos comércios, da violéncia,

dos navios que ficam fumo no ar dos altos-mares.
Porque ele sabe que a tudo isso falta aquela verdade
que uma flor tem ao florescer

e que anda com a luz do sol

a variar os montes e os vales,

e fazem doer aos olhos, os muros caiados.
Depois ele adormece e eu deito-o.

Levo-o0 ao colo para dentro de casa

e deito-0, despindo-o lentamente.

E como seguindo um ritual muito limpo

e todo materno até ele estar nu.

Ele adormece dentro da minha alma

e &s vezes acorda de noite

e brinca com os meus sonhos,

vira uns de pernas para o ar,

pde uns em cima dos outros

e bate as palmas sozinho

Sorrindo para 0 meu sono.

Quando eu morrer,

conta-me historias

caso eu acorde,

para eu tornar a adormecer.

E dai-me sonhos teus para eu brincar
até que nasca,

qualquer dia que tu sabes qual é.

[.]

Esta é a histéria do meu Menino Jesus.
Por que razdo que se perceba

ndo héa de ser ela mais verdadeira

que tudo quanto os filésofos pensam

e tudo quanto as religides ensinam?

Alberto Caeiro (Fernando Pessoa)



RESUMO

Na regido nordeste do Rio Grande do Sul aflora uma sucesséo vulcanica com mais de
800m. Na porc¢éo superior desta sequéncia encontram-se as vulcanicas 4cidas (~200m)
da LIP Parana-Etendeka. Trés areas desta regido foram escolhidas para investigacao:
Mato Perso (MP), Sdo Marcos (SM) e Jaquirana-Cambara do Sul (JC). Nestas areas foi
reconhecida uma arquitetura de litofacies de condutos alimentadores e de lavas. Os
condutos possuem ~15-25 m de largura, exibindo, no seu nucleo, litofacies coerentes e
pouco vesiculadas de cor preta, bandadas e dobradas. Nas bordas ocorrem litofacies
coerentes vesiculadas oxidadas, vitrofiros esferuliticos e brechas. As lavas sé&o
compostas por vitréfiros macigcos ou com foliagdo horizontal, localmente bandados, ou
microfraturados. Em Mato Perso, lavas oxidadas ocorrem na base da sequéncia
estratigrafica. Estruturas regionais de dire¢do NE-SW, como o Lineamento Antas,
limitam estruturas de menor escala de direcdo NW-SE, onde os condutos afloram. As
estruturas verticais no nucleo dos condutos estdo orientadas nas direcbes NE-SW e
NW-SE, e sua fabrica magnética possui Kmax horizontal a localmente vertical, sugerindo
fluxo horizontal. No entanto, a alta dispersdo dos dados em alguns sitios deve-se a
obstrucéo do fluxo por fragmentos e pelos padrdes de dobramento complexos. As lavas
possuem planos de foliacdo magnética horizontais, com lineacdo magnética
mergulhando para NE, NW, SE e SW. O baixo conteddo de vesiculas no interior dos
condutos e nas lavas manteve as direcdes de fluxo e baixos parametros de capilaridade,
sendo potenciais zonas de preservacdo da trama magnética original. Na borda dos
condutos, as altas taxas de cisalhamento, além do alto conteddo de fragmentos e bolhas
induziram a instabilidade do fluxo, favorecendo a distribuicdo aleatéria da trama. As
feicbes distintivas das areas estudadas sdo o conteudo e tamanho dos fenocristais e
microfenocristais  de  plagioclasio+clinopiroxénio+titanomagnetitatsanidina, que
diminuem de MP para SM e JC. Diferencas também s&o conferidas na quimica mineral:
em MP e SM os plagioclasios sdo célcicos e 0s piroxénios levemente menos férricos
que JC, onde os plagioclasios sdo sédicos. Modelos de assimilacdo e cristalizacédo
fracionada (AFC) e balanco de massa forneceram bons resultados para o fracionamento
de andesitos basalticos, sotopostos na pilha vulcanica, gerando propor¢cdes de
assembleia fracionada muito préximas das observadas em lamina. Os padrbes de
elementos-trago e terras raras, normalizados pelo manto primitivo, sdo muito parecidos
com os dos andesitos basalticos, sendo apenas levemente mais enriquecidos.
Diferengas em razdes de elementos incompativeis, s&o atribuidas a varia¢cdes da fonte
e da crosta assimilada. Altas temperaturas (>1000°C), conteudos de agua em torno de
0,5-1,3% e viscosidades entre 10°-103 Pa s mantiveram o caracter efusivo das erupcées.
Paleopressdes calculadas (~4-9 kbar) sdo compativeis com modelos onde o reservatorio
estacionou no limite manto-crosta. A variacdo de temperatura no manto superior ocorreu
em resposta a tectdnica de placas nas margens do Gondwana. Movimentos constritivos
progressivos, antes da quebra do Supercontinente, diminuiram a distancia entre o
reservatorio e a superficie, possibilitando maiores taxas de efusdo e ascensdo dos
magmas acidos. O magma ascendeu por falhas e os condutos serviram de fonte
proximal para as lavas.



ABSTRACT

The northeastern portion of Rio Grande do Sul exposes a ~800m volcanic succession. In
upper part of the sequence there are silicic volcanics (~200m) of the Parana-Etendeka
LIP. Three areas from this portion were chosen for investigation: Mato Perso (MP), Sao
Marcos (SM) and Jaquirana-Cambara do Sul (JC). Conduit-related and lava-related
lithofacies architecture were recognized in these areas. The conduits are ~15-25m in
width, and display coherent, banded and folded poorly vesicular lithofacies at their core.
In the boarders there are oxidized vesicle-rich lithofacies together with spherulitic
vitrophyres and breccias. Lavas are composed of massive or flat-lying foliated
vitrophyres, locally banded or microfractured. At Mato Perso, oxidized lavas were
described in the base of the silicic stratigraphic sequence. Regional structures trending
NE-, like the Antas lineament, control smaller-scale structures trending NW-, where
conduits outcrop. Vertical structures in the core of the conduits are trending NE- and
NW-, and magnetic fabric has horizontal, locally vertical, Knax, Suggesting horizontal flow.
Although, high dispersion of data in some sites is explained by obstruction of the flow by
fragments and by complex folding patterns. Lavas have flat-lying magnetic foliation
planes and magnetic lineation plunging to NE, NW, SE and SW. Low vesicle content in
conduit cores and lavas maintained the flow directions and low capillarity parameters,
being potential zones for preservation of original magnetic fabric. At conduit boarders,
the high shear rates besides high fragment and bubble contents induced flow
unsteadiness, favoring the random distribution of the magnetic fabric. Distinctive features
between study areas are the plagioclase+clinopyroxene+titanomagnetitetsanidine
phenocryst/microphenocryst size and content. They decrease from MP to SM and JC.
Differences are observed in mineral chemistry too: MP and SM plagioclases are more
calcic and the pyroxenes less ferric than JC, where plagioclases are sodic. Assimilation
and fractional crystallization (AFC) and mass balance models yielded good results for
underlying basaltic andesite fractioning, generating mineral assembly in proportions
similar to those observed in thin-section. Primitive mantle normalized trace-element and
rare earth patterns resemble those of basaltic andesites, being slightly more enriched.
Difference on incompatible trace element ratios is ascribed to variations within the source
and the assimilated crust. High temperatures (>1000°C), water contents between 0.5-1.3
Wt.% and viscosities between 10°-10% Pa s kept the effusive behavior of eruptions.
Calculated paleopressures (~4-9 kbar) are compatible with models where the reservoir
was ponded in the mantle-crust boundary. The temperature variation in the upper mantle
has occurred in response to Gondwana plate tectonics at active margins. Progressive
constrictive movements, before the Supercontinent break-up, decreased the distance
between the reservoir and the surface, enabling higher effusion rates and ascent of silicic
magmas. The magma ascended through faults and the conduits were the lavas proximal
sources.



Listade Figuras

Figura 1 — Distribuicdo das principais ocorréncias de Large Igneous Provinces. NAIP = North
Atlantic igneous province, CAMP = Central Atlantic magmatic province, Rajm = Rajmahal
basalts, TVZ = Taupo volcanic zone, NW Aust = Northwest Australian oceanic plateaus.
Modificado de Bryan (2002).

Figura 2 — Mapa geomorfoldgico do Rio Grande do Sul modificado de Zaions (1989).
Figura 3 — Mapa de localizacao das areas de estudo.

Figura 4 — Mapa de isOpacas das rochas extrusivas do GSG (modificado de Frank et al., 2009
e Zalan et al., 1986) com énfase na isépaca de 700 m, acima da qual encontram-se as areas

de estudo.

Figura 5 — A) Mapa da distribuicdo de unidades litoestratigréficas na por¢éo sul da LIP Parana
Etendeka. B) Distribuicdo estratigrafica das formacdes, secBes e correlacdo com dados
paleomagnéticos (de Ernesto & Pacca, 1988). JS=Jaguari-Santiago; SM=Santa Maria;
IV=Ivora; CS=Candelaria-Sobradinho; SH=Santa Cruz do Sul-Herveiras; LS=Lajeado-
Soledade; AE=Arvorizinha-Encantado; GT=Garibaldi-Teotbnia; CV=S8o Sebastido do Cai-
Caxias do Sul; PH=Picada Café-Nova Petrépolis; 1G=Igrejinha-Gramado; BM=Barra do Ouro-
Morrinhos; TA=Terra de Areia-Aratinga (modificado de Rossetti et al., 2017).

Figura 6 — Esquema de classificagdo de magmas-tipo para as rochas vulcanicas bésicas do

Grupo Serra Geral a partir de Peate et al. (1992).

Figura 7 — Esquema de classificacdo das rochas vulcanicas acidas do Grupo Serra Geral a
partir de Peate et al. (1992), Garland et al. (1995) e Nardy et al. (2008).

Figura 8 — Correlacdo transcontinental das rochas &cidas da provincia Parana-Etendeka com

indicagao e fonte eruptiva no complexo Messum, na Namibia.

Figura 9 —Texturas desenvolvidas em rochas acidas a partir do decréscimo de temperatura
(modificado de Breitkreuz, 2001).

Figura 10 - (A) Secdo esquematica de um fluxo de lava subaéreo. O lado esquerdo mostra as
variacdes texturais internas originadas por vesiculacéo, devitrificacdo e fragmentacéo de fluxo.
O lado direito mostra a orientacao das foliagdes de fluxo internas e do acamamento em brecha
de talus da margem do fluxo. (B) Secao vertical do fluxo indicado na figura A (modificado de
McPhie et al., 1993).

Figura 11 — Secado paralela ao comprimento de um coulée de obsidiana, com padrbes de
foliacao (Cas & Wright, 1987; depois de Hall, 1978).
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Figura 12 — Principais caracteristicas e estruturas dos riolitos tipo-SR com extensées maiores
que 30 km e espessuras em torno de 300 m, com litofacies de autobrecha desenvolvidas nas
porcdes mais distais dos fluxos.

Figura 13 — Feicdes geoldgicas das lavas acidas e modelo de condutos (extraidas de Fink &
Anderson, 2017). A) Imagem de satélite do Big Obsidian Flow, Oregon. (B) Imagem do Google
Earth do riodacito da erupcao de 2011-13 do vulcao Cérdon Caulle, no Chile. (C) Flanco sul do
vulcdo South Sister mostrando os condutos escalonados representados por elipses de cor
laranja. (D) Modelo de emplacement do vulcdo Summer-Coon, centro-sul do Colorado. As

setas mostram o fluxo lateral para a parede do vulcéo.

Figura 14 — Digues escalonados no modelo de condutos de Blake & Fink (1987) para trés
domos de lava alinhados no estado do Oregon (EUA).

Figura 15 — Dados de anisotropia de susceptibilidade magnética para diques de lavas acidas
no vulcdo Summer Coon, Colorado. Notar os eixos de Knax (quadrados) verticais geralmente
nas pontas das falhas, onde o fluxo magmatico é inferido como vertical. Nas demais porcoes,

Kmax € horizontal.

Figura 16 — Estruturas-chave dos sistemas vulcanicos na Islandia (modificado de Thordarson
and Larsen, 2007). C-camara magmatca, Mr-reservatério de magma, es-enxame de diques, ef-

enxame de fissuras, erf-erupcao fissural, vc-vulcdo central.

Figura 17 — Visao geral dos condutos descritos por Tuffen and Dingwell (2005). (a) Conduto
Thumall. As zonas texturais sdo: A-obsidiana vesicular, B-obsidiana sem vesiculas, C-brecha
de obsidiana esferulitica, D-riolito esferulitico. (b) Conduto Skridugil (s) com as zonas texturais

e a referéncia geografica do conduto Thumall (Th).

Figura 18 — Esquema das rela¢des estruturais nos locais da erup¢ao Holuhraun. A subsidéncia
do graben é identificada sobre o dique alimentador, e delimitada pelas falhas do graben e
menores fraturas a distancia. Em superficie, as falhas do graben mostram deslocamentos
transtrativos. Ja quando préximas a superficie, as falhas aparentam um mergulho sub-vertical.
Modificado de Mdller et al. (2017).

Figura 19 —Diagrama de viscosidade vs. temperatura ilustrando as paleoviscosidades para o
Dacido Pondanna e o Riolito Eucarro, com alto F e 0,02, 1 e 2% de H,O. GRV = Vulcanicas

Gawler Range.
Lista de Quadros

Quadro 1 — Elementos descritivos de facies (Cas & Wright, 1988).
Quadro 2 — Facies caracteristicas de lavas e intrusdes sin-vulcanicas (modificado de McPhie et
al. 1993).

Quadro 3 — Facies caracteristicas de depdsitos piroclasticos.



GLOSSARIO

Afinidade toleitica — afinidade geoquimica de rochas que mostram o trend de Fenner, de
correlacdo positiva seguida de correlacdo negativa entre FeO e MgO.

Anisotropia de susceptibilidade magnética (ASM) — técnica geofisica que mede os
pardmetros de forma e a orientacdo da trama magnética, geralmente representados por
elipsoides e estereogramas, respectivamente.

Aparente coerente — textura gerada em rochas piroclasticas por alto grau de soldagem,
gerando um aspecto coerente, como em depdsitos de ignimbritos reomérficos ou lava-like.

Aparente vulcanoclastico — textura gerada por processos de alteracdo que ocorrem
geralmente em fraturas, fazendo com que a rocha coerente pareca um tufo soldado ou uma
brecha litica. Texturas microesferuliticas também podem lembrar feicdes psamiticas.

Associacdo de facies — conjunto de facies que ndo é dividido por discordancias. A

interpretagdo desta associagdo é uma ferramenta utilizada para a caracterizagdo de
paleoambiente vulcanico ou sedimentar.

Autobrecha — brecha autoclastica formada por fragmentos da prépria rocha que sofreu
cominuigao.

Autoclastico — material gerado durante processos onde a lava resfria e se fragmenta, sendo
tipica de derrames entre o espectro ‘a’a e rubbly pahoehoe em lavas basalticas ou no topo e
base de lavas acidas.

Chron — unidade magnetoestratigrafica que possui uma direcdo da polaridade magnética
remanente caracteristica em uma sequéncia estratigréafica.

Coeficiente de particdo — razdo entre as concentracfes de um dado elemento quimico em um
mineral (solido) e um magma (liquido).

Coerente — textura gerada por resfriamento da lava, podendo ser porfiritica, afanitica, afirica ou
totalmente vitrea. Foliac6es, bandamento, esferulitos, vesiculas e litofises sdo comuns, mas
nao sdo os principais elementos texturais.

Conduto alimentador — por¢éo do sistema vulcanico que transporta magma da sua regido de
armazenamento até a sua chaminé (traducdo para o portugués de vent), a partir da qual entra
em erupcgao.

Corrente de densidade piroclastica — mistura de gas e sdlidos em suspenséo ejetada
durante uma erupgéo explosiva sustentada que forma um fluido denso, movendo-se em altas
velocidades préximo ao chéao.

Couleé — derrame de lava intermediaria ou acida com forma alongada que entra em erupgéo
geralmente a partir de um flanco de vulc@o. As margens do couleé podem ser blocadas e em
alto angulo (levees).

Dique — fratura preenchida por material vulcanico, que corta as rochas encaixantes.
Domo de lava — fluxo de lava relativamente pequeno e curto.

Equacdo VFT — equacdo de Volgel-Fulcher-Tammann, que descreve a dependéncia nao-
Arrheniana de viscosidade em relagdo a temperatura.
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Erupcédo pliniana — descarga explosiva sustentada composta por gas vulcanico e piroclastos,
formando uma grande coluna eruptiva na atmosfera.

Esferulito - agregado radial, concéntrico ou alongado composto geralmente por quartzo e
feldspato formados pela devitrificacdo de magmas acidos.

Fenocristal — cristal de grandes propor¢des imerso em uma matriz fina.
Fiamme — lentes de material vitreo pumiceo que sofreu baixo a médio grau de soldagem.

Fire fountaining — erupcdes de conduto central que ejetam material vulcanico na forma de
jatos incandescentes que ascendem centenas de metros.

Fissura — fratura na rocha que forma uma superficie alongada pela qual 0 magma entra em
erupcao.

Fluxo de lava — depésito individual de uma fase discreta de uma erupcao efusiva.

Fluxo de lava canalizado — fluxo de lava no qual a lava liquida move-se em uma por¢éo
central e é bordejada por bancos laterais (levées) ou uma fluxo de lava estacionario.

Geobarometria — parte da ciéncia geologica que desenvolve ou aplica métodos geoquimicos
experimentais para estimativas de paleopressdes de formagéo de minerais/rochas.

Geotermometria - parte da ciéncia geolégica que desenvolve ou aplica métodos geoquimicos
experimentais para estimativas de paleotemperaturas a partir da formacdo de minerais e
equilibrio com 0 magma hospedeiro.

Grau de anisotropia — parametro de magnitude da ASM, baseado na razdo das susceptilidade
méxima e minima, segundo a equacao P=K/Ks.

Ignimbrito — unidade formada a partir da deposi¢éo de por¢des pouco diluidas de correntes de
densidade piroclasticas.

Ignimbrito lava-like — unidade de ignimbrito ou parte de unidade que sofreu alto grau de
soldagem (reomorfismo), fazendo com que a fina amélgama de particulas vulcénicas oblitere
muitas texturas piroclasticas, dando um aspecto coerente aparente ao produto final.

Inflacdo — 1: aumento da camara magmatica devido a adicdo de magma a partir do manto. 2:
processo pelo qual um fluxo de lava adquire maior espessura, como um resultado de adi¢céo de
magma no seu interior.

Kint 0u K, — eixo intermediario de anisotropia de susceptibilidade magnética
Kmax OU K1 — maior eixo de anisotropia de susceptibilidade magnética
Kmin OU K3 - menor eixo de anisotropia de susceptibilidade magnética

Large Igneous Province (LIP) — Depositos continuos com grande volume de rochas
magmaticas extrusivas e/ou intrusivas ocorrendo em margens passivas vulcanicas, platdos
oceanicos, cadeias submarinas, grupos de montes submarinos e basaltos de bacias oceénicas.
Sao resultados de atividades magmaticas continuas de grande area e volume durante um curto
periodo de tempo (~1 — 5 Ma).

Liguidus — temperatura sobre a qual o magma esta completamente fundido.
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Litofacies — corpo ou intervalo de rocha com caracteristicas descritivas Unicas definiveis que o
distinguem de outras litofacies.

Litofises — cavidades concéntricas ou alongadas geradas pela expansédo de gases em rochas
vulcénicas acidas.

Microfenocristal — cristais que, mesmo identificados em microscépio, sdo maiores que 0s
cristais da matriz.

Micrélito — cristal muito pequeno que compde a matriz da rocha e é visivel apenas ao
microscoépio.

Nao-newtoniano — fluido no qual a taxa de deformacao néo é diretamente proporcional a taxa
de estresse aplicado.

Newtoniano — Fluido no qual qualguer mudanca no estresse aplicado produz uma mudanca
diretamente proporcional na taxa de deformagéo

Obsidiana — também é um nome para rocha vulcanica porfiritica vitrea, neste trabalho mantida
apenas para as rochas nédo devitrificadas.

Ogiva — porc¢éao interna da lava acida que é pressionada e ascende para a superficie, formando
uma crista.

Pahoehoe — morfologia de derrame basaltico com topo liso ou em cordas, mostrando padrdes
de vesiculagcdo em sistema fechado.

Pahoehoe composto — morfologia de derrame baséltico formada pela sobreposi¢éo de varios
lobos de pequena dimensdo (poucos metros) com topo liso ou em cordas e com padrdes de
vesiculagéo em sistema fechado.

Pahoehoe simples (sheet) — morfologia derrame tipo pahoehoe de grande extensdo e
espessura.

Perlito — fratura conchoidal gerada a partir da hidrata¢éo de vidro vulcanico.

Piroclastico - material gerado apds um evento magmatico explosivo, onde sao ejetadas
particulas quentes juvenis, cristais e fragmentos de rochas encaixantes cognatas ou nao
cognatas.

Pluma mantélica — parte do manto onde a flutuacdo (diferenca de densidade) causa a
ascensdo das rochas quentes do manto até a crosta.

Ponded pahoehoe — derrame de lava basaltica confinado por obstaculos.

Primeiro ponto de ebulicdo — formacao de bolhas a partir da exsolugcao de agua solubilizada
no magma.

Pumice — material vulcanico altamente vesiculado ejetado durante erupgfes explosivas. O
termo também pode ser usado como adjetivo para materiais vulcanicos vesiculados (ex.:
fragmentos pumiceos).

Reoignimbrito — ignimbrito cujas textura piroclastica foram drasticamente obliteradas, podendo
apresentar foliacdes e dobras de fluxo.

Ressedimentado — depdsito piroclastico ou autoclastico que sofreu pequeno transporte e
deposicdo apos a erupcao.
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Rubbly pahoehoe — morfologia de derrame do tipo pahoehoe no qual a por¢éo de topo da lava
se rompe, gerando brechas autoclasticas.

Sedimentar vulcanogénico — deposito sedimentar com mais de 50% de particulas
vulcanoclasticas e que ja passou por processos de transporte e deposicdo bem estabelecidos.

Segundo ponto de ebulicdo — exsolucdo de agua a partir da cristalizacdo de fases anidras e
supersaturacao relativa de agua no magma.

Shard — fragmento vitreo (traducdo do inglés — caco), com diversas formas, sendo sua origem
comum durante a explosdo de materiais pumiceos, gerando shards na forma de contramoldes
de bolhas de gas.

SLIP — Acumulag@es de rochas vulcanicas com grande extenséo e grande volume dominadas
por termos acidos (>65% SiO,) com assinaturas geoquimicas transicionais entre intra-placa e
célcio-alcalino ou de margem convergente. Magmas de baixo-Ti podem estar presentes
juntamente com os de alto-Ti.

Soldagem — desenvolvimento de forca mecénica entre dois piroclastos em contato causando
com que um fique grudado ao outro.

Surge piroclastico — depésito associado as porgbes mais diluidas de correntes de densidade
piroclasticas, cujas particulas séo transportadas por saltacao e rolamento.

Susceptibilidade média — valor médio da susceptibilidade direcional sobre um espécime como
um todo. Fornecida pela equacdo Knegio = Ky + Ky + Ka/3

Textura micropoiquilitica — Agregados de cristais muito pequenos que se formam a partir da
devitrificacdo de fragmentos ou de rocha hialina.

Vitrofiro — rocha vulcanica com fenocristais imersos em matriz vitrea.

Vulcanoclastico — termo meramente descritivo aplicado a depésitos ricos em particulas de
origem vulcanica. Nao implica nenhum processo formador de particulas, de transporte ou de
deposicao.

Vulcanologia fisica — ciéncia que considera os processos fisicos de erup¢do magmatica,
comecando pela sua fonte e seguindo até sua colocacdo em superficie.
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APRESENTACAO

A presente tese de doutoramento, com inicio em marco de 2014, foi realizada por meio do
Programa de P6s-graduacao em Geociéncias (PPGGeo) da Universidade Federal do Rio Grande do Sul
(UFRGS) na area de concentracao de geoquimica. Foi desenvolvida com o financiamento de projetos de
pesquisa dos orientadores, Prof. Dr. Evandro Fernandes de Lima e Prof. Dr. Carlos Augusto Sommer
via Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) e Fundacao de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP).

ESTRUTURA DA TESE

A estrutura da tese esti organizada a partir de um capitulo de introducao com a localizacao,
acesso e fisiografia das areas, objetivos e justificativas, além de uma revisao em forma de estado da arte
sobre temas e areas relacionadas com a pesquisa, além da apresentacdo de estudos de caso. A revisao
geral e aprofundamento na teoria das técnicas analiticas estao presentes no volume da monografia de
qualificacao no ano de 2015, disponivel na biblioteca do Instituto de Geociéncias-UFRGS. Apds estes
primeiros capitulos, sdo apresentados 04 artigos cientificos na lingua inglesa, todos relacionados ao
tema central da tese, que foram submetidos ou publicados em revistas nos estratos qualis da CAPES A1,
A2, B1, B2, B3, de acordo com a Norma 103 do PPGGeo-UFRGS.

O primeiro artigo, intitulado “Structures and lithofacies of inferred silicic conduits in the
Parana-Etendeka LIP, southernmost Brazil” foi publicado na edicao especial sobre a provincia Parana-
Etendeka do Journal of Volcanology and Geothermal Research, e apresenta uma primeira percepcao
em escala regional do reconhecimento da geologia da area. Neste trabalho as relacbes de campo e a
petrografia sao detalhadas, discutindo-se também a sua composicdo quimica, com foco em uma
arquitetura de litofacies comum aos grupos de afloramentos estudados.

O segundo artigo, intitulado “The Mato Perso Conduit System: evidence of silicic magma
transport in the southern Parand-Etendeka LIP” e aceito para publicacdo na edicao especial sobre a
provincia Parana-Etendeka do Brazilian Journal of Geology, é composto por um mapeamento de
detalhe em uma das areas da tese, e tem como objetivo mostrar as relacoes espaciais entre os tipos de
rochas vulcanicas identificadas, além de relagoes estratigraficas que servem de suporte para o modelo
geral.

O terceiro artigo, intitulado “Magmatic flow patterns in silicic feeder conduits and lava flows
from Parana-Etendeka LIP, Southern Brazil: AMS fabric, magma transport properties and
implications for emplacement” foi submetido ao Bulletin of Volcanology, e apresenta um estudo com
os dados de anisotropia de susceptibilidade magnética e a caracterizacao de diferentes propriedades

fisicas que influenciam no fluxo magmatico.



13

O quarto artigo, intitulado “Storage and emplacement of low-Ti silicic volcanics in the southern
Parana-Etendeka LIP: extensional tectonics controlling the ~134 Ma silicic volcanism in the early
stages of Gondwana break-up”, submetido ao periddico International Geology Review, contém uma
caracterizacdo de quimica mineral e geoquimica de rocha-total. A partir destes dados foram testados
modelos de balanco de massa e cristalizacdo fracionada, a fim de comparar possiveis fontes
magmaticas. Parametros como temperatura, conteido de agua, viscosidade e paleopressées foram

calculados e um modelo de evolucao tectonica para o magmatismo é apresentado.
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Capitulo 1 - INTRODUCAO

O magmatismo é um fenomeno geologico que ocorre quando as fracoes so6lidas do manto ou da
crosta perdem sua estabilidade termodinamica e passam a fundir parcialmente. Aumento de
temperatura, diminuicao de pressao, variacao no contetido de 4gua do magma e a interagao com outros
corpos magmaticos sdo as variaveis mais discutidas para descrever as condicoes de formacao de
magmas. Existem quatro tipos principais de ambientes tectonicos onde magmas podem ser gerados
(Wilson, 1989):

- Margens de placa construtivas: limites de placa divergentes que incluem o sistema de dorsais

meso-0ceanicas e centros de espalhamento em back-arcs;

- Margens de placa destrutivas: limites de placa convergentes que incluem arcos de ilha e

margens ativas continentais;
- Ambientes intraplaca oceanicos: ilhas e platos oceanicos;

- Ambientes intraplaca continentais: provincias basalticas continentais (PBCs), zonas de rifte

continental e ocorréncias de magmatismo potassico e ultrapotassico nao relacionado a zonas
de rifte.

Os ambientes intraplaca, ocednicos e continentais, sdo os locais mais frequentes de ocorréncia
de Large Igneous Provinces (LIPs, figura 1). LIPs sdo depositos continuos com grande volume de
rochas magmaticas, incluindo PBCs, e rochas intrusivas associadas, ocorrendo em margens vulcanicas
passivas, platos ocednicos, cadeias submarinas, grupos de montes submarinos e basaltos de bacias
oceanicas (Coffin & Eldholm, 1994). Seus depodsitos, com extensoes areais maiores que 0,1 Mkm?,
volumes igneos maiores que 0,1 Mkms3 s3o gerados por atividades magmaéticas continuas, de grande
area e volume, durante um curto periodo de tempo (1-5 Ma, Bryan & Ernst, 2008). Adicionalmente,
deve-se considerar que ‘existem LIPs e LIPs’ (Saunders, 2005), no sentido de que tipos, composicoes e

modos de ocorréncia de rochas vulcanicas podem variar, sendo cada caso um caso.

Os produtos vulcanicos que dominam a arquitetura de LIPs sdo extensos campos de lavas
basélticas (e.g. Self et al., 1997; Jerram, 2002; White et al., 2009; Bryan, 2010), sendo também seus
constituintes as intrusoes de sills e diques (Jerram, 2002; Raposo et al., 2011). Algumas provincias,
como a LIP Siberiana podem exibir extensos depositos vulcanoclasticos maficos (Ross et al., 2005).
Piroclasticas e efusivas acidas também sao registradas em LIPs como Atlantico Norte e Central,
Columbia River, Deccan, Emeishan, Ethiopian, Karoo, Ferrar e Parana-Etendeka (Leeman, 1982; Xu et
al., 2010; Natali et al., 2011; Milner et al., 1992, 1995; Bryan, 2002). Embora constituam menos de 5%
do volume total da LIP associada, 0 magmatismo acido pode construir volumes de até 106 km3 (Bryan,

2002).
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Figura 1 — Distribuicio das principais ocorréncias de Large Igneous Provinces. NAIP = North Atlantic
igneous province, CAMP = Central Atlantic magmatic province, Rajm = Rajmahal basalts, TVZ = Taupo

volcanic zone, NW Aust = Northwest Australian oceanic plateaus. Modificado de Bryan (2002).

Na LIP Parana-Etendeka, os maiores volumes de vulcanicas acidas ocorrem no sul do Brasil,
ocupando uma area superior a 70 km2 e repousando na parte superior de uma sequéncia com mais de
800 m de lavas basalticas. No presente trabalho sera apresentado um detalhamento geoldgico de trés
areas de ocorréncia de vulcanicas acidas que foram escolhidas como objeto de estudo na porcao
nordeste do Rio Grande do Sul. Para isso, foram utilizadas técnicas de mapeamento geologico basico,

analises petrograficas, geoquimicas e de fabrica magnética, detalhadas nos capitulos seguintes da tese.
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1.1 Fisiografia, localizacao e acesso as areas de estudo

Se tomarmos a fisiografia do Estado como referéncia, as areas escolhidas ocorrem nas porcoes
mais elevadas, onde as altitudes variam entre ~400 e ~1200 m acima do nivel do mar (Fig. 2). Nesta
regido, a maior bacia hidrografica é atribuida ao rio das Antas, com jusante no extremo nordeste do
Estado e montante no rio Taquari, formando sua rede de drenagem principal com uma forma curva,

alongada na direcao NE-SW.

Estas areas pertencem aos municipios de Sao Marcos, Jaquirana, Cambara do Sul e Flores da
Cunha, onde esta localizado o distrito de Mato Perso. O acesso pode ser realizado a partir de Porto
Alegre pela BR-116 ou alternativamente pela BR-290 até o seu encontro com a BR-453 ou ERS-486

(Rota do Sol), com duracao de aproximadamente 2-3h de viagem de carro (Fig. 3).

DIAGRAMA MORFOLOGICO

CLAMPRACED [ DESENMO WikDR Taibny

(m)  ALTITUDES (m) %
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Figura 2 — Mapa geomorfologico do Rio Grande do Sul modificado de Zaions (1989).
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Figura 3 — Mapa de localizacao das areas de estudo.

1.2 Justificativa

As rochas acidas do Grupo Serra Geral (GSG, sensu Rossetti et al., 2017) foram extensivamente
estudadas nos anos 1980 e 1990, resultando em trabalhos que envolveram caracterizagoes geoquimicas
e paleomagnéticas (e.g. Bellieni et al., 1983, 1984, 1986, 1988; Peate et al., 1992; Peate, 1997; Garland
et al., 1995; Janasi et al., 2007; Nardy et al., 2008), estratigrafia com base em dados geoquimicos (e.g.
Melfi et al., 1988, Milner et al., 1995), petrografia (e.g. Comin-Chiaramonti et al., 1988, Roisenberg,
1989; Milner et al., 1992), geocronologia (e.g. Piccirilo et al., 1987; Renne et al., 1992; Turner et al.,
1994; Pinto et al., 2010; Janasi et al., 2011) e geoquimica isotopica (e.g. Mantovani et al., 1985; Cordani

et al., 1988; Garland et al. 1995).

O avanco no reconhecimento regional de diferentes unidades com afinidades geoquimicas
proprias, além do arcabouco estratigrafico ja estabelecido serviram de base para estudos de
vulcanologia fisica e associacao de litofacies (e.g. Umann et al., 2001; Lima et al., 2012; Waichel et al.,

2012; Polo & Janasi, 2014; Simoes et al., 2014; Lima et al., 2018).

As justificativas de investigacao do presente trabalho sdo a identificacao prévia de litofacies e
estruturas indicativas de diferentes tipos de sistemas e depoésitos vulcanicos de composicao acida na
porcao sul da LIP Parana-Etendeka, topo do GSG (e.g. Lima et al., 2012; Waichel et al, 2012; Polo &
Janasi 2014; Simoes et al., 2014). Outro aspecto fomentador da investigacao foi o reconhecimento de
estruturas e texturas, ainda muito pouco discutidas na literatura sobre a area, em rochas expostas nas

pedreiras de corte e extragdo para rocha ornamental no municipio de Sao Marcos. Os trabalhos de
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Rizzon (2010) e Lima et al. (2012) sugeriram que as feicoes observadas sdao indicativas de sistemas
associados a condutos vulcanicos alimentadores. A repeticao destas associagdes de estruturas como
foliagcoes sub-verticais, dobras e fragmentos em uma distribuigao regional tornou-se uma justificativa
para descrever as demais ocorréncias. Para isso foi necessario tentar identificar as principais
semelhancas e diferencas entre depositos interpretados como lavas ou como condutos, e estabelecer

comparacoes entre as diferentes areas de estudo.

1.3 Objetivos

A presente tese tem como objetivo geral a caracterizacao das rochas vulcanicas acidas do GSG
nas trés areas de estudo propostas. Esta investigacao é conduzida com enfoque na descricao de
litofacies, petrologia e determinacao de direcoes de fluxo magmatico por estudos de anisotropia de
susceptibilidade magnética. O acervo de dados adquirido serve para fornecer uma discussao adequada
aos aspectos de vulcanologia fisica, ou seja, na aplicacao de principios fisicos basicos para descobrir

como vulcoes funcionam (Parfitt and Wilson, 2008), ou funcionaram.

Os objetivos especificos sao: (1) Mapeamento geologico para a espacializagao dos tipos de rochas
e de estruturas, aquisicio de dados estruturais, coleta de amostras e verificacio de estruturas
previamente identificadas em imagens de satélite. Realizado a partir de levantamento em escalas de
trabalho de semi-detalhe (1:100.000, 1:25.000) para a confeccio de mapas e de detalhe (1:10.000,
escala de afloramento) para a confeccao de secOes locais e croquis esquematicos; (2) Analise
petrografica para identificacio dos minerais constituintes, texturas e microestruturas presentes nas
rochas estudadas; (3) Utilizacao de dados de geoquimica de rocha total a fim de uma investigacao sobre
diferentes tipos quimicos, correspondéncia composicional entre diferentes porcées do ambiente
vulcanico e a identificacdo de trends de diferenciacdo; (4) Caracterizagdo da orientacdo da trama
magnética mineral das amostras com o uso do método de anisotropia de susceptibilidade magnética
(ASM) para investigar as principais direcoes e os principais fatores que influenciam o fluxo magmatico
nas rochas estudadas; (5) Investigacao por meio de Microscopio Eletronico de Varredura — Energy
Dispersive X-ray Spectroscopy (EDS) e microssonda eletronica para a verificagdo semi-quantitativa e
quantitativa da composicao quimica dos minerais e da distribuicao de elementos quimicos ao longo dos

cristais, além do estabelecimento de temperaturas e pressoes de formacao.
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Capitulo 2 - METODOS
2.1 Revisao Bibliografica

A literatura acerca das areas investigadas est4 conectada as publicagcdes que abordam as rochas
vulcanicas da Bacia do Parana em geral, com algumas delas ja existentes sobre as areas de Sao Marcos
e Cambara do Sul (e.g. Umann et al.,, 2001; Rizzon, 2010; Lima et al., 2012; Lima et al., 2018).
Continuas investigacOoes e a realizacdo do projeto tematico sobre a provincia Parana-Etendeka na
FAPESP resultaram na publicacdo de um consideravel nimero de trabalhos cientificos nos anos de
2017 e 2018, por meio da edicao especial do Journal of Volcanology and Geothermal Research. Além
da geologia regional e local, os trabalhos que detalham os depositos vulcanicos acidos, sua
caracterizagao geoquimica e isotopica, e aplicacGes diretas da técnica de anisotropia de susceptibilidade

magnética em depositos de lavas e diques foram constantemente consultados.

2.2 Mapeamento Geoldgico

As trés areas de estudo foram selecionadas em funcao da frequéncia de afloramentos de rochas
com bandamento sub-vertical, brechas e dobras de fluxo na por¢ao nordeste do Rio Grande do Sul. No
conjunto de afloramentos estudados também foram identificadas unidades de vulcanicas acidas com
foliacoes horizontais. A base de planimetria e altimetria usada é calcada nas cartas da Diretoria de
Servico Geografico do Exército em escala 1:50.000 e a base cartografica vertorial continua do Rio
Grande do Sul, na mesma escala, de Hasenack & Weber (2010). Para o tracado dos lineamentos de
cristas e de vales utilizou-se imagens de radar SRTM (Shuttle Radar Topography Mission) 1 arc-
second global e imagens de satélite Google Earth e Bing Maps. A separacao de litofacies ocorreu,
principalmente, nas etapas de campo. Os critérios utilizados foram a delimitacdo de unidades com
semelhanca entre as aspectos como cor, vesiculagao, cristalinidade e estruturas, além do tamanho e
forma dos minerais. A coleta de amostras para as etapas posteriores teve foco em amostras

representativas para cada litofacies.

2.3 Petrografia

A confeccao de cerca de 30 laminas petrograficas foi realizada, em maior parte, pela Spectrum
Petrographics Inc., e em menor parte pelo Laboratério de Analises Minerais — CPRM, adicionando-se
a um acervo confeccionado pelo laboratério de preparacao de amostras da UFRGS. As fotomicrografias

foram adquiridas por meio de um microscopio da marca Meiji acoplado a um software de imagens



20

2.4 Mapas de elementos quimicos por MEV-EDS

As analises por microscopia eletronica de varredura (MEV) foram feitas em um microscopio
modelo LS15 da Zeiss no laboratorio da Superintenténcia Regional de Belém da CPRM-Servigo
Geologico do Brasil. Foi utilizado o modo de Alto Vacuo (3,0-1,5 105 mPa) e filamento de tungsténio.
As laminas polidas foram cobertas por uma pelicula de ouro de 10 um de espessura. As imagens de
elétron retroespalhado (Backscattered Eletron-BSE) dos minerais e texturas foram obtidas com 20 kV,
corrente de chegada entre 70 e 90 pA, distancias de trabalho de 8,5 mm e ampliacao entre 100 e 500
vezes. As analises da composicao quimica dos minerais foram por espectrometria por dispersao de
energia (Energy Dispersive Spectrometry-EDS) de raios X em um detector X-Act SSD 10 mm? da
Oxford Instruments. Os resultados anéliticos foram adquiridos a uma distancia de trabalho foi de 8,5
mm, com voltagem de 20 kV, corrente de chegada de 170 a 400 pA para manter uma taxa de contagem

de saida de cerca de 2000 cps, tanto nas analises pontuais quanto nos mapas de elementos.

2.5 Quimica mineral por microssonda eletronica

Um total de 13 laminas foi analisado em microssonda eletronica (Electron Probe MicroAnalyzer,
EPMA) para quantificar os teores de 6xidos maiores como SiO., Al.O3, K.O, Na.O, CaO, MgO, Fe.O;
(total), MnO, TiO. e Cr.O; em cristais de plagioclasio, sanidina, piroxénios, 6xidos de Fe-Ti e também
na matriz vitrea. As analises de EPMA foram realizadas na Universidade de Brasilia (UnB) em um
equipamento da marca JEOL JXA-8230, com cinco espectrometros WDS (Wavelenght-Dispersive
Spectroscopy) com cristais analisadores STE/TAP, TAP/PET, PET/LIF, PET/LIF e PET/LF, além de
um detector de silicio EDS. As anélises foram feitas sob condicoes de 15 kV de corrente, 20 nA de
aceleracao e tamanhos dos spots entre 5 e 10 micrometros em cristais de piroxénio e 6xidos de Fe-Ti .
Nas anéalises de matriz vitrea e plagioclasios, para evitar a difusdo de elementos como Na e K, as

correntes foram reduzidas para 10 nA e o raio foi descocado para 15 a 20 micrometros de diametro.

2.6 Geoquimica de rocha-total

Analises de geoquimica de rocha total foram realizadas em 34 amostras, 09 de Mato Perso, 13 de
Jaquirana-Cambara do Sul e 12 de Sao Marcos, estas ultimas compiladas de Lima et al. (2012). Os
procedimentos analiticos foram desenvolvidos no Acme Analytical Laboratories Ltd., in Vancouver,
Canada, usando as rotinas 4A e 4B. Na primeira, a abundancia total dos principais 6xidos e diversos
elementos menores for obtida com 0,2 g de amostra pulverizada por espectroscopia de emissao com
plasma induzido acoplado (ICP-ES, Inductively Coupled Plasma — Emission Spectrometry) com limite
de deteccao de 0,01% para SiO., Al.O;, Fe.O3, CaO, MgO, Na.O, K.O, MnO, TiO. and P.O;. Na

segunda, os resultados para elementos refratarios e terras raras foram obtidos utilizando a mesma
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quantidade de amostra por espectrometria de massa (ICP-MS, mass spectrometry) com limites de
deteccao de 1 ppm para Ba, Be e Sn, 0.1 ppm para Ce, Cs, Hf, La, Nb, Rb, Ta, U, Y e Zr, 0.2 ppm para Co
e Th, 0.3 para Nd, e entre 0.01 e 0.05 ppm para Dy, Er, Eu, Gd, Ho, Lu, Pr, Sm, Tb, Tm, e Yb.

2.7 Anisotropia de Susceptibilidade Magnética (ASM)

A aquisicao de testemunhos orientados de rocha foi realizada em duas etapas de campo, onde
foram priorizados afloramentos com boa descricao do arcabougo estrutural em etapas anteriores. Foi
utilizada uma maquina perfuratriz da marca Stihl e brocas com ponta diamantada, confeccionadas pela

empresa Person Bouquet.

As medidas envolvendo ASM foram obtidas no laboratoério de anisotropias e magnetismo de
rochas do Instituto de Geociéncias da Universidade de Sao Paulo (USP). Cada testemunho, com cerca
de 8 cm, foi fatiado em espécimes de aproximadamente 2,2 cm, usadas para as medidas de anisotropia
em um instrumento MFK1-FA da AGICO. As medidas consistiram na aplicacio de um campo
magnético baixo (425 A/m) na amostra ao longo da sua rotacao em trés eixos ortogonais. A orientacao
de cada espécime é representada em estereogramas equi-area de hemisfério inferior. As orientacées
médias dos principais eixos magnéticos é representada por simbolos maiores nos diagramas e foram
calculadas pelo software ANISOFT 4.2 (Chadima and Jelinek, 2009) utilizando a estatistica de Hext-
Jelinek (Hext, 1963; Jelinek, 1978). As variaveis calculadas sao divididas em parametros de forma e
magnitude. Os de magnitude sao o tensor médio de susceptibilidade (km=Kkmax+Kint+kmin/3), que
representa a média da susceptibilidade total de cada espécime e o grau de anisotropia corrigido (Pj),
que é uma medida da anisotropia total. O parametro de forma T define a excentricidade do elipsoide
de strain, onde 0<T<1 é referido a formas oblatas, -1<T<o0 a formas oblatas e T=1 a formas triaxiais.
Esta relacao também pode ser observada plotando os parametros T versus Pj (Jelinek, 1981; Hrouda

1982).

2.8 Geotermometria
2.8.1 Saturacdo em apatita

O modelo de saturacdo em apatita de Harrison & Watson (1984) foi elaborado
experimentalmente, a partir da dissolucao de cristais de apatita em fusdes com 0-10% de H.O. A
solubilidade da apatita nestes experimentos pode ser descrita em funcdo da temperatura, de acordo

com a equacgao:

Ln Dpapatita/fusio = [(8400 + ((SiO:2 — 0,5) 2,64 x 104))/T] — [3.1 + (12.4 (SiO. — 0,5))]
(1)
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Este modelo foi utilizado para adquirir temperaturas proximas a liquidus, tendo em vista que a
apatita é o principal mineral acessorio, na forma de microlitos. Por definicdo, foi assumido um
coeficiente de particdo 42 para o fosforo, de acordo com Watson & Green (1981) e Prowwatke &
Klemme (2006), e os resultados de analises de geoquimica de rocha total para P.Os; foram utilizados
como particao da apatita no magma, considerando o fésforo um constituinte estrutural essencial (e.g.

Sun & Hanson, 1975).

2.8.2 Equilibrio plagioclasio-liquido

Outra abordagem de geotermometria é fornecida por Putirka (2005), onde o autor calibra um
geotermOmetro baseado no equilibrio entre o plagioclasio, uma das principais fases presentes nas

amostras estudadas, e o liquido, a partir de um valor de pressao assumido:
104/T(K) = 6,12 + 0,257 In([Anr!] /[ Calia(Allia)2(Sili9)2]) - 3.166[Calid] + 0.2166[H.Od] (2)
-3.137[Allia/Allia+Silia] + 1,216[AbP!]2 — 2.475 x 102 [P(kbar)], R=0,99; erro padrao: 23 K

Neste modelo, a temperatura é inserida em Kelvins e pressao em kbar. Anp! e AbP! sdo as fragoes
de anortita e albita em plagioclasio, calculadas como fracoes cationicas: An=CaO/(CaO+Na.O+K.0) e

Ab=Na,O/(CaO+Na.0+K-0). Termos como Alld referem-se a fracao catiénica anidra de Al no liquido.

2.9 Higrometro (plagioclasio-liquido)

Higrometros baseados no equilibrio entre o plagioclasio e o liquido, assim como os
geotermometros, sao baseados na reacao de troca da anortita (CaAl.Si»Os) e da albita (NaAlSi;Os) entre
o plagioclasio cristalino e o liquido magmatico: CaAl,Si.Osgeristal + NaAlSi;Ogliauido= CaAl,Si,Og liquido +
NaAlSi;Ogcristal, De acordo com o modelo de Waters & Lange (2015), a quantidade de agua no sistema
também depende de parametros experimentais de calibracao do equilibrio (a,b, d;) e da 4gua dissolvida

du20:
wt%H.O =mx + a’ + b’/T + = Xidy’ (3)

onde: m = l/ngo, a = a/-deo, b = b/'deO, di’ = di/-ngo
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2.10 Geobarémetro (piroxénio)

As proporgoes de distribuicdo das fragoes de Mg, Na, diopsidio-hedenbergita (DiHd), Al (no
sitio VI) e enstatita-ferrosilita (EnFs) sao utilizadas, juntamente com a temperatura, como variaveis
para a definicdo da pressao de formacao dos piroxénios. A equacao 32a de Putirka (2008) depende
apenas da composicdo do clinopiroxénio, nao exigindo condigoes de equilibrio com o liquido e

fornecendo erros sistematicos apenas para experimentos com alta quantidade de agua:

P(kbar) = 3205+0,384T(K) — 518InT(K) — 5,62 (XP¥y,) + 83,2 (XPXy,) + 68,2 (XP¥ping) + 2,52 In (Xepx
AlVD) — 51,1 (XP*ping)2 + 34,8(XPxgqrs)? (4)

2.11 ViscOmetro

O modelo usado para estimativa de viscosidades, de Giordano et al. (2008), é calibrado em
mais de 1770 amostras em anélises experimentais com um amplo espectro de temperaturas e
composicoes magmaticas. A partir das composicoes quimicas de rocha total, ele fornece uma

dependéncia Newtoniana nao-Arrheniana aos liquidos silicaticos, a partir da equacao VFT:
logn = A + B/T(K)-C (5)

O parametro A é o valor de logn (Pa s) a temperatura infinita (10-4-¢ Pa s), representando o limite
superior de temperatura para a viscosidade de um magma silicatico. J4 os parametros B e C sao
composicionais e dependem da combinacao linear dos valores de 6xidos maiores e um ntimero

subordinado de termos cruzados multiplicativos de 6xidos:
B = X7, [biMi] + X3j= [by(M14.M24)]; (6)
C =25 [ciNi] + [c1: (N111.N24)] (7)
Sendo:

b1=SiOQ+Ti02, b2=A1203, b3=FeO(T)+MnO+P205, b4=MgO, b5= N320+V, b7=V+1n(1+H20),
b11:(Si02+Ti02)*FM, b12:Si02+TA+P205*NK+H20, b13:A]203*NK.

Ci= Si02, Co= TA, 03=FM, C4=CaO, C5=NK, c(,:ln(1+V), C11=(A1203+FM+CaO‘PQO5)*NK+V,
V=H,0+F.07, TA=TiO.+Al.O3, FM= FeO(T)+MnO+MgO, NK=Na,O+K-O.
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Capitulo 3 - ESTADO DA ARTE

3.1 Large Igneous Provinces (LIPs), Provincias Basalticas Continentais (PBCs) e Silicic Large Igneous

Provinces (SLIPs)

O conceito de LIP - postulado na introducao - ja foi desmembrado em uma série de sub-tipos de
provincias, como no trabalho de Sheth (2007), que propos uma subdivisio em Large Volcanic
Provinces (LVPs), constituidas por provincias de rochas vulcanicas e em Large Plutonic Provinces
(LPPs), constituidas por termos intrusivos (complexos mafico-ultramaficos, enxames de diques e
batolitos graniticos). A partir dessa subdivisao, foram criadas divisdes em termos de composi¢ao, como
Large Basaltic Provinces, Large Rhyolitic Provinces, Large Andesitic Provinces, Large Basaltic-
Rhyolitic Provinces e Large Granitic Provinces. Restritivamente, existem condicionantes para que o
postulado inicial de Coffin and Eldholm (1992, 1994) sobre LIPs se mantenha. Devem-se considerar
duas escalas de tempo: a duracao total da atividade na provincia e a duragdo provavel de eventos

individuais, balizada pela estratigrafia (Canon-Tapia, 2010).

Dentro das subdivisdes das LIPs, as PBCs sdo construgoes vulcanicas lateralmente extensas
(varios milhares de km2) e espessas (cerca de 1 km em média), representando a erupcao de grandes
volumes de magmas derivados do manto em periodos de tempo relativamente curtos (poucos milhoes
de anos) e geralmente de composic¢ao toleitica (Coffin & Eldholm, 1992; Sheth, 2007). Sao comumente
associadas com anomalias de fusdo localizadas no manto superior e constituem um subconjunto das
LIPs, que podem incluir corpos eruptivos e intrusivos de diferentes composicoes quimicas (Jerram &

Widdowson, 2005).

Provincias magmaticas com predominio de rochas acidas, extensdes areais maiores que 0,1
Mkmz, volumes de extrusivas e subvulcanicas associadas maior que 0,25 Mkm3 e que extrudiram em
um curto periodo de tempo sao definidas como Silicic Large Igneous Provinces (SLIPs). De acordo com
Bryan (2007), as composicOes igneas sao volumetricamente dominadas por termos acidos (> 65%
Si0.), mas geralmente mostram uma variacao de basaltos a riolitos alta-silica. Os riolitos mostram
assinaturas geoquimicas transicionais entre intra-placa e calcio-alcalino ou de margem convergente, e
ambos os magmas com baixo- e alto-Ti estdo presentes. O papel das adicbGes crustais hidratadas
durante episédios anteriores a subduccao é considerado crucial para desencadear ampla fusao crustal e
prevenindo um dominio de rochas maficas em superficie (Bryan, 2007). Tanto no conceito de LIP,
como no de SLIP, também ¢é valido que o reconhecimento e detalhamento estratigrafico sao
fundamentais, tendo em vista que apenas um conjunto de idades de rochas cuja relacio espacial nao é

bem definida nao caracteriza uma provincia.

Todas as PBCs de idade jurassica a creticea, e associadas a quebra do Supercontinente

Gondwana, tém diversas quantidades de rochas igneas acidas intercaladas ou sobrepostas, tal como é
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na provincia do Deccan na India, Karoo no sul da Africa, no terciario do Atlantico Norte, na Yemen-
Etidpia, Emeishan na China e Columbia River nos EUA, além do plat6 oceanico Kerguelen. Juntamente
com os pulsos principais do magmatismo basaltico, o vulcanismo acido pode ocorrer tanto em fases
iniciais quanto nas partes tardias, no topo da pilha vulcanica (Bryan, 2002). Exemplos quaternarios de
erupcgoes acidas em LIPs possuem produtos de grande volume (>10 a 1000 km3), relacionados a
correntes de densidade piroclasticas, fluxos de lavas e domos (Bryan et al., 2010), embora produtos de
queda, comuns em erupcoes acidas sejam mais raras (Wilson, 2008). Depositos de lavas em LIPs, e
principalmente na LIP Parana-Etendeka, foram subestimados pelas definicoes de Bryan (2002) e
Bryan et al. (2010), tidos como mais comuns em SLIPs como a Gawler Range na Australia (e.g. McPhie
et al., 2008; Agangi et al., 2011). No entanto, trabalhos recentes, inclusive os que estao contidos na
presente tese, ratificam que as lavas sao os principais componentes das unidades acidas no sul da LIP
Parana-Etendeka, considerando a por¢ao Sul-americana (e.g. Umann et al., 2001; Lima et al., 2012;

Luchetti et al., 2014; Guimaraes et al., 2017; Polo & Janasi, 2014; Polo et al., 2017a,b).

3.2 A LIP/PBC Parana-Etendeka

A LIP/PBC Parana-Etendeka ocupa, aproximadamente, um volume de pelo menos 1.700.000
km3 (Frank et al., 2009), do qual 90% esta localizado na América do Sul, sobre os depositos
sedimentares e6licos da Formacao Botucatu na Bacia do Parana e ocupando uma area de 917.000 km2
(£15.000). Sobre a Bacia do Parana, a sequéncia vulcanica atinge até ~1.500 m e na area de estudo a
espessura da pilha é de aproximadamente 800 m (Fig. 4). Na placa africana, as lavas de Etendeka
estdo espalhadas por uma area de ~ 80.000 km2, dominantemente no norte da Namibia, mas também

em algumas regioes da Angola (Erlank et al., 1984).

A referéncia estratigrafica para esta LIP no sul Brasil é definida como Formacao Serra Geral ou
Grupo Serra Geral (GSG), que € uma associacao de rochas de afinidade toleitica com cerca de 1.700 m e
com uma grande proporcao (97,5%) de lavas de composicao basica a intermediaria com um volume
menos representativo (2,5%) de rochas de composicao acida (Melfi et al., 1988). A idade das rochas da
provincia, antes estabelecida por um largo espaco de tempo (138 — 128 Ma, método Ar-Ar em
plagioclasio, Turner et al., 1994; Stewart et al., 1996) foi recalculado por Thiede e Vasconcelos (2010) e
restrito a um periodo em torno de 134 Ma. Idades em torno de 134 Ma também foram adquiridas para
rochas basicas e acidas da porcao central da provincia (U-Pb SHRIMP em zircio — 01 basalto, 03

acidas, Pinto et al., 2010; U-Pb em badeleita — 01 acida, Janasi et al., 2011).
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Figura 4 — Mapa de is6pacas das rochas extrusivas do GSG (modificado de Frank et al., 2009 e Zalan et al.,

1986) com énfase na isdépaca de 700 m, acima da qual encontram-se as areas de estudo.

Esta provincia também é composta por exposicoes de enxames de diques nas porcoes costeiras
do Brasil e da Africa, onde cortam o embasamento Proterozoico, além da porcao leste do Paraguai
(Peate, 1997). Os trés principais enxames de diques no Brasil, Ponta Grossa, Florian6polis e Santos-Rio
de Janeiro possuem areas de 0,05 a 0,1 Mkm2, cada um (Piccirillo et al., 1990; Raposo et al., 1998;
Valente et al., 2007; Florisbal et al., 2017). No nordeste do Rio Grande do Sul a ocorréncia de diques de
diabasio também é comum, cortando as rochas sedimentares da bacia do Parana e as préprias rochas

da pilha vulcanica (Sarmento et al., 2017).
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Uma exposicao de rochas vulcanicas no municipio de Jaguardo, proéximo a divisa com o
Uruguai, e com cerca de 3 km2 apresentou idades pelos métodos K-Ar e Rb-Sr entre 143 — 139 Ma
(Horbach et al., 1986; Bossi and Umpierre, 1975; Comin-Chiaramonti, 2000). As rochas daciticas,
contendo cordierita, ortopiroxénio, plagioclasio e ilmenita como fases liquidus, possuem xenolitos do
embasamento e sua génese € atribuida a reacoes de fusao parcial, envolvendo a quebra da biotita em
um terreno de fonte quartzo-feldspatica. As unidades basicas do GSG do sul do Brasil estendem-se para
sul, ocupando a porc¢ao noroeste do Uruguai. Na porcao sudoeste deste pais, ocorrem rochas vulcanicas
basicas e acidas em uma area de aproximadamente 8.000 km2, alongada na direcio NE. Estas
unidades, localizadas entre os lineamentos Cebollati-Merin e Aigua-Chuy, possuem idades entre 132
Ma e 124 Ma (4°Ar/39Ar, Stewart et al., 1996; Kirstein et al., 2001; Lustrino et al., 2005) e podem ser

consideradas um outlier em relacao a Bacia do Parana.

As vulcanicas da LIP constituem a secao pré-rifte da Bacia de Pelotas na porcao Sul-americana
(Stica et al., 2014) sendo o ambiente tecténico onde a provincia se desenvolveu caracterizado pelo
inicio da separacdo do oceano Atlantico Sul no inicio do Cretaceo (Peate, 1997). Estudos de
paleomagnetismo mostraram que idades de 134 Ma (chron M13 de Channell et al., 1995 ou M1or de
Collier et al., 2017) sao correlatas a anomalias lineares na crosta oceanica do Atlantico Sul e a LIP
Parana-Etendeka (Chron 12 r/n de Dodd et al., 2015), sugerindo a formacao do vulcanismo durante a

quebra do continente e formacao de assoalho oceanico (Collier et al., 2017).

3.2.1 Correlacgoes da Supersequéncia Gondwana III com o Grupo Etendeka e arcabouco estratigrafico

do Grupo Serra Geral

A LIP Parana-Etendeka desenvolveu-se conjuntamente com os sedimentos mais tardios da
Bacia do Parana. O arcabouco estratigrafico desta bacia compreende seis supersequéncias do
Ordoviciano ao Neocretaceo: Rio Ivai, Parana, Gondwana I, Gondwana II, Gondwana III e Bauru. No
Rio Grande do Sul afloram as supersequéncias Gondwana I (grupos Itararé, Guata, Passa Dois),
Gondwana II (Formacdo Santa Maria) e Gondwana III (Formacdo Botucatu e GSG). As
supersequéncias Gondwana I e II compreendem uma secido do Permiano ao Meso-Jurassico. Sao
compostas predominantemente por sedimentos de ambientes glaciais, fluviais, lacustres e marinhos,
sendo sucedidas estratigraficamente no Eocretaceo pelos sedimentos eblicos da Formacao Botucatu e
pelas rochas vulcanicas do GSG, estes tltimos representando a Supersequéncia Gondwana III (Milani

et al. 2007).

Para a correlacao estratigrafica com as rochas juro-cretaceas da Bacia Huab, a Formacao Guara
- neojurassica, que € composta por arenitos grossos a conglomeréaticos fluviais que se interdigitam com

arenitos finos a médios eodlicos e sao sobrepostos pela Formacao Botucatu (Scherer & Lavina 2006) é
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considerada correlata com o Membro Krone (flavio-eo6lica), que precede os depositos edlicos da
Formacao Etjo na contraparte africana. O Membro Krone é composto por conglomerados fluviais
clasto-suportados que gradam para arenitos fluviais intercalados com depoésitos de dunas eodlicas na

“secao mista” (Jerram et al. 1999).

As Formacoes Botucatu e Etjo sdo sucessoes de até 150 m de arenitos finos a médios com
estratificacdo cruzada de grande porte que representam formas de leito de draa migratorias que
rapidamente preencheram o espaco de acomodacao da bacia (Jerram et al. 1999, Scherer 2000). A
transicao do predominio de sedimentacao edlica para o predominio do vulcanismo se da pela colocacao
de fluxos do tipo compound e ponded pahoehoe (Jerram & Widdowson 2005, Rossetti et al., 2014;
Rossetti et al., 2017) que cobrem parte dos ergs formando estruturas de deformacao, didpiros de areia e
brechas peperiticas (Waichel et al. 2007, Luchetti et al., 2014; Rossetti et al., 2014). O sistema de erg
ativo é progressivamente engolfado pelos basaltos, resultando em uma boa preservacao de partes do

sistema de dunas (Jerram et al. 1999, Waichel et al. 2007).

Na por¢ao africana, as rochas vulcanicas do Grupo Etendeka sao divididas formalmente em duas
formacoes: Awahab e Tafelberg (Milner et al. 1994). A Formacao Awahab possui trés tipos principais:
(1) basaltos com olivina e sedimentos intercalados com associacao de facies de pahoehoe composto,
lobado ou tabular; (2) basaltos e andesitos basalticos e textura fina com base e niacleo macicos e topo
brechado e vesicular; e (3) quartzo latitos (classificacao petrografica). Os basaltos com olivina possuem
teores mais elevados de MgO, TiO., FeOr e sao geoquimicamente classificados como basaltos do tipo-
Tafelkop (Milner et al., 1994, Milner & Ewart, 1989) ou basaltos LTZ.H (Ewart et al., 1998a). O
Membro Tafelkop, que se intercala com lavas do tipo-Tafelberg, foi definido 50 km a sul da se¢ao-tipo
da Formacao Awahab. Essas rochas correlacionam-se com o Evento Vulcanico Bésico I (EVA I, Waichel
et al. 2012), Unidade I (Rossetti et al. 2014) ou Formacao Torres do Grupo Serra Geral (Rossetti et al.,

2017).

Os basaltos e andesitos basalticos sao geoquimicamente equivalentes aos basaltos tipo LTZ.L
(Ewart et al. 1998a) ou tipo-Tafelberg (Milner et al. 1994). No entanto, essas rochas estao encobertas
por basaltos de outras sequéncias e por uma desconformidade que separa a estratigrafia da Fm.
Awahab da Fm. Tafelberg. Além do mais, nao sio estratigraficamente correlatos aos basaltos Tafelberg
da secao-tipo, mas possuem assinatura geoquimica tipo-Tafelberg. Jerram et al. (1999) utilizaram o
nome Membro Tsuhasis para estas rochas, que sao correlatas ao Evento Vulcanico Basico II (EVA II,
Waichel et al. 2012), Unidade II (Rossetti et al. 2014) ou Formacao Vale do Sol (Rossetti et al., 2017). A
porcao superior da Formacao Awahab contém a primeira ocorréncia de um grande volume de rochas
vulcanicas acidas, os quartzo latitos Gobobseb (I e II) e o quartzo latito Sprinkbok. A Formacao
Tafelberg é separada da Formacdao Awahab por uma desconformidade regional entre duas unidades

principais: (1) basaltos e andesitos basalticos (abaixo) e (2) quartzo latitos (acima). A desconformidade
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regional é estendida para a porgao brasileira da provincia, entre andesitos basalticos e as rochas acidas
do tipo-Palmas (Whittingham 1989, Milner et al. 1995, Jerram et al. 1999) ou Formacao Palmas
(Rossetti et al., 2017).

O detalhamento litoestratigrafico de Rossetti et al. (2017) propde que a Formacao Torres, que
sucede a Formacao Botucatu, representa o inicio do vulcanismo e é caracterizada por campos de
derrames pahoehoe compostos de composicao basaltica mais primitiva (> 5% MgO). A Formacao Vale
do Sol é composta por volumosos derrames do tipo rubbly pahoehoe e é recoberta pelas lavas e domos
de composicao dacitica a riolitica da Formacao Palmas. A Formacao Esmeralda é a unidade superior do
GSG no sul do Brasil, sendo formada por campos de derrames basalticos do tipo pahoehoe e depositada
durante a fase minguante do vulcanismo (Fig. 5). As intercalacoes sedimentares sao abundantes ao
longo da pilha vulcanica, representando periodos de quiescéncia na atividade vulcanica, e representam
importantes marcadores estratigraficos (ex.: arenitos no contato entre as formacoes Torres e Vale do
Sol).

) Lavas alto-Ti (indiviso)

1| ] Formag&o Esmeralda
I Formagao Palmas
[ Formacéo Vale do Sol
I Fomagzo Torres

I |Formagéo Botucatu

[ |Polaridade reversa
W Polaridade normal

Estradas
* Cidades
M Limites estaduais

* santa N " Secdes levantadas
Maria Cruz do sul f\legre Ocean X

100 km ’ TA

Figura 5 — A) Mapa da distribuicdo de unidades litoestratigraficas na porcao sul da LIP Parana
Etendeka. B) Distribuicao estratigrafica das formacoes, secoes e correlacao com dados paleomagnéticos
(de Ernesto & Pacca, 1988). JS=Jaguari-Santiago; SM=SantaMaria; IV=Ivora; CS=Candelaria-
Sobradinho; SH=Santa Cruz do Sul-Herveiras; LS=Lajeado-Soledade; AE=Arvorizinha-Encantado; GT
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= Garibaldi-Teot6nia; CV=Sao Sebastiao do Cai-Caxias do Sul; PH=Picada Café-Nova Petrépolis; IG=
Igrejinha-Gramado; BM=Barra do Ouro-Morrinhos; TA=Terra de Areia-Aratinga (modificado de

Rossetti et al., 2017).

3.2.2 Magmas-tipo e geoquimica das vulcanicas do GSG

O magmatismo da PBC Parana-Etendeka é historicamente descrito a partir de uma estratigrafia
definida por parametros quimicos obtidos, principalmente, em anéalises quimicas de rocha total
(Belieni et al. 1986, Peate et al. 1992, Peate 1997, Nardy et al. 2008). O primeiro e mais utilizado
esquema de classificacao elaborado por Peate et al. (1992) a partir de Bellieni et al. (1986) e reforcado
por Peate (1997) esta sumarizado na figura 6. O esquema de classificagao ¢ inicialmente simples, a
medida que separa as rochas com alto contetido de TiO. (> 2%) das rochas com baixo contetdo de TiO.
(< 2%). As rochas de alto-Ti, cujos subgrupos siao Esmeralda, Gramado e Ribeira, ocorrem mais
comumente na porc¢ao norte da Bacia do Parana e as rochas baixo-Ti, divididas em Urubici, Pitanga e
Paranapanema estariam mais restritas a porcao sul. Em relacao as fontes dos magmas parentais, o
magma-tipo Ribeira (baixo-Ti) possui as razées de Rb/Ba e Ti/Y assemelhadas as razées dos magma-

tipo de alto-Ti.

Para as rochas vulcénicas acidas do GSG a divisao foi efetuada a partir de dois grandes grupos,
de acordo com aspectos petrograficos e geoquimicos (Fig. 7): magma-tipos Palmas e Chapecd (Bellieni
et al. 1986; Peate, 1997). As rochas do tipo Palmas ocorrem preferencialmente nas porcoes centro-sul e
sul da Bacia do Parana e sao dacitos e riolitos afiricos de baixo-Ti com altas razoes 86Sr/87Sr) e alto
8018, Os dacitos sao subdivididos nos subtipos Caxias do Sul, Anita Garibaldi, e Jacui (Nardy et al.,
2008). Os riolitos sao subdivididos nos subtipos Santa Maria e Clevelandia (Peate et al., 1992, Nardy et
al., 2008). As rochas do tipo Chapeco6 ocorrem preferencialmente nas porcoes centro-norte e norte da
Bacia do Parana e sao traquitos porfiriticos de alto-Ti com menores valores para 86Sr/87Srg) e 8078,
maiores teores relativos de Ba, Nb, La, Ce, Zr, P, Nd, Y, Yb, Lu e K e menores teores de Rb, Th e U que o
tipo Palmas. Este magma-tipo também é subdividido nos subtipos Ourinhos, Guarapuava (Peate 1997)

e Tamarana (Nardy et al. 2008).

Na contraparte africana da LIP também foram descritas séries de magmas-tipo. No entanto, é
importante ressaltar que o sistema de classificagdo das rochas acidas utilizado nos trabalhos efetuados
no continente africano é petrografico. De acordo com a sistematica recomendada pela IUGS
(International Union of Geological Sciences) as mesmas rochas chamadas de quartzo latitos ocupam
campos de traquitos, traquidacitos e riolitos no diagrama TAS e campos de dacitos e riolitos alto-K no

diagrama SiO. versus K.O (Milner et al. 1992), ambos diagramas sugeridos por LeMaitre et al. (1989).
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Figura 6 — Esquema de classificacdo de magmas-tipo para as rochas vulcanicas basicas da Formacao

Serra Geral a partir de Peate et al. (1992).

VULCANICAS ACIDAS

Guarapuava

(TiO, > 1.,47%) Rb/Zr<0,2

Chapecé “Sr/*Sr(i) = 0,705-0,706
Zr> 500 ppm = _~~_-~Tamarana"~_-"~.
baixo 80 ]
“Sr/*Sr(i) = 0,705-0,708 (TIO, < 1.20%) Ourinhos

| o
2 Rb/Zr > 0,2

“Sr/*Sr(i) = 0,707-0,708

Santa Maria

P04 < 0,21%
Baixo-Ti (TiO, < 0,21%) 28 ’

Clevelandia
0,21%<P,05 < 0,23%
Palmas [

Zr < 400 ppm Caxias do Sul
alto 80 0,91% < TiO,< 1,03%
“Sri*Sr(i) = 0,714-0,727 0,25% < P,04< 0,28%
) ) Anita Garibaldi
Alto-Ti (TIO, > 0.90%) |  1,06% < TIO.<1:25%
0,32% < P,0:< 0,36%
Jacui
1,05% < Ti0,< 1,16%
0,28% < P,0:< 0,31%

Figura 7 — Esquema de classificacao das rochas vulcanicas dcidas da Formacao Serra Geral a partir de

Peate et al. (1992), Garland et al. (1995) e Nardy et al. (2008).

Os quartzo latitos de baixo-Ti sdo representados pelos tipos Goboboseb, Springbok,
Wereldsend, Grootberg, Beacon, Hoas e Fria. Os magma-tipos de alto-Ti sao representados pelos
latitos Nil Despeandum, Nadas, Sechomib e Hoarusib e, também, pelos quartzo latitos Sarusas,
Ventura, Khoraseb, Naudé e Elliot (Marsh et al., 2001). As correlacoes regionais e equivaléncias

geoquimicas dos teores de elementos maiores e traco entre as duas contrapartes da PBC Parana-
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Etendeka foram reconhecidas como Santa Maria— Fria, Ourinhos—Khoraseb e Guarapuava—Sarusas

(Marsh et al., 2001) ou Guarapuava— Ventura e Tamarana—Sarusas (Bryan et al., 2010).

3.2.3 Modelos prévios de fonte eruptiva das vulcanicas de baixo-Ti

A correlacao entre as rochas vulcanicas acidas da contraparte africana com as rochas da parte
sul-americana foi realizada por Milner et al. (1995) e é baseada nas comparacoes geoquimicas entre
unidades. A partir deste estudo, os autores sugeriram que o subgrupo mais inferior do tipo Palmas teria
sua origem vinculada ao complexo Messum (Fig. 8), um complexo intrusivo que abriga rochas como
granitos e gabros com afinidade geoquimica similar as vulcanicas. Adicionalmente, as correntes de
densidade piroclasticas geradas na caldera Messum teriam percorrido cerca de 340 km até
depositarem-se onde hoje é a porcdo Sul-americana da provincia (Milner et al., 1995; Bryan et al.,
2010). A descricao de zonas interpretadas como condutos na regiao de Sao Marcos, onde as lavas sao
do tipo Palmas, reabriram a discussao sobre as fontes eruptivas (e.g. Lima et al., 2012; Lima et al.,

2018).

SOUTH AMERICA

Parana

-2
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km Etendeka

Figura 8 — Correlacdo transcontinental das rochas acidas da provincia Parana-Etendeka com

indicacao e fonte eruptiva no complexo Messum, na Namibia (extraido de Milner et al., 1995).
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3.3 Litofacies e vulcanismo de alta temperatura
3.3.1 Litofacies em lavas acidas

Uma facies ¢ um corpo ou um intervalo de rocha ou sedimento que possui um carater anico
definivel que o distingue de outras facies ou de intervalos de rocha ou sedimento. O carater definitivo
de uma facies pode ser associado a aspectos composicionais, texturais e estruturais. O grau de detalhe
usado para subdividir uma sucessao estratigrafica em facies é controlado pelos propositos do estudo,
da informacao disponivel e do nivel de entendimento possivel (Cas & Wright, 1988). As caracteristicas

descritivas e nao-interpretativas de uma facies sao definidas como uma litofacies (Miall, 2000).

Os principais elementos descritivos de uma facies (Quadro 1) sao: (i) geometria, (ii) litologia,
(iii) estruturas sedimentares, (iv) paleocorrentes ou padroes de movimento dos sedimentos e (v) fosseis
(Selley, 1978). Na aplicacao em sistemas vulcanicos, as estruturas podem ser vulcanicas piroclasticas,
vulcanicas magmaticas, estruturas de ressedimentacdo ou estruturas sedimentares em rochas
vulcanogénicas. A rara presenca de fosseis em rochas vulcanicas pode caracterizar uma facies, mesmo

nao sendo de comum ocorréncia como nas rochas sedimentares.

Facies associadas entre si podem ser diferentes e podem ser geneticamente correlacionadas
como parte de um mesmo evento deposicional ou eruptivo, por exemplo, um tnico ignimbrito (Cas &
Wright, 1988). O conjunto de facies é chamado de associacao de facies e a interpretacdo das
associagoes de facies caracterizam um ambiente deposicional ou vulcanico, permitindo uma conclusao
genética baseada em anéalises em varias dimensdes e escalas. A analise de facies em rochas vulcanicas
deve ser complementada por estudos petrograficos, que auxiliam na caracterizagdo de rochas

afaniticas, porfiriticas de matriz afanitica ou com granulac¢ao muito fina.

Estas etapas permitem a avaliacdo e classificacio dos processos eruptivos para depositos
vulcanicos e vulcanoclasticos, além da sua subsequente redeposicao, erosao, transporte e deposicao na

forma de depositos ressedimentados ou sedimentares vulcanogénicos (McPhie et al,. 1993).

As duas principais categorias texturais que envolvem a anélise de litofacies de rochas vulcanicas
sao a vulcanoclastica e a coerente. O termo “vulcanoclastico” é meramente descritivo e se aplica a
depositos compostos predominantemente de particulas vulcanicas (Fisher, 1966). Esse conceito nao
implica nenhum processo formador de particulas, processos de transporte ou deposicdo. As quatro
principais categorias genéticas para depositos vulcanoclasticos sao: autoclastico, pirocléstico,
ressedimentado ou sedimentar vulcanogénico (McPhie et al., 1993). O termo “coerente” é aplicado
quando sao identificadas texturas geradas por resfriamento de lava ou magma. As texturas mais
comuns sao porfiritica, afirica, afanitica ou totalmente vitrea. Vesiculas, foliacoes de fluxo, esferulitos e
litofises também s3ao comuns, mas nao sao diagnosticas apenas de depoésitos coerentes. Devem-se

considerar, além das duas categorias citadas, mais duas categorias adicionais que abrigam padroes
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texturais “falsos” ou “aparentes”: aparente vulcanoclastica, gerada por processos de alteracao que
ocorrem geralmente em fraturas, fazendo com que a rocha coerente pareca um ignimbrito soldado ou
uma brecha litica, bem como por texturas microesferuliticas, fazendo com que a rocha coerente parega
um arenito macico bem selecionado e aparente coerente, gerada por alto grau de soldagem, dando

aspecto de depositos de lava a reoignimbritos ou ignimbritos lava-like (McPhie et al., 1993).

Quadro 1 — Elementos descritivos de facies (Cas & Wright, 1988).

ELEMENTOS DESCRITIVOS DE FACIES
- paleorelevo
- volume de material depositado
- acomodacao do depdsito

Geometria - agente deposicional
- propriedades fisicas do
transporte

- erosao pos-deposicional

- deformacao subsequente

- constituintes fisicos
Litologia - composicao

- textura

- feicOes erosionais
- estruturas geradas por

Estruturas corrente
- deformacao por fluidizacao
- ripples
Paleocorrentes - dunas

- indicatores de fluxo
- lineacoes de particao
Fosseis - condicOes paleoambientais

Os processos de cristalizacdo e exsolucao de volateis, bem como a devitrificacdo e o
desenvolvimento de texturas se da a partir do decréscimo de temperatura desde a pré-erupcao até a
pos-erupcao. O primeiro ponto de ebulicao induz a vesiculacao e a formacao de microlitos, ja o segundo
ponto de ebulicao ocorre devido a cristalizacao de fases anidras. Devido a instabilidade termodinamica
dos materiais vitreos, processos de devitrificagdo em alta temperatura darao origem a texturas tais
como esferulitos (matrizes radiais a alongadas de fibras cristalinas), litofises (esferulitos com uma
cavidade central) e textura micropoiquiliticas (manchas de cristais <1t mm que englobam demais
cristais) que se desenvolve geralmente em quartzo e feldspato (McPhie et al., 1993). O desenvolvimento
de autobrechacdo, juntas de resfriamento, hidratacio do vidro e geracdo de perlitos (rachaduras

curviplanares associadas a hidratacao) sao processos de mais baixa temperatura (Fig. 9).
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Figura 9 —Texturas desenvolvidas em rochas acidas a partir do decréscimo de temperatura

(modificado de Breitkreuz, 2001). Ponto de fusao=ponto de ebuli¢ao.

3.3.2 Depésitos de lavas e intrusoes sin-vulcanicas x depdsitos piroclasticos

Quando o magma atinge niveis rasos antes da erupcao, ele tende a tornar-se saturado em
volateis, como resultado da descompressao ou pela cristalizacdo de fases anidras (Sparks, 1978;
Burnham, 1983). Em sistemas fechados, o tamponamento dos condutos e a rapida devolatilizacao
geram altas explosividades em erupcoes de magmas acidos, dando origem a erupcoes explosivas
plinianas. J4 em sistemas abertos, o escape da fase gasosa permite a colocacio passiva de fluxos e
domos de lava (Cashman, 2004). As texturas e ficies mais comuns em depoésitos de lavas e intrusées
sin-vulcanicas e em depositos piroclasticos estao presentes nos quadros 2 e 3. A distribuicao de facies
coerentes e autoclasticas em lavas 4acidas depende da taxa de strain, da temperatura e do contetido de
volateis (Fink, 1983). O fluxo ocorre quando o estresse de cisalhamento aplicado excede o limite de
elasticidade. Ja a ruptura fragil da rocha ocorre quando o estresse de cisalhamento aplicado excede o
limite de resisténcia a tragao. Os dois limites tendem a diminuir com o aumento da temperatura (Fink
& Manley, 1987). A parte interna quente do fluxo de lava é capaz de deformar e fluir entre camadas

mais frias, rigidas e nao deforméaveis nas porcoes de base e de topo (McPhie et al., 1993).

Os trés principais tipos de erupcao explosiva — explosiva magmatica, hidrovulcanica e freatica —
diferem na fonte do gas e na proporc¢ao de envolvimento direto do magma. Erupc¢oes hidrovulcanicas e
freaticas sao mecanismos que envolvem participacao de vapor gerado por fonte de agua externa, ja a
erupcao explosiva magmatica envolve apenas os gases magmaticos. Todos os trés tipos de erupc¢ao
explosiva sdo capazes de gerar piroclastos de tamanho cinza fina a bloco. Os piroclastos sao dispersos

por: (i) Injecao na atmosfera seguida por queda em suspensao. (ii) correntes de alta concentracao de
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particulas — fluxos piroclasticos e (iii) saltacdo e rolamento de particulas em baixa concentragio —

surges piroclasticos (Cas & White, 1988).

Quadro 2 — Facies caracteristicas de lavas e intrusoes sin-vulcanicas (modificado de McPhie et al.,

1993).

LAVAS E INTRUSOES SIN-VULCANICAS
Facies coerente - estrutura interna maciga ou com foliacao de fluxo
- textura porfiritica ou afanitica
- texturas de devitrificacdo em alta temperatura
(esferulitos, litofises, textura micropoquilitica)
- nao vesicular ou vesicular

Facies autocldstica  -monomitica
- clastos com textura porfiritica ou afanitica
- textura jigsaw-fit em abundancia

Autobrecha - clastos em placa ou foliados com terminacoes dentadas
- clastos irregulares ou blocados macigos
- margem dos clastos sem texturas de rapido resfriamento
- presenca comum de clastos vesiculados
- baixa proporcao de clastos menores que 2 mm
- raramente com cristaloclastos separados

Brecha
hialoclastitica - clastos blocados com contornos curviplanares

- margem dos clastos com matriz vitrea

- interior dos clastos vitreo ou recristalizado

- pequenas juntas normais ao longo das bordas do clasto
- matriz da brecha com tamanho entre 1 e4 mm

- cristaloclastos separados podem ser abundantes

- podem ocorrer clastos vesiculados

As rochas vulcanicas acidas efusivas podem ser classificadas de acordo com a sua forma em trés
grupos distintos (Cas & Wright, 1988): (i) domos - circulares em planta e com pouca extensao de area,
(ii) mesa lavas — aproximadamente circulares em planta formando corpos achatados e (iii) couleés —
lavas que se formam quando o fluxo é assimétrico e concentrado em um dos lados do conduto
produzindo uma forma alongada em planta. De acordo com os mesmo autores, as litologias mais
comuns nesse tipo de rocha sao obsidianas, camadas com esferulitos, camadas com lava vesiculada,
horizontes liticos (cristalizados e com granulometria muito fina), perlitos e fragmentos fluidais a nao-
fluidais de rochas de composiciao mais béasica (Fig. 10). As obsidianas podem apresentar foliacao de

fluxo que, por vezes, ocorre dobrada.
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Quadro 3 — Facies caracteristicas de depositos piroclasticos.

DEPOSITOS PIROCLASTICOS
- fragmentos de cristais, piimice ou escoria, clastos
depositos de erupcoes explosivas juvenis, fragmentos liticos
magmaticas e - clastos de pumice, escoria ou juvenis com textura
freatomagmaticas porfiritica/afanitica
- fragmentos de cristais em abundancia na matriz

- fragmentos liticos esparsos a abundantes

explosiva magmatica - presenca abundante de glass shards na matriz
- clastos de pumice e escoria com margens irregulares
delgadas e forma lenticular, em placa ou em bloco

- ocorréncia de lapili acrescionario
- soldado ou nao-soldado

- presenca abundante de shards na forma de lascas ou
hidromagmatica blocos

- clastos juvenis tipicamente blocados

- presenca comum de lapili acrescionario

- geralmente nao-soldados

- predominancia da fracao cinza e lapili fino

- composto por piroclastos liticos, com presenca comum
fredtica de clastos com alteracao hidrotermal

- presenca comum de lapili acrescionario

- pequenos volumes de deposito (< 1 km3)

- principalmente depositos de queda e surge
- ndo-soldado

As feicoes de topo de fluxos acidos (geralmente couleés) sao tipicamente blocadas e irregulares
formadas por cristas curvas chamadas de ogivas (Fink & Fletcher, 1978; Cas & Wright, 1988). Estas
cristas curvas sao geralmente cOncavas na direcdo do fluxo, possuem espacamento de dezenas de
metros e sdo separadas por sinclinais ctispides apertadas geralmente preenchidas por blocos de lava
vesiculada (Fink, 1980a). A sua origem é atribuida a estruturas de rampa (MacDonald, 1972), dobras
nas superficies das lavas (Loney, 1968; Fink, 1980a) ou também como “extrusdes por espremedura”
(squeeze-ups) durante a extensao da superficie externa do fluxo. Outras feicoes de topo de fluxos acidos
sao diapiros de pumice oriundos das camadas vesiculadas basais devido a instabilidade gravitacional

induzida pela inversao de densidade de dentro do fluxo (Fink, 1980b).
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A variagoes orientagéo das
texturais foliacoes de fluxo
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depositos piroclasticos

Figura 10 - (A) Sec¢ao esquematica de um fluxo de lava subaéreo. O lado esquerdo mostra as variagoes
texturais internas originadas por vesiculagao, devitrificacao e fragmentagdo de fluxo. O lado direito
mostra a orientacao das foliacoes de fluxo internas e do acamamento em brecha de talus da margem do

fluxo. (B) Secao vertical do fluxo indicado na figura A. (modificado de McPhie et al., 1993).

As porcgoes frontais ingremes dos fluxos de lava acida sao geralmente compostas por depdsitos
de talus e blocos de lava vesiculada. Esses depositos sdao atribuidos tanto a autobrechacao das lavas,
quanto ao efeito “caterpillar”, no qual a lava se movimenta sob e sobre porcoes brechadas, em um
movimento semelhante ao de um trator. Em relacdo ao crescimento e as estruturas internas, Cas &
Wright (1988) descrevem a foliacdo de fluxo de lavas acidas como camadas com diferentes
cristalinidades (obsidiana versus riolito cristalizado), diferentes contetidos de esferulitos e diferentes
vesicularidades. Essas foliacoes sdo acentuadas por processos de distensao e cisalhamento causados
pelo stress do fluxo magmatico. As direcoes de fluxo de lavas podem ser determinadas pela analise
estrutural da orientacao de foliacoes, dobras, vesiculas, cristais tabulares e achatados, e vidro vulcanico
distendido. Movimentos tardios de lava resfriada foram verificados por meio da identificacao de
slickensides (espelhos de falha) e tension gashes (fraturas de cisalhamento escalonadas) (Christiansen

& Lipman, 1966; Loney, 1968; Fink, 1980).
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A geometria da foliacao de fluxo em lavas tende a ser concéntrica nas margens quando vista em
planta, mas em corte é vertical ou muito inclinada na por¢ao de nucleo e mergulha com baixos angulos
na por¢ao de margem, formando uma estrutura em rampa. Quando a lava ja esta resfriada ou
parcialmente resfriada, nas superficies das estruturas em rampa é possivel identificar slickensides
(espelhos de falha) que indicam a direcdo do movimento. A frente autobrechada dos fluxos acidos
tende a retardar o avanco da lava e tornar o regime interno de fluxo compressivo. Os planos de
cisalhamento serao inclinados em direcao ao conduto (Hall, 1978). Em regioes onde a inclinacao do
terreno é acentuada, o regime de fluxo tende a ser distensivo e os mergulhos dos planos de

cisalhamento mergulham em direcao oposta ao conduto (Fig. 11).

obsidiana foliada

brecha de base

Figura 11 - Secao paralela ao comprimento de um coulée de obsidiana, com padroes de foliacao (Cas &
Wright, 1987; depois de Hall, 1978).

Nos modelos classicos de colocagdao de fluxos acidos em ambiente subaéreo, tém-se descrito
morfologias que sdo mais comuns descritas para fluxos de natureza basica a intermediaria, devido a sua
baixa viscosidade. Essas morfologias incluem formas lobadas que podem ser descritas com diversas
extensoes em area (Manley, 1996; Pankhurst et al., 2011; Tuffen et al., 2013). Morfologias do tipo
ponded também sao descritas quando lobos de lava acida sao bloqueados por algum obstaculo e ficam

represados em um determinado local (Manley, 1996).

Recentemente, a utilizacdo de técnicas de imageamento de alta resolucio como a foto-
reconstrucao automatizada e imagens de satélite sequenciais realizada por Tuffen et al. (2013), nas
rochas &cidas rioliticas do Complexo Vulcanico Puyehue-Cordén Caulle no Chile, identificou
morfologias de frente de lava com predominio de facies do tipo rubbly pahoehoe com depoésitos de
talus associada a lobos de lava com porcao superior lisa a dobrada geralmente cortadas por estruturas
do tipo crease e fraturas distensivas escalonadas (en échelon) perpendiculares as margens do canal

(breakout lobes). A alta mobilidade desses fluxos (por mais de 3,5 km) e geometria de lobos compostos



40

foi atribuida a eficiéncia do isolamento termal por uma carapaca externa e os autores exaltam a

similaridade de colocacao desses fluxos com os campos de lava baséltica compostos.

3.3.3 Riolitos tipo SR (Snake River)

Uma categoria de vulcanismo de ampla exposicao, intitulada vulcanismo tipo-SR, foi definida
por Branney et al. (2008) para descrever uma associacao de facies distinta que aflora na secao
miocénica do central Snake River Plain, porcao oeste dos EUA. A associacao de facies inclui: (1)
ignimbritos de grande volume pobres em fragmentos liticos e pimice na fracao lapili; (2) depdsitos de
queda extensos, com laminacao paralela e granulometria média a grossa com shards cispides, cristais e
escassez de pumice na fracao lapili; (3) lavas rioliticas extraordinariamente extensas de grande volume;
(4) soldagem intensa, reomorfismo e desenvolvimento amplamente difundido de facies de lava-like em
ignimbritos; (5) extensivos depositos de cinza fina com agregados de cinza em abundancia (pellets e
lapili acrescionario); (6) os depositos de queda e ignimbritos contém clastos de obsidiana e vitrofiro
abundantes; (7) associacdo bimodal entre rochas rioliticas e escudos de lava basaltica; e (8)

persistentes evidéncias de emplacement em ambientes flivio-lacustres.

Muitas das erupgoes rioliticas tiveram grande volume e envolveram magmas metaluminosos,
pobres em H.O, com baixo 6'80 e com viscosidades extremamente baixas devido a temperaturas entre
900°C e 1050 °C. As lavas do central Snake River Plain sao consideravelmente mais extensas (dezenas
de km) e mais volumosas (>10 km3) que domos rioliticos e couleés rioliticos associados a vulcoes de
rochas 4cidas explosivas em caldeiras. As razoes de forma dos riolitos tipo-SR sdo muito baixas, e
coincidem com as de lavas basalticas. As dimensGes incomuns ja serviram como base para
interpretacoes dessas lavas como ignimbritos (Ekren et al., 1984). A presenca comum de brechas
basais, terminacoes lobadas abruptas e espessas associadas a depositos de talus serviram de critérios
para a interpretagao desses depdsitos como lavas. As lavas sao blocadas, com carapacas de autobrecha
espessas (> 5 m) e texturas vitroclasticas que lembram texturas piroclasticas em porgoes onde a
autobrechacao ocorreu durante o fluxo. As por¢oes centrais dos fluxos sao litoidais (microcristalinas),
macicas ou com bandamento de fluxo, e dominadas por disjun¢des colunares, além de disjuncoes
tabulares de baixo angulo (Fig. 7) que, em lugares onde forma sets de intersecao, produz disjuncoes
“tipo-lapis”. Esferulitos e litofises sao comuns quando préximo a base da porcao litoidal. Algumas das
lavas aflorantes na porcao oeste do central Snake River Plain exibem texturas aglutinadas, com
pedacos de spatter, indicando uma origem clastogénica, por meio de fire fountaining riolitico (Branney

etal.,2008).
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Figura 12 — Principais caracteristicas e estruturas dos riolitos tipo-SR com extensdes maiores que 30 km e
espessuras em torno de 300 m com litofacies de autobrecha desenvolvidas nas porcoes mais distais dos

fluxos.

3.3.4 Vulcanismo acido de alta temperatura — soldagem e reomorfismo

A soldagem é a amalgama e a deformacdo plastica de piroclastos juvenis (principalmente
pumice ou escoria e shards de vidro) quentes e de baixa viscosidade (Smith, 1960). A deformacao
plastica das particulas vitreas gera a eliminacdo do espaco poroso por compactacao e o deposito
piroclastico original é transformado em uma rocha relativamente densa. A compactacio resulta no
desenvolvimento de foliacGes aproximadamente paralelas ao acamamento definidas por clastos de
pumice ou escoria e shards alinhados e achatados (geracdo de fiamme e textura eutaxitica). O
reomorfismo é a deformacao dutcil de material piroclastico quente e soldado, que precisa de alta
temperatura para que haja aderéncia das particulas durante e apds a sua deposicao. Este processo
depende da viscosidade do piroclasto e da carga litostatica, bem como da temperatura, da composicao e

da espessura do deposito (Ragan & Sheridan, 1972; Riehle, 1973).

O comportamento do material vitreo depende da viscosidade do vidro e consequentemente da
temperatura. A temperatura de transicao do vidro (Tg) é um limite cinético, dado um stress aplicado,
entre respostas mecanicas viscosas e elasticas. Acima da Tg, as particulas vitreas deformam de forma
viscosa, permitindo a soldagem. Abaixo da T,, o vidro responde ao stress de maneira elastica,
impossibilitando a soldagem (Dingwell & Webb, 1990; Giordano et al., 2005). A T possui um papel tao
importante quanto a temperatura de emplacement, a temperatura de cristalizacdo e a temperatura

minima de soldagem. Se, por exemplo, um material vulcanico tem sua colocacao a altas temperaturas,
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muito acima da temperatura minima para a soldagem, e perto da sua temperatura de cristalizacao, a
cristalizacao sin- e pos-emplacement pode ocorrer, possivelmente impedindo a soldagem (Giordano et

al., 2005).

A maioria dos estudos sobre soldagem na literatura trata de ignimbritos acidos, no entanto,
feicoes de soldagem sao descritas em diversos depésitos, incluindo fluxos piroclasticos (Smith, 1960;
Boyd, 1961), depositos de queda (e.g. Sparks & Wright, 1979), lavas alimentadas por spatter (e.g. Wolff
& Sumner, 2000, Gottsman & Dingwell, 2001), bases e margens de fluxos de lava (Naranjo et al., 1992;
Sparks et al., 1993) e condutos vulcanicos (Kano et al., 1997; Tuffen et al., 2003). A soldagem ¢
especialmente prevalente em depositos de composicao peralcalina, onde também exibe comumente
sinais de fluxo reomorfico (e.g. Schimincke & Swanson, 1967; Wolff & Wright, 1981; Kobberger &
Schmincke, 1999).

3.3.5 Vulcanismo acido de alta temperatura — lavas versus reoignimbritos

Rochas acidas de alta temperatura, incluindo tufos fortemente soldados e lavas acidas de grande
extensdo sdo abundantes no registro geologico e descritas em diversas provincias mesozoicas e
cenozoicas, incluindo as provincias Trans-Pecos Texas, Snake River Plain, Idaho, sul da Africa e
Parana-Etendeka (Henry & Wolff, 1992; Green & Fitz III, 1993). No entanto, seus mecanismos de
erupcao e colocacdo sdo controversos e critérios tradicionais usados para distinguir ignimbritos de

lavas geralmente falham na tentativa de distinguir os depositos de alta temperatura (Henry & Wolff,

1992).

No trabalho de Henry & Wolff (1992), ambas as caracteristicas diagnosticas ou nao diagnosticas

para depositos de alta temperatura sao relatadas. Dentre elas, os autores afirmam para depositos de

lava que:

(1) E comum a presenca de brechas basais compostas por uma variedade de tipos texturais
do proprio fluxo em uma matriz clastica;

(2) Bases macicas ou com bandamento de fluxo sdo mais comuns para origem efusiva do
que piroclastica;

(3) Lavas sdo espessas para as margens e possuem frentes abruptas, sendo paradas por
obstaculos, quando nao sdo mais espessas que 0 mesmo;

4) Lavas entram em erupcio dominantemente por fissuras e mantém espessuras

uniformes ao longo da sua extensao.



43

Ja para depositos de ignimbritos de alta temperatura, as principais caracteristicas atribuidas

sao:

) Ignimbritos afinam a nao mais de poucos metros nas suas bordas, onde geralmente nao
apresentam feicoes de fluxo secundarias;

(i) Em velocidades relativamente baixas, os fluxos piroclasticos podem superar obstaculos
muito maiores que o deposito resultante.

(iii) Ignimbritos geralmente entram em erupgao a partir de calderas e podem acumular
espessuras muito maiores do que as do depésito vulcanico relacionado ao colapso de

erupcoes.

Bandamento e dobras de fluxo, rampas, vesiculas alongadas e brechas de topo podem ocorrer
nos dois tipos de depésito, portanto nao sao caracteristicas diagndsticas. Pimices e shards também
ocorrem em lavas (e.g. Manley & Fink, 1987) e ignimbritos de alta temperatura, apesar de ocorrerem ao
longo de uma unidade de ignimbrito e geralmente nas partes marginais de brechas de lavas (Henry &
Wolff, 1992). Texturas que lembram shards soldados, comuns em depositos piroclasticos de alta
temperatura, também foram descritas em fluxos de lava acida (e.g. Manley, 1995; 1996). O autor
explica a origem dessas texturas - que sao localizadas — por meio de descompressao e inflacao da
superficie vesiculada do fluxo. A superficie vesiculada é cominuida subsequentemente, produzindo
shards, pamice, pedacos de vidro denso e fragmentos de fenocristais. Esse depdsito é introduzido entre
blocos maiores, por meio de fraturas abertas, onde pode ser reaquecido e comprimido em varios graus,
gerando uma camada de vitréfiro que pode ser texturalmente homogénea, em areas proximas da lava

bandada, lembrando um ignimbrito soldado com ptmices achatados (Manley, 1996).
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3.4 Estudos de caso — modelos eruptivos de lavas acidas

Nesta secao foram escolhidos trés estudos de caso para colocacdo de lavas acidas. As areas
escolhidas possuem exposicoes continuas e estudos detalhados em ambientes tectonicos que envolvem
a erupcao de magmas basicos e acidos, ao passo que o enfoque é nos modelos de emplacement de

domos e lavas de composicao dacitica a riolitica.

3.4..1 Estudo de caso 1 — lavas acidas do oeste dos Estados Unidos

O vulcanismo Holoceno registrado na porcao oeste dos Estados Unidos da América (EUA),
estados do Arizona, Califérnia e Oregon principalmente, é caracterizado pela erupcao de fluxos e
domos de lavas de composicao dacitica a riolitica, inclusive com a preservagao das litofacies de

obsidianas (e.g. Skinner, 1983).

Nestas regioes é possivel reconhecer estruturas morfolégicas na escala de imagens de satélites,
mostrando fei¢cGes lobadas, similares as descritas na erupc¢ao de 2011-13 do vulcao Puyehue-Cordon
Caulle, no Chile (Fig. 13a,b). A secao principal das lavas acidas segue uma estrutura que possui, da
base para o topo: tefra basal, brecha basal, zona vesiculada grossa, obsidiana, zona vesiculada fina e
brecha de topo (e.g. Fink, 1983; Fink and Manley, 1987). A temperatura é maior no nticleo de obsidiana
do derrame, juntamente com a menor viscosidade e maior densidade. A medida que se afasta do
nucleo, as camadas mais porosas dissipam a energia térmica e resfriam, tal como os processos descritos
para derrames escoriaceos de composicao basaltica (e.g. MacDonald, 1953; Tuffen et al., 2013; Harris

et al., 2017).

A descricao dos condutos na cadeia vulcanica de Inyo indicam que a ascensao do magma foi
acompanhada por fraturas que se propagaram para baixo, e novas fraturas com foliacées em alto
angulo, transportando o magma lateralmente para fora do conduto. As foliagoes sub-verticais refletem
parcialmente a geometria destas fraturas, que por sua vez correspondem as orientagées dos condutos
alimentadores (Fink, 1983; Sampson, 1987). A geometria dos diques pode ser em uma forma
segmentada escalonada (Fig. 13c¢) com propagacao lateral. No Oligoceno do estado do Colorado,
Poland et al. (2004) mapearam um trend de diques, juntamente com medidas de ASM e concluiram
que o magma ascendeu verticalmente até atingir um nivel neutro de flutuabilidade, e depois fluiu
lateralmente e s6 voltou a fluir verticalmente na ponta das falhas, até interceptar os flancos do vulcao,

onde entrou em erupcao como lava (Fig. 13d).

Diques escalonados, como na figura 13c, se conectam em profundidade com diques de maior
porte (Fig. 14, Fink, 1985; Blake & Fink, 1987), ou também na forma tubular (Sampson, 1987) e de

calderas (Fink & Anderson., 2017). As principais estruturas associadas as areas de condutos siao zonas
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de fraturas alinhadas e escalonadas em escala quilométrica, onde o fluxo de magma ¢ vertical apenas
nas pontas das falhas (Fig. 15). Estes tipos condutos podem alimentar campos de lavas com derrames
mostrando até 0,1 km3 em volume, como os depositos do vulcao Summer Coon e o Big Obsidian Flow

(Gardner et al., 1998).
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Figura 13 — FeicOes geologicas das lavas acidas e modelo de condutos (extraidas de Fink & Anderson,
2017). A) Imagem de satélite do Big Obsidian Flow, Oregon. (B) Imagem do Google Earth do riodacito
da erupcao de 2011-13 do vulcao Coérdon Caulle. (C) Flanco sul do vulcao South Sister mostrando os
condutos escalonados representados por elipses de cor laranja. (D) Modelo de emplacement do vulcao

Summer-Coon, centro-sul do Colorado. As setas mostram o fluxo lateral para a parede do vulcao.
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Figura 14 — Diques escalonados no modelo de condutos de Blake & Fink (1987) para trés domos de

lava alinhados no estado do Oregon (EUA).

Figura 15 — Dados de anisotropia de susceptibilidade magnética para diques de lavas acidas no vulcao
Summer Coon, Colorado. Notar os eixos de Kmax (quadrados) verticais geralmente nas pontas das

falhas, onde o fluxo magmatico € inferido como vertical. Nas demais porg¢oes, Kmax € horizontal.
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3.4.2 Estudo de caso 2 — vulcanismo extensional na Islandia

Na Islandia, o vulcanismo é extremamente diverso, havendo ocorréncias de todos os tipos de
vulcoes e estilos de erupcao conhecidos na Terra (Thorarinsson and Saemundsson, 1979; Thoratinsson,
1981). O plat6 vulcanico se estende por mais de 3 km acima do assoalho oceanico e cobre cerca de
350.000 km2 (e.g. Gudmundsson, 2000). Sua génese € atribuida a uma pluma mantélica ativa ha pelo
menos 65 Ma que formou a Provincia Ignea do Atlantico Norte, com 2000 km de comprimento,

incluindo a Islandia, a inica parte onde o magmatismo ainda é ativo (e.g. Saunders et al., 1997).

O sistema vulcanico é a principal feicdo geolégica na Islandia, sendo caracterizado por
conspicuas feicoes de arquitetura vulcanotectonica como enxames de fissuras preenchidos por diques
ou vulcoes centrais. Os enxames de fissuras consistem em estruturas alongadas que normalmente
alinham-se de forma sub-paralela ao eixo da zona vulcanica hospedeira. O vulcao central, quando
presente, € o ponto focal da atividade eruptiva e, tipicamente, o maior edificio vulcanico de cada

sistema (Thordarson and Larsen, 2007; fig. 15).

De acordo com a revisao de Thordarson and Larsen (2007), dois modelos contrastantes
predominam para explicar a origem dos episdodios vulcanicos na Islandia, considerando-se as
estruturas em sub-superficie e o comportamento do sistema de armazenamento magmatico durante os
episddios de rifte: (a) onde o mecanismo de rifteamento no sistema vulcanico é consequéncia da
reposicao e pressurizacdo de magma de uma camara crustal rasa e subsequente injecao lateral de
diques dentro de um enxame de fissuras; e (b) onde os episoédios de rifteamento nos sistemas
vulcanicos sao consequéncia da pressurizacdo de magma em reservatorios amplos e alongados na base

da crosta (>20 km de profundidade) e subsequente injecao de diques subverticais na crosta superior.
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Figura 16 — Estruturas-chave dos sistemas vulcanicos na Islandia (modificado de Thordarson and Larsen,
2007). C - camara magmatca, Mr — reservatorio de magma, es — enxame de diques, ef — enxame de fissuras,

erf — erupcao fissural, vc — vulcao central.

As erupcoes efusivas daciticas a rioliticas sdo significantes, mas relativamente raras, gerando
produtos de pequeno volume (<0,2 km3) na forma de lavas em bloco, couleés e domos, bem como
domos e montanhas tabulares subglaciais. A razao de forma das lavas na Islandia é geralmente menor
do que aquele obtido em outras regioes (e.g. Walker, 1973). Esta baixa razdo de forma é atribuida a
altas temperaturas eruptivas (~1000°C) e baixas viscosidades (105 a 10° Pa s) para os magmas acidos

(Thordarson and Larsen, 2007).

Condutos de obsidianas como Thumall e Skridugi alimentaram lavas rioliticas que formam um
complexo com cerca de 6 km3 no vulcao central de Torfajokull, com estruturas de fluxo verticais (Fig.
16), cujas orientacoes de fluxo magmatico sao paralelas as fissuras principais da regiao (Tuffen and
Dingwell, 2005). Na ilha de Krafla, uma erupcao por meio de um dique riolitico de ~2,5 km formou
uma crista de 80 m acima das rochas encaixantes, com volume total <0,05 km3. As litofacies intrusivas
incluem um dique alimentador, com cerca de 2 m de espessura cujos contatos com a encaixante nao
sao observaveis, e lava perlitica. As litofacies de fragmentos sdo compostas por tufos pumiceos e
brechas hialoclastiticas perliticas. Ja as lavas subaéreas sdo compostas por obsidiana fraturada,
obsidiana bandada, zonas vesiculadas ricas em litofises e uma zona interna esferulitica, além de

texturas de interacao lava e gelo (Tuffen and Castro, 2009).
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Figura 17 — Visao geral dos condutos descritos por Tuffen and Dingwell (2005). (a) Conduto Thumall. As
zonas texturais sdo: A — obsidiana vesicular, B — obsidiana sem vesiculas, C — brecha de obsidiana
esferulitica, D — riolito esferulitico. (b) Conduto Skriougil (s) com as zonas texturais e a referéncia

geografica do conduto Thumall (Th).

O sistema vulcanico Bardarbunga, localizado na zona vulcanica leste da Islandia, é um ambiente
sob um regime tectonico extensional onde a intrusdo de magma foi controlada por rifteamento
(Sigmundsson et al., 2014). O desenvolvimento da erupc¢ao se deu por injecao vertical de magma em
um conduto central, a partir do qual a intrusao do magma foi lateral (Sigmundsson et al., 2014; Geiger
et al., 2016). A anélise estrutural apresentada por Miiller et al. (2017) durante a erupcao Holuhraun, de
2014/2015, através de modelos 2D e 3D a partir imagens de alta resolucao (satélite, UAVs! e laser
scanning) mostrou que o deslocamento ao longo de falhas normais, deslocamento transtrativo e a
formacao de um graben foram os mecanismos principais para a ascensao do magma e erupcao (Fig.
17).

t Unmanned Aerial Vehicles



50

reativacdo de
estruturas pré-

: g transtracao
existentes  _ ﬁssgra de erupcao Gao
fraturas de <\ |lateral direita
extensao comum proxima
distantes -~ a sitios de erupgao

~
divergéncia
de placa obliqua

fraturas arqueadas
préximas aos sitios
eruptivos
caminho do magma
abaixo dos condutos

topografico

falha normal
com'componente

lateral direito [f.,'>
divergéncia
<r_:j de placa obliqua

Figura 18 — Esquema das relacoes estruturais nos locais da erup¢ao Holuhraun. A subsidéncia do graben é
identificada sobre o dique alimentador, e delimitada pelas falhas do graben e menores fraturas a distancia.
Em superficie, as falhas do graben mostram deslocamentos transtrativos. Proximo a superficie, as falhas

aparentam um mergulho sub-vertical. Modificado de Miiller et al. (2017).

3.4.3 Estudo de caso 3 — lavas acidas da Provincia Gawler Range (Australia)

A Provincia Gawler Range é composta pelas vulcanicas Gawler Range e a Suite Hiltaba,
constituindo uma SLIP mesoproterozoica que aflora em uma vasta area do craton Gawler, no sul da
Australia. O volume estimado da provincia é da ordem de 100.000 km3 (McPhie et al., 2008) e o
volume total das vulcanicas Gawler Range em torno de >30.000 km3 (Pankhurst et al., 2011). Esta
provincia representa um remanescente de um dos mais volumosos eventos magmaticos félsicos
preservados na Terra, além de abrigar depdsitos metalogenéticos correlatos aos que formaram os
depositos de Au-U de Olympic Dam. Uma hipotese sobre sua origem atribui este magmatismo a uma

atividade de hot-spot que também afetou a porcao central da Australia (Betts et al., 2009).

Segundo Agangi et al. (2012), a colocacao das vulcanicas durou cerca de 2 Ma e pode ser
separada em duas fases. A primeira fase contém por sequéncias espessas (de até 3 km) formadas por
erupcoes localizadas em centros distintos, incluindo um volume de até 150 km3 de lavas félsicas,
ignimbritos e uma porcao menor de lavas maficas a intermediarias. A segunda fase inclui lavas de

grande extensdo com mais de 1000 km3 em volume e 200 km de comprimento. As unidades
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individuais de lavas possuem volumes que variam de 1 a 168 km3, texturas dominantemente coerentes,

camadas de brechas autoclasticas, bandamento e lineacoes de fluxo.

As lavas félsicas possuem afinidade geoquimica do tipo-A, com altas razées Ga/Al e alto
contetdo de halégenos como F- e Cl. As altas temperaturas de 950-1100°C e excesso de hal6genos
geram viscosidades calculadas menores que 1035 Pa s, considerando um contetido de agua de 2% (Fig.
18). A baixa viscosidade destes magmas produziu um sistema magmatico Gnico, em uma escala

inigualavel no planeta (Pankhurst et al., 2011; Agangi et al., 2012).
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Figura 19 —Diagrama de viscosidade vs. temperatura ilustrando as paleoviscosidades para o Dacito

Pondanna e o Riolito Eucarro, com alto F- e 0,02, 1 e 2% de H.O. GRV = Vulcanicas Gawler Range.
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Extensive silicic units in the Parana-Etendeka LIP have been long interpreted as pyroclastic density currents
(rheomorphic ignimbrites) derived from the Messum Complex in Namibia. In recent literature, however, they
have been characterized as effusive lava flows and domes. In this paper we describe structures and lithofacies re-
lated to postulated silicic lava feeder conduits at Mato Perso, Sdo Marcos and Jaquirana-Cambara do Sul areas in
southern Brazil. Inferred conduits are at least 15-25 m in width and the lithofacies include variably vesicular
monomictic welded and non-welded breccias in the margins to poorly vesicular, banded, spherulitic and
microfractured vitrophyres in the central parts. Flat-lying coherent vitrophyres and massive obsidian are consid-
ered to be the subaerial equivalents of the conduits. Large-scale, regional tectonic structures in southern Brazil
include the NE-SW aligned Porto Alegre Suture, Ledo and Agotea faults besides the Antas Lineament, a curved tec-
tonic feature accompanying the bed of Antas river. South of the Antas Lineament smaller-scale, NW-SE linea-
ments limit the exposure areas of the inferred conduits. NE-SW and subordinate NW-SE structures within this
smaller-scale lineaments are represented by the main postulated conduit outcrops and are parallel to the dom-
inant sub-vertical banding in the widespread banded vitrophyre lithofacies. Upper lava flows display flat-lying
foliation, pipe-like and spherical vesicles and have better developed microlites. Petrographic characteristics of
the silicic vitrophyres indicate that crystal-poor magmas underwent distinct cooling paths for each inferred con-
duit area. The vitrophyre chemical composition is defined by the evolution of trachydacitic/dacitic vitrophyres
with 62-65 wt% SiO, to rhyodacite and rhyolite with 66-68 wt% SiO,. The more evolved rocks are assigned to
the latest intrusive grey vitrophyre outcropping in the center of the conduits. Degassing pathways formed during
fragmentation and fracturing episodes within the conduits may have helped to inhibit the explosivity of the erup-
tions. Based on the documented lithofacies architecture, we attribute the source of the silicic lava flows in the
studied localities to tectonic-controlled, local conduits, rather than pyroclastic density currents from distant
vent areas.
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1. Introduction 2009). In the Parana-Etendeka Large Igneous Province (LIP), the trans-

port of silicic magma is still a poorly known subject. Initial approaches

Silicic conduits have been described for relatively dry (<1% of vola-
tiles) obsidian flows (Fink, 1983), phreatic vents (Eichelberger et al.,
1988), lava domes (Heiken et al., 1988; Stasiuk et al., 1996), eroded
maar volcanoes (Sillitoe et al., 1984), polygenetic intermediate to silicic
volcanoes (Goto et al., 2008) and caldera environments (Kurozumi and
Doi, 2003). Well-exposed silicic dykes and conduits have also been doc-
umented in Iceland, where they feed both rhyolitic lava flows (Tuffen
and Dingwell, 2005) and small-volume domes (Tuffen and Castro,

* Corresponding author at: CPRM - Servigo Geoldgico do Brasil (Geological Survey of
Brazil) - Manaus, Av. André Aratjo, 2160, CEP 69060-000 AM, Brazil.
E-mail address: matheus.simoes@ufrgs.br (M.S. Simdes).
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as recognition of field features, spatial distribution of lithofacies and
the observation of microscopic textures in silicic intrusive rocks - indis-
pensable for the study of aphanitic or fine-grained volcanic and
subvolcanic rocks - are still improving along the province.

LIPs are large-area and large-volume igneous sequences including
Continental Flood Basalts (CFBs) and associated intrusive rocks, which
occur in volcanic passive margins, oceanic plateaus, submarine chains,
submarine mount groups and ocean basin basalts (Coffin and
Eldholm, 1994). These deposits are the result of magmatic activities
that are common in the geological record and are produced by similar
processes (Cafién-Tapia, 2010) during a geologically brief period of
time (1-5 Ma, Bryan and Ernst, 2008).
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The Parané-Etendeka LIP occupies an area of 917,000 = 15,000 km?
(Frank et al., 2009) of which 90% is located in South America and 10% is
in Africa, above the aeolian sedimentary rocks of Botucatu and Etjo for-
mations. In South America the Parana-Etendeka LIP comprises a
1700 m-thick association of tholeiitic magmas (Melfi et al., 1988),
with basaltic to intermediate lavas, dykes and sills prevalent (97.5% of
total volume) over silicic units (2.5%). The large-volume volcanism of
the Parana-Etendeka LIP has been described from whole-rock
chemostratigraphy, supported by mineral chemistry, paleomagnetic
data and isotopic studies (e.g. Bellieni et al., 1983, 1984, 1986; Peate et
al., 1992; Peate, 1997; Garland et al., 1995; Nardy et al., 2008). Strati-
graphic reconstruction, based on lithofacies architecture, recognized a
sequence of ponded, compound, sheet and rubbly pahoehoe for the
mafic units (Waichel et al., 2012; Barreto et al., 2014; Rossetti et al.,
2014), which are covered by silicic volcanic rocks.

The silicic volcanics described in the South-American counterpart of
Parana-Etendeka LIP are classified, based on their SiO, and Na,O + K,0
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contents (LeMaitre, 1989), as aphyric low-Ti dacites and rhyolites (Pal-
mas magma-type) and porphyritic high-Ti trachytes (Chapecé magma-
type; e.g. Peate et al., 1992). In the African counterpart, these rocks are
classified as quartz latites (e.g. Milner et al., 1992). Apatite saturation
and pyroxene-liquid geothermometry data indicate that silicic magma
from Parana-Etendeka LIP had very high pre- and syn-eruptive temper-
atures, in the order of 1000-1100 °C, giving abnormally low viscosities
for rhyodacite-rhyolite magmatic systems (e.g. Milner et al., 1992;
Bellieni et al., 1984; Bellieni et al., 1986; Garland et al., 1995; Kirstein
et al,, 2001; Janasi et al., 2007; Simoes et al., 2014; Polo et al., this issue).

These silicic volcanics were first described as volatile-poor and high-
temperature rheomorphic ignimbrites. Arguments used include their
laterally persistent sheet-like nature and the absence of typical ignim-
brite textures even near the top and base of each unit, which was attrib-
uted to obliteration by intense welding (Bellieni et al., 1986; Melfi et al.,
1988; Petrini et al,, 1989; Roisenberg, 1989; Garland et al., 1995; Milner
et al., 1995; Bryan et al., 2010). Milner et al. (1995) proposed the
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Fig. 1. Distribution of Parana-Etendeka LIP volcanic units in southeastern Brazil. The geological nomenclature and structure compilation map is based in Fernandes et al. (1995), Kirstein et
al. (2000), Nardy et al. (2008), Florisbal et al. (2014). Individual study areas (Mato Perso, Sdo Marcos and Jaquirana-Cambara do Sul) are indicated with black polygons and detailed in Fig. 2.
The Antas lineament, proposed in this study, is a NE-trending curved structure accompanying the Antas river bed.
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correlation of some subgroups of Palmas magma-type with the Namib-
ian quartz latites. The intrusive, circular Messum Complex, was identi-
fied as a potential emission center (Milner and Duncan, 1987; Milner
etal, 1992; Ewartetal., 1998; Ewart et al., 2002), even though the thick-
ness of the silicic volcanic sequence is inferior in the African counterpart.
In this models, the silicic deposits in South America would need to have
traveled >300 km from their source and been deposited as extensive
pyroclastic density currents (e.g. Milner et al.,, 1995; Bryan et al., 2010).

The paucity of pyroclastic lithofacies, with recognition of only local
pyroclastic textures in extensive petrographic studies (Comin-
Chiaramonti et al.,, 1988), together with the regional description of co-
herent and autoclastic lithofacies in a variety of lava bodies (lobes,
domes and flows) led other authors to suggest that the silicic deposits
are predominantly effusive (Henry and Wolff, 1992; Umann et al.,
2001; Lima et al., 2012; Polo and Janasi, 2014; Simdes et al., 2014;
Guimardes et al., this issue; Polo et al,, this issue). Silicic lava feeder con-
duits were described showing compound magmatic foliation revealed by
bands of contrasting crystallinity and oxidation (Lima et al., 2012, 2018).

In this study we propose that silicic feeder conduits are widespread
within the Parana-Etendeka LIP in the northeastern portion of the Rio
Grande do Sul state. Evidence presented includes geometrical relations
with regional-scale structures, detailed investigation of field relation-
ships through lithofacies description, structural analysis and petro-
graphic characterization, together with reconnaissance of whole-rock
geochemical data.

1.1. Geological setting, stratigraphy and structural framework

In South America, the Ordovician to Cretaceous deposits of the
Parand Basin are divided in six super-sequences: Rio Ivai, Parana,
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Gondwana I, Gondwana II, Gondwana IIl and Bauru (Milani et al.,
2007). The Gondwana Il Super-sequence consists of Cretaceous aeolian
sedimentary rocks of the Botucatu Formation and the volcanic
rocks of the Serra Geral Group (SGG), which correlate with the Etjo For-
mation and the Etendeka Volcanics, respectively, in Africa (Jerram et al.,
1999).

Waichel et al. (2012) and Rossetti et al. (this issue) described the fa-
cies architecture of SGG in the Torres Syncline, a large NW-SE tectonic
valley located between the Ponta Grossa and the Rio Grande archs, iden-
tifying distinct volcanic episodes. The more chemically primitive lavas
are dominated by simple pahoehoe basaltic flows in the base, and are
assigned to the Torres Formation. Vertically stacked sheet-like rubbly
pahoehoe basaltic flows of the Vale do Sol Formation cover the com-
pound flows and represent the more voluminous basaltic lava unit.
The silicic volcanics overlying these basalt flows are included in the Pal-
mas Formation. The last volcanic manifestations in the area are the com-
pound and simple oxidized mafic flows of the Esmeralda Formation.

In the study area, also exposed along the Torres Syncline, the struc-
tural framework is characterized by Neoproterozoic basement struc-
tures (trending 295-315° and 30-70°) and younger E-W structures
related to the separation of Gondwana in the Phanerozoic (Fig. 1). The
large-scale NE-trending structures within the basin are the Ledo and
Acotea faults (Zalan et al., 1991) in addition to the Antas Lineament
(present work), a curved tectonic structure accompanying the Antas
River bed. North of the Antas Lineament the silicic volcanic units tend
to occur at lower elevations (290-330 m above sea level) than to the
south of the lineament (530-860 m). The basement structures are
transcurrent sinistral shear zones (Passo dos Marinheiros and Dorsal
de Canguc shear zones) besides the Porto Alegre Suture, a large mag-
netic alignment trending 30-70° (Fig. 1; e.g. Fernandes et al., 1995).
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Fig. 2. Geological map of the studied areas. (A) Mato Perso. (B) Sdo Marcos. (C) Jaquirana-Cambara do Sul. Banded vitrophyre units in A and B are a simplification of the conduit outcrops,

which involve the occurrence of another lithofacies as breccias and other types of vitrophyre.
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2. Field and petrographic features of inferred conduits and subaeri-
al-related lavas

The present study was carried out in three areas located south of the
Antas River (Fig. 1), northeastern portion of Rio Grande do Sul State:
Mato Perso (a district of Flores da Cunha city), Sdo Marcos, Jaquirana
and Cambara do Sul (Fig. 2). In each location we describe lithofacies,
structures and petrographic features. Lithofacies descriptions and their
use in this paper are based on the definitions of Cas and Wright
(1988) and Miall (2000), in which facies have unique and definitive
characters related to their compositional, textural and structural fea-
tures, and lithofacies are their descriptive and non-interpretative fea-
tures (Miall, 2000). The hierarchy of the nomenclature used is based
on features as color (red, grey), texture (coherent, massive), structure
(microfractured, banded), vesicularity (vesicular, poorly-vesicular)
written in lower case and are followed by upper case letters with the li-
thology description (vitrophyre, obsidian, breccia). Obsidian is distin-
guished from vitrophyres from its vitreous aspect and black color. In
Table 1, lithofacies code, name, spatial distribution and description are
synthetized.

2.1. Mato Perso area
The proposed Mato Perso area (MP) outcrops occur at high eleva-

tions in Farroupilha, Flores da Cunha and Caxias do Sul cities, being
overlain by flat-lying vitrophyres. The highlands (>650 m) of

Table 1

Farroupilha and Caxias do Sul expose the silicic conduits that are
downthrown to ~400-550 m elevations by NE-trending normal faults
through the Antas river, where flat-lying vitrophyres are again in direct
contact with basaltic pahoehoe flows (Fig. 2A). The inferred conduits
were not observed cross-cutting the mafic units, and only faulted con-
tacts were verified in the field or inferred by stratigraphic relations.

The lithologies of MP comprise four distinct types of vitrophyre: red,
vesicular (rvV); red, poorly-vesicular (rpV); grey, poorly-vesicular
(gpV), and banded (bV). These are associated with monomictic breccia
lithofacies (mB) and flat-lying coherent vitrophyres (fcV). Intact rvV
and rpV lithofacies occur either as individual outcrops with up to
25 m of lateral extent exhibiting at least 4 m thick flat-lying lava flows
or as tabular dykes with 0.5-1.5 m in width (Simdes et al., in press).
They also occur as clasts that range from metric to centimetric in scale,
are either sub-rounded or elongate with irregular edges, and contain
vesicles 2-5 mm in length. Vesicle contents vary from <1% in rpV to
50-60% in rvV. rpV also locally displays folding structures, with several
discrete hues of red lava, and is locally boudinaged between gpV layers
in pinch-and-swell structures. The gpV lithofacies is a grey
microporphyritic poorly vesicular vitrophyre that cross-cuts rvV, con-
taining its centimeter-scale fragments.

Banded bV outcrops as 2-15 m in width inclined exposures (Fig. 3A,
B) being found in the valleys or in the highlands of the mapped area (Fig.
2A) and is constituted by vitrophyres with dominant subvertical (>60°),
thick (7-10 cm) banding (Fig. 3C) that grades laterally into thin (0.2-
2 c¢m) flat-lying (<40°) banding and is marked by intercalation of

The lithofacies code, name, description and spatial distribution of silicic units and lithofacies types.

Code Lithofacies Spatial distribution

Appearance

rvV  Red vesicular 5-100 cm sized fragments embedded by rpV

vitrophyre and bV edges
rpV  Red poorly-vesicular  2-5 m expositions where bV grades to rpV.
vitrophyre rpV than grades laterally to mB

gpV  Grey poorly-vesicular 1-3 m thick dykes cross-cutting bV and rpV
vitrophyre
bV Banded vitrophyre 15-30 m long expositions. Grades laterally to
rpV, sVand mV
wB  Welded breccias
inclined layers within bV

mB  Monomitic breccia 1-2 m thick breccia layers

cm-scale sub-rounded to stretched aphanitic oxidized vitrophyre fragments with irregular
Red to orange microporphyritic oxidized poorly vesiculated vitrophyre which occurs

Grey microporphyritic poorly vesiculated vitrophyre containing rpV and rvV cm-scale
fragments
Intercalation of 2- to 7-cm thick oxidized red colored bands and grey colored bands

Welded breccias occur as 0.2-1 m thick steeply mm- to cm-scale stretched vesiculated oxidized fragments, sometimes with undeformed
shards
—mm to —cm scale angular vesiculated oxidized red to brown fragments with sharp edges in

seriate arrangement cemented by calcite and silica

fcV  Flay-lying coherent ~5-20 m thick flat-lying units with at least 10

vitrophyre km? area
sV Spherulitic 2-3 m thick layers grading laterally to bV
vitrophyre

~10-20 m thick obsidian units
2-10 m thick units laterally grading or in fault
contacts with bVs

mO  Massive obsidian
mV  Microfractured
vitrophyre

Code Structures

Vesicles

Coherent microporphyritic vitrophyres sparsely vesiculated
Light-grey vitrophyres composed of equigranular spherulites with 0.5 cm to 1 cm in size

Aphanitic, dark grey to black obsidian with oxidized layers
Light grey vitrophyre with apparent flat-lying banding

Microtexture

rvV  Oriented stretched vesicles.

rpV  Steeply-inclined mm-scale banding, folds and mixing textures with
gpV, boudinaged between gpV layers.

gpV  Steeply-inclined mm-scale banding.

bV Steeply-inclined to flay lying cm- to mm-scale banding.

wB  Orientation of stretched fragments.

mB  Randomly oriented angular clasts.

fcv 10-20 cm flat-lying tabular foliation.

sV mm-scale inclined banding (locally).
mO  cm-scale banding (locally).

mm-cm-scale, rounded or
stretched

2-5 mm, stretched to rounded
mm-scale, stretched
mm-cm-scale, stretched
mm-scale stretched

Stretched within the fragments
Pipe-like in the base, spheroidal
towards the top

mm-scale rounded
mm-scale rounded and cm-scale

Vesiculated, hematite-rich, microporphyritic, with well to
poorly developed microlites

Hematite-rich microporphyritic vitrophyres with well to
poorly developed microlites

Microporphyritic vitrophyre with poorly-developed
microlites within glassy matrix

Microporphyritic vitrophyres with poorly-developed
microlites within a devitrified matrix

Low- to medium-grade welding of vitreous fragments
sometimes preserving bubble shapes

Angular fragments cemented by quartz with tridymite
inclusions

Microporphyritic vitrophyre with well-developed
microlites and glassy groundmass

Massive spherulitic

Massive microporphyritic with glassy groundmass

ellipsoidal in the top

mV  mm- to cm-scale flat-lying apparent banding marked by dark-grey
alteration halos.

mm-scale rounded to stretched

5-10 mm spaced microfractures filled with quartz,
microporphyritic texture
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Fig. 3. Field macroscopic features of Mato Perso area lithologies. (A) Inclined tabular dike-like outcrop composed of banded vitrophyres (bV) in the elevation of 550 m. The geometry is
parallel to the dominant banding (dipping 58° to NNE). The country rock bed was eroded. (B) Steeply inclined outcrop of bV displaying sub-vertical banding dipping 50° to 85° to SE. (C)
Banded vitrophyre showing 5-20 cm thick bands composed poorly-vesicular grey (gpV) and red (rpV) vitrophyres. (D) Fragments of red vesicular vitrophyre lithofacies (rvV) into the red
poorly-vesicular vitrophyre lithofacies (rpV) grading to banded vitrophyres (bV). Note the vertical extensional fracture (f) filled with quartz. (E) 20-30 m flat-lying vitrophyre lava flows
highlighted by flat zones absent of vegetation. (F) Horizontal tabular foliation marked by cm-spaced fractures in the vitrophyre. (G) Centimeter-size pipe-like vesicles near the base of a
flat-lying vitrophyre (lava flow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

oxidized red colored bands and grey colored bands. This banding is
folded in two major types of folds: (i) 0.2- to 1 m-wavelength open to
close folds plunging upright with hinge gently plunging to NE and (ii)
mm- to cm-scale wavelength disharmonic, polyclinal folds that are
asymmetric to symmetric and horizontal to reclined, with axial surface
parallel to the banding. Banding in rpV generally dissipates within 5-
10 m of outcrop margins, where instead cm-size rvV fragments are
observed, together with a high density of quartz-filled extensional
fractures (Fig. 3D). The outcrop of monomictic breccia lithofacies (mB)
at conduit margins occurs parallel to banding in the conduit center,
and is composed of angular, mm- to cm-scale vesicular fragments of
oxidized red to brown glassy lava, with sharp edges in seriate arrange-
ment cemented by calcite and silica. Flat-lying coherent vitrophyres
(Fcv) are ~5-20 m thick flat units (Fig. 3E) with inferred areas of at
least 10 km? based on the extent of exposures. They show flat-lying
tabular foliation (Fig. 3F), pipe-like vesicles close to their bases
(Fig. 3G), and spheroidal vesicles towards the top of flow units. Basal
breccia is locally present (Simdes et al., in press), and these units are
interpreted as subaerial lava flows, also on the basis of their sheet-like
nature and greater vesicularity towards flow tops. Flow thickness is
less than that of most documented rhyolitic flows (~35-40 m, e.g.
Fink, 1983; Tuffen et al., 2013), potentially due to the higher eruptive
temperature.

The main petrographic feature found throughout MP vitrophyres is
their microporphyritic texture, with 2-11 vol% of plagioclase, pyroxene
and Ti-magnetite microphenocrysts occurring in respective proportions
of 6:3:1. The same mineral assemblage is present in the groundmass as
microlites, with respective proportions of 4:2:4, together with minor
apatite 4 quartz.

The banded bV lithofacies displays mm-scale folded red to grey
bands. Phenocrysts in red and grey bands are: (i) plagioclase, with
weak banding-parallel preferred orientation; (ii) clinopyroxene, with
stronger banding-parallel preferred orientation, and alteration to clay
minerals (Fig. 4A); (iii) globular to rhombohedral Ti-magnetite in cres-
cent-shaped aggregates (Fig. 4B) and (iv) globular quartz. The red
groundmass shows alternating mm- to sub-mm-scale bands of darker
and paler material (Fig. 4C). It contains acicular plagioclase and globular
pyroxene microlites (<0.1 mm) scattered in a vitric oxidized ground-
mass with very fine hematite lamellae. In the grey bands the ground-
mass is uniform, with hematite contents increasing towards the red
bands. The microlites of plagioclase, clinopyroxene, apatite and Ti-mag-
netite are scattered in a quartz-rich groundmass displaying quartz
amoeboid crystals and a minor content of fine hematite. Grains of
mono- to polycrystalline quartz with concentric zoning are common
in banding-parallel quartz rich zones (Fig. 4D). In the bV lithofacies
the banding is characterized by abrupt to gradational contacts between
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1100 ym)

Fig. 4. Microscopic features of Mato Perso area vitrophyres — A-B are back-scattered electron images, C-E are transmitted light microscope images. (A) Clinopyroxene (cpx) and plagioclase
(pl) microphenocrysts. Clinopyroxene is altered to clay minerals (cm) in the center of the crystals. (B) Ti-magnetite (Ti-mgn) microphenocrysts in crescent-shaped texture surrounded by
clinopyroxene microlites and cristalites. (C) Compound banding of banded vitrophyre (bV) with microporphyritic texture (plane-polarized light). (D) Band-parallel zone enriched in
polycrystalline quartz (qz) (crossed polarizers). (E) Panoramic photomicrography of bV with ptygmatic and polyclinal folds (plane-polarized light).

pale and dark bands, and forms polyclinal, ptygmatic and buckled folds
(Fig. 4E).

2.2. Sdo Marcos area

The Sdo Marcos area outcrops are geomorphological highs between
two WNW-oriented valleys south of Antas River (Fig. 2B). An intrusive
contact of the conduits is not observed, and transition between the silic-
ic lava flows and underlying rubbly basaltic pahoehoe flows (at 630 m
elevation) is flat-lying, abrupt and irregular (Fig. 5A, B; Fig. 6A). The
rubbly pahoehoe flow top is at least 1.5 m thick and comprises cm-
scale vesicular blocks suspended within a zeolitized, sand-grade matrix
(Fig. 6B). However, there is no continuous layer of sandstone observed
between the rubbly basalt and overlying silicic unit. In the base of the si-
licic unit dense fracturing creates monomictic breccia textures, like the
ones described by Smith (1996). Towards the top of the unit, the lava
develops a cm-scale near-horizontal foliation with isoclinal folds and
WNW-trending intersection lineation between the foliation planes.
The dip of banding markedly increases from this exposure to the postu-
lated conduit outcrop (Fig. 5B).

The main part of the inferred conduit outcrops at 670 m elevation,
~40 m above the flat-lying contact of the underlying silicic flows with
the basalts, but ~25 m below a fcV silicic lava unit (Fig. 5B). The conduit

exposure zone is <500 m in width, as demonstrated in the distribution
of the banded vitrophyre unit in Fig. 2B and is oriented according to a
WNW-ESE, near E-W structure. Besides, individual conduit outcrops
do not exceed 50 m in width. It consists of the full variety of vitrophyre
lithofacies, associated with monomictic breccias (mB) and welded brec-
cias (wB).

The field relationships are indicative of gpV cross-cutting and mixing
with rpV to form bV (Figs. 5C, 6C, D, E). Red vesicular vitrophyres occur
as xenoliths within rpV and gpV (Fig. 6C). Monomictic breccias occur in
the contacts between red vesicular vitrophyres and rpV, gpV or bV (Fig.
6D). Zones of steeply-oriented poorly-sorted welded breccias 20-50 cm
in width occur parallel to the bV orientation (Fig. 6E) and are composed
of vesicular, mostly elongate, oxidized fragments with irregular shapes,
containing stretched vesicles (Fig. 6F). All lithofacies are cross-cut by ex-
tensional fractures, with mm- to cm-scale aperture, filled with diapha-
nous quartz (Fig. 6C) that is banding-parallel to oblique and locally
form monomictic breccias with highly angular fragments. A distinctive
feature in the postulated conduit is a meter-scale structure with steeply
inclined divergent banding (Fig. 5C) composed of banded vitrophyre
lithofacies with rotated rvV meter-scale fragments. A brecciated red ve-
sicular vitrophyre occurs at 711 m elevation, with quartz vein fill, and a
massive, grey, vesicular vitrophyre (fcV) >2 m thick exposure crops out
at 715 m elevation (Fig. 5D).
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Fig. 5. Stratigraphic-structural sketches and field features of Sdo Marcos area. (A) Regional stratigraphy of volcanic units in Sdo Marcos area (modified from Lima et al., 2012). (B) Geological
profile of Sdo Marcos area showing field relationships and contact with lower mafic flows. Brown breccias are the top of a rubbly pahoehoe flow. Banded vitrophyre, red fragments and red
breccias are part of the conduit. (C) Steeply inclined divergent structure in the banded vitrophyres. Note gpV is mixed with rpV and cross-cuts older rvV. (E) Quartz-filled fractures in
coherent vitrophyre. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Microscopically, the banded vitrophyre contains cm-scale bands
with different grey and red colors. Sparse plagioclase, opaque and
clinopyroxene microphenocrysts are present, with locally trachytic tex-
ture. The groundmass in red bands has plagioclase microlites in a glassy
oxidized matrix, whereas the glassy matrix of the grey bands is
devitrified but not oxidized (Fig. 7A, B). The contact between the
bands is abrupt (Fig. 7B) to gradational and contacts between variably
oxidized material are intercepted by elongated veins filled by epitaxial
to diaphanous quartz.

The flat-lying massive grey vitrophyre is microporphyritic with
swallow-tail plagioclase, skeletal forms and empty crystals (Fig. 7C),
clinopyroxene and Fe-Ti oxides. The groundmass contains plagioclase,
Fe-Ti oxide and clinopyroxene microlites immersed in a vitreous matrix.
Other expositions of flat-lying vitrophyres in the area also display
glomeroporphyritic textures with plagioclase, oxide and clinopyroxene
crystals engulfed in a microlite-rich groundmass (Fig. 7D).

2.3. Jaquirana-Cambard area

The Jaquirana-Cambara area outcrops in the extreme northeastern
of the Rio Grande do Sul state. Even though individual lithofacies have
not been mapped in Fig. 2C, there is a semi-continuous outcrop extent
of the lithofacies described below. The contact where silicic lavas overlie
rubbly pahoehoe mafic flows occurs between 860 and 890 m elevations
(Fig. 2C). Above these elevations there are ~10-40 m-thick stacked ob-
sidian flows with elongated geometries, some recognized exhibiting
150 m in width and at least 500 m in length. Stratigraphically between

obsidian flows there are 15-30 m in width outcrops displaying
microfractured vitrophyre (mV) and spherulitic vitrophyre (sV), to-
gether with mB, wB, and bV. The nature of the outcrops is similar to
those found in Mato Perso, with banded vitrophyre grading laterally
into breccias.

The bV is characterized by NNW-, NW- and NE-trends of grey and
red colored cm-scale bands with subvertical dip orientation in 1-2 m
zones that are contorted into plunging upright folds over wavelengths
of centimeters to 1.5 m (Fig. 8A, B). The mixing degree between grey
and red bands increases towards the boarders of outcrops and generates
mme-scale bands with a wide spectrum of red and grey colors and more
complex folding patterns (Fig. 8C). The occurrence of rvV and rpV be-
tween gpV layers is common as well as the lateral gradation to a >1-
2 m dominantly steep, only locally flat, thick autobrecciated zone, con-
taining mB and wB with angular non-welded to incipiently welded
vitrophyre clasts (Fig. 8D). Vesicles are elongated parallel to the banding
or to the axial surfaces of cm-scale folds (Fig. 8E). A vertical variation ob-
served in road profiles indicate intrusive and faulted contacts with mas-
sive obsidian lithofacies (mO). The mO is aphanitic, dark grey to black in
color (Fig. 8F) with bimodal distribution of vesicles and amygdales (0.5-
1 cm round vesicles and ~7 ¢cm oblate amygdales). Towards the top of
the flow, the obsidian turn to an altered material with only amygdales
preserved. The upper part of obsidian flows exhibit an autobreccia, con-
taining centimetric angular vesicular clasts with irregular edges (Fig.
11C). The mO is overlain by microfractured vitrophyres and is cross-
cut by the bV. The microfractured vitrophyre lithofacies (mV) have
near-horizontal apparent banding characterized by cm-scale irregular,
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Fig. 6. Field features of the Sdo Marcos area. (A) Contact between rubbly pahoehoe mafic flow and silicic vitrophyre with flat-lying banding. (B) Detail in the rubbly top of the basaltic flow
with angular vesicular fragments cemented by sand. (C) 50-80 cm rvV fragments immersed in the banded vitrophyres. (D) gpV and rpV layers generating bV and showing monomictic
breccia in the margin of the rpV layer. (E) bV and rpV vitrophyres with 15-30 cm banding-parallel breccia with stretched vesicular fragments. (F) Detail on the angular stretched vesicular

fragments.

discontinuous dark-grey alteration halos in a light-grey vitrophyre (Fig.
8G). Alteration halos appear to originate from predominantly horizontal
microfracture networks.

Spherulitic vitrophyre lithofacies (sV) occur in some outcrops, with
light-grey vitrophyres containing equigranular 0.5-1 cm spherulites
(Fig. 8H). Contacts between bV and mV lithofacies occur either as faults
or as a gradual reduction in banding as bV gives way to a single unit of
massive, grey vitrophyre.

In microscopic scale, the bV lithofacies show <1% of microphenocrysts
and is characterized by centimeter to millimeter-size banding with tight
re-folded asymmetrical “Z” to “S” shape folds. Oxidized red bands and
grey bands are microporphyritic with sparse plagioclase, opaque and
clinopyroxene crystals. The contact with less oxidized grey bands is
abrupt (forming hematite-rich irregular surfaces) or gradational (forming
diffuse contact surfaces Fig. 9A). Banding-parallel quartz-filled fractures
(aperture ~ 0.1 mm) commonly occur, including series of tension gashes
(Fig. 9B).

mB autobreccias laterally associated to bV and rvV at postulated con-
duit outcrops display mm-sized angular fragments of non-vesicular

oxidized vitrophyre (Fig. 9C) containing plagioclase microlites. These
non-welded breccias are highly porous, and show some of the pore
space filled by polycrystalline quartz/tridymite. Differently, wB breccias
contain stretched oxidized vitrophyre clasts, perlitically fractured oxi-
dized vitrophyre clasts, and pumiceous fragments. Pumiceous frag-
ments display variable welding, viscous strain as defined by elongated
clasts, and truncated vesicles (Fig. 9D), indicating mixed brittle-ductile
deformation.

The mV lithofacies show sparse microphenocrysts of plagioclase,
clinopyroxene, Fe-Ti oxide and apatite microlites in the groundmass.
The glassy fraction of the groundmass is oxidized with perlitic fractures
and contains spherulitic to amoeboid cryptocrystalline quartz. The ap-
parent banding is formed by oxidation intensity variation in fracture-re-
lated halos (Fig. 9E).

The sV lithofacies is composed of isotropic microporphyritic
vitrophyres with resorbed plagioclase, opaques with melt inclusions
and scant clinopyroxene. The groundmass contains plagioclase,
clinopyroxene, opaque and apatite microlites and crystallites.
Spherulites are 2-5 mm across and globular to slightly elliptic in
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Fig. 7. Microscopic features of Sdo Marcos area vitrophyres. (A) Different oxidation patterns in bV are due to the presence of millimeter-size rpV and gpV bands (crossed polarizers). (B)
Detail in the contact between gpV and rpV bands. (C) Empty plagioclase prisms (center) with skeletal plagioclase fragments (scattered) and swallow-tail termination (upper left corner)
present in flat-lying coherent vitrophyres (fcV). (E) Microporphyritic texture in fcV marked by plagioclase, Fe-Ti oxide and clinopyroxene glomeroporphyritic aggregates engulfed by

hemi-crystalline groundmass composed dominantly by plagioclase microlites.

form (Fig. 9F), with either amoeboid quartz or vesicles at their
centers.

3. Whole-rock chemical composition

The whole-rock composition of 28 samples was determined for
comparison between sites and lithofacies and is presented in Table 2.
Analyses were conducted at Acme Analytical Laboratories Ltd., in Van-
couver, Canada. Major oxides and several minor elements were ana-
lyzed using Inductively Coupled Plasma—Emission Spectrometry (ICP-
ES) on a 0.2 g powdered sample, with detection limits of 0.01% for
Si0,, Al,03, Fe,03, Ca0, MgO, Na,0, K,0, MnO, TiO, and P,0s. Rare
earth and refractory elements were analyzed by ICP-MS (Mass Spec-
trometry), with 0.2 g of powdered sample and detection limit of
0.1 ppm for Zr.

The bulk of analyzed samples gave SiO, contents of 62.6-68.96 wt%.
Total Na,O + K,0 values were 6.3-7.9 wt% in all considered localities.
There is no systematic difference between lithofacies, with ranges for
banded, grey and red vitrophyres largely overlapping. However, banded
vitrophyres gave the broadest range of SiO, contents (62.60-68.88 wt%,
6 samples), whereas grey vitrophyres (gpV) display a more restricted
range (67.23-68.18 wt%, 3 samples). In the Ry vs. R, plot (Fig. 10A) of
De La Roche et al. (1980) the samples lie predominantly in the
rhyodacite field with two exceptions in the rhyolite field (MS-22, red
vitrophyre) and in the dacite field (GA-03v, banded vitrophyre). In the
SiO; vs. Nap0 + K0 diagram (Le Bas et al., 1986) the samples plot in
the dacite field, whereas one sample (GA-03v) plots in the
trachydacite/trachyte field (Fig. 10B). The value of Q > 20, being Q =

normative 100 * Q / Q + or + ab + an (Q = quartz, or = orthoclase,
ab = albite, an = anorthite), allows classification as trachydacite.

The low zirconium content of Palmas magma types and Caxias do Sul
subtypes (Peate et al., 1992) under 400 ppm is demonstrated in the Zr
vs. SiO; plot (Fig. 10C). The lower SiO, contents differentiate Palmas
and Caxias do Sul subtypes from the Santa Maria subtype. Comparison
of P,0s vs. TiO, contents (following Nardy et al., 2008) indicates the pre-
dominance of the Caxias do Sul subtype in the analyzed samples, al-
though two samples (GA-03v and GA-34) have higher P and Ti
contents plot in the Jacui subtype (Fig. 10D).

4. Structural elements

Structural elements were observed over multiple scales via satellite
imagery, field data and petrographic analysis. Over the widest scale,
there is a preferential NW-SE and WNW-ESE orientation of valley align-
ment to the south of the Antas lineament. Between these structures
there are outcrops of the inferred feeder conduits in the Mato Perso
and Sao Marcos areas, as shown in the mapped banded vitrophyre
units in Fig. 2. Away from the area limited by these lineaments, most
of the outcrops of silicic lava flows display near-horizontal flow folia-
tions and conduit-related lithofacies are nearly absent. Outcrops of mas-
sive obsidian also occur aligned to NE-SW and NW-SE directions. In the
Jaquirana-Cambara do Sul area satellite images reveal ENE-WNW, NW-
SE and near N-S ridge alignments (Fig. 11A). The alignments are coinci-
dent with the main banding directions in outcrops of banded
vitrophyres, are 10-20 m wide and >1 km in length, and are cut by
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Fig. 8. Field and macroscopic features of Jaquirana-Cambara area. (A) Approximately 15 m-long outcrop with alternate rpV, gpV and bV with vertical banding and monomictic breccias
(mB) in the outcrop margins. The arrow points to the hinge of an open fold surrounding a red vitrophyre pod. (B) Stretched fold of rpV between gpV layer. (C) bV with thin layers
folded in sheath fold (left). (D) Autobreccia with angular red vitrophyre fragments. (E) Stretched fold in bV showing an elongated vesicle reaching the fold hinge. (F) mO with
pitchstone aspect and cm-scale amygdale filled with quartz. (G) mV with flat-lying microfracturing-related halos and cm-size amygdale filled by calcite and quartz. (H) Grey
spherulitic massive vitrophyre (sV). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

younger E-W, NE-SW, NW-SE and N-S valley lineaments verified in the
field as normal to oblique faults.

At Mato Perso bV show sub-vertical banding orientation (Fig. 11B,
left stereonets) and oblique to reverse fault planes (Fig. 11B, right
stereonet), which were not observed in the upper lavas. Banding orien-
tation is dominantly sub-vertical and commonly folded (Fig. 11C, top
left stereonet). Apparent banding in microfractured vitrophyres (mV)
is near-horizontal where the vitrophyre is not affected by younger faults
(Fig. 11C, top right stereonet). Fault surfaces in some outcrops show
oblique, reverse and transcurrent relative movements (Fig. 11C, bottom
stereonet).

At outcrop scale, flow bands in lava are predominantly aligned NE-
SW, with minor NW-SE trends, in addition to subordinate E-W and N-
S orientations, based on a total of 142 field measurements. The banding
dips are variable, from 01° to 89°, with predominance of sub-vertical
dips of 68° to 89° (Fig. 11D). The hinge plunges are sub-horizontally ori-
ented along NE-SW and NW-SE directions. Where bands are thinner
and the lithofacies mixing degree is stronger the folds are multiple
hinged (polyclinal) with mm-scale wavelength showing generally
more than two phases of folding. A late-stage type of structure associat-
ed with the conduits is characterized by non-polished fault surfaces
with oblique to subvertical dip geometries. The surfaces are generally
parallel to the main banding and have vertical dipping slickensides
and striations (Fig. 11E), which are indicative of reverse to oblique re-
verse relative movement.

5. Discussion

5.1. Structure of inferred conduits, lithofacies relative chronology and crys-
tal contents

The proposal that lava-feeder conduits occur in the studied area is
based on the systematic occurrence of outcrops with 15-25 m lateral ex-
tent (and minor ~2 m vitrophyre dykes; Simdes et al., in press) with lat-
eral variation from banded vitrophyres in the center grading to oxidized
vesicular vitrophyres and then to massive and welded breccias at the out-
crop margins (Fig. 12). Some features of the described lithologies are
shared with silicic magma conduits in extensional settings (e.g. Stasiuk
et al., 1996; Thordarson and Larsen, 2007; Tuffen and Castro, 2009). An-
other model for obsidian emplacement in agreement with conduit and
lava described lithofacies is proposed by Fink (1983) for the Little Glass
Mountain (west USA), where subvertical flow banding in vent areas indi-
cates that fracturing accompanies the emergence of lava. The structure of
the domes that form over vent areas may reflect the orientation of dike-
like conduits as well as the local state of stress during extrusion. Beyond,
the absence of flow base/top features such as domains of flow-top pumice
found in subaerial lava flows (e.g. Hall, 1978; Fink, 1980; Fink, 1983; Cas
and Wright, 1988; Tuffen et al., 2003), the carrying of large vesicular
vitrophyre fragments and the identification of the base of subaerial
flows in higher elevations are evidence to support the interpretation of
these structures as feeder conduits.
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Fig. 9. Microscopic features of Jaquirana-Cambara area lithologies. A, C, D, E and F with plane-polarized light, B with crossed polarizers. (A) Gradational contact between more oxidized
(rpV) and less oxidized vitrophyre (gpV). (B) Tension gashes filled with polycrystalline quartz. (C) Poorly sorted angular red vitrophyre fragments in porous autobreccia. (D) Welded
breccias (wB) with elongated pumiceous fragments. (E) microfractured vitrophyre (mV) showing fracture-parallel oxidation halos. (F) Spherulitic vitrophyre with arrows indicating
the spherules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In S3o Marcos area the divergence of banding orientation from ver-
tical in the inferred conduit to horizontal in the contact of the silicic
flow with basaltic flows is clearly exposed such as intrusive relations be-
tween grey and red vitrophyres (Lima et al., 2012, 2018; Cafién-Tapia
and Raposo, this issue; Figs. 5, 6A, this study). The stratigraphic position,
above the basaltic and some of the silicic units, is suggestive of a shallow
level for the inferred conduits that fed the upper silicic flows.

The postulated conduits are characterized by multi-step textural
evolution during silicic lava emplacement. The earliest-emplaced
lithofacies are the red vesicular vitrophyres, which occur as xenoliths
in the red poorly-vesicular, grey and banded vitrophyres. The rpV inter-
calates and is also cross-cut by the grey poorly vesicular vitrophyre, the
youngest conduit-associated lithofacies. The early solidification of the
rvV combined with late intrusion of rpV and gpV suggest the separation

of different textural types occurred during prolonged magma ascent in
the conduit.

Another important property observed in different inferred conduit
areas is the crystal content. In Mato Perso region (Fig. 2A) the silicic
units from conduits and lava flows have microphenocryst content of
2-11%, while Sdo Marcos and Jaquirana-Cambara vitrophyres have <
2%.The subaerial lavas that we propose to be correlated with the con-
duits show the same proportion of microphenocrysts as their intrusive
equivalents, although presenting bigger and better formed microlites
then conduit lithofacies. Different crystallization pathways for the
microphenocryst formation in each conduit system indicate they were
independent systems with their own histories of magma ascent,
undercooling, and possibly had sources with different pressure and
temperature conditions.
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Table 2

Whole-rock compositional data. Major oxides are in wt% and Zr is in ppm. MP = Mato Perso, ] = Jaquirana, C = Cambara do Sul, SM = Sdo Marcos. Lithofacies codes are given in Table 1.
Sample MS-01 MS-03A MS-04 MS-05B MS-19A MS-22 MS-22E MS-22D MS-24A MS-24B PSJ-006 MS-29A MS-32C MS-38
Local MP MP MP MP ] ] ] ] ] ] ] C C C
Lithofacies  fcV bV fcv gpV sV rpV rpV gpV gpV rpV bV fcv sV sV
SiO, 67.32 65.30 67.18 67.23 65.80 64.78 65.47 67.80 68.18 67.35 66.00 66.32 67.38 66.04
Al,05 12.66 13.11 12.88 12.74 12.72 13.75 12.95 12.53 12.05 1237 12.63 12.90 12.55 12.85
Fe,05 6.23 6.30 6.02 6.12 6.68 6.83 6.41 6.06 6.05 6.04 5.87 6.18 6.37 6.35
MgO 133 1.29 1.27 1.26 1.65 091 1.52 1.37 1.31 1.32 1.24 1.60 1.41 1.59
Ca0O 3.28 2.96 3.12 3.23 3.14 1.02 341 2.90 2.83 2.85 3.28 2.99 3.07 3.02
Na,0 2.95 2.90 2.77 2.96 2.80 2.09 2.90 2.89 2.89 2.87 3.27 2.76 2.83 277
K;0 3.78 3.94 4.00 3.80 3.95 4.86 4.00 3.98 3.80 4.13 3.10 4.06 4.04 4.14
TiO, 0.92 0.95 0.89 0.93 0.95 1.01 0.95 0.92 0.89 0.92 0.88 0.95 0.96 0.94
P,05 0.27 0.28 0.26 0.27 0.29 0.25 0.27 0.25 0.26 0.26 0.25 0.27 0.27 0.29
Zr 2438 2471 2453 236.1 250.4 269.7 245.7 2343 239.2 246.6 242.2 250.8 255.1 251.2

5.2. Banding origin

The origin of banding in silicic lavas may be ascribed to viscous
magma mixing, repeated fragmentation and welding during flow to-
wards the surface, rheomorphism of pyroclastic fragments, or vapor-
phase crystallization in stretched vesicles (e.g. Seaman, 1995, Tuffen et
al., 2003; Castro et al., 2005; Gonnermann and Manga, 2005; Tuffen
and Dingwell, 2005).

Field and petrographic observations of the studied areas show that
vesiculation patterns are parallel to the banding but not penetrative
and the variation of sub-millimeter microlite concentration between
bands can be masked by intense oxidation. The repetition of different
color bands (e.g. Fink, 1983; Seaman, 1995) is thought to be character-
ized by different hematite contents. Compositional analyses of different
color vitrophyres in banded lithofacies show that grey vitrophyres have
slightly higher silica content than red vitrophyres, and the composition-
al differences may be enhanced by different degrees of porosity, vapor-
phase precipitation, hydration and oxidation. Shearing of homogeneous
melt can lead to localized heating (Nelson, 1981) and thus spatial vari-
ations in oxidation and degassing. Other plausible contributors to
banding formation include magma mixing (Seaman, 1995), and
hypersolidus heterogeneity of water concentration in the magma
(Seaman et al., 2009) due to divergent vesiculation and degassing histo-
ries of bands, which can also lead to heterogeneous late-stage spherulite
growth (Seaman, 2013).

5.3. Fragmentation: breccias, pyroclastic textures and fracturing

The first fragmentation episode is registered into the conduits and is
represented by the presence of large (cm- to m-scale) red vesicular
vitrophyres as large sub-rounded to angular xenoliths embedded in
younger red and grey vitrophyres. Then, the brecciation of red vesicular
and red poorly-vesicular vitrophyres in the intrusion margins generated
fine to coarse-grained angular vitrophyre fragments cemented by a po-
rous quartz matrix. Welded monomictic breccias also occur as steeply
oriented bodies (Figs. 6E, 12) and represent fragmentation at tempera-
tures above the glass transition field (Dingwell, 2006). Breccia forma-
tion involved variably vesicular magma, demonstrated by the wide
range of clast vesicularities. This episode records the brittle fragmenta-
tion of vitrophyres and pumiceous fragments.

Pyroclastic textures in the inferred conduits occur as elongated
vitrophyre clasts and pumiceous fragments between non-pyroclastic
vitrophyre layers. They suggest a local fragmentation and welding
event, which play an important role in reducing the likelihood of explo-
sive behavior, by facilitating magma degassing (Gonnermann and
Manga, 2003). Highly porous lithofacies within obsidian flows can com-
prise well-connected cavities that act as efficient degassing pathways to
the lava surface (Furukawa et al.,, 2010; Shields et al., 2016), playing a
role in providing volcanic gasses to void spaces created in surface fold
hinges (Furukawa and Uno, 2015). Formation of autobreccias,

fragmentation, annealing and magma fracturing in the edges of intru-
sion outcrops can be interpreted as shearing and fragmentation near
the conduit walls (Tuffen et al., 2003; Cashman, 2004; Castro et al.,
2005). Shear localized along the conduit edges creates a locally perme-
able zone, leaving less-sheared and less-outgassed magma at its center
(Okomura et al., 2013).

A late fracturing event is represented by the extensional fracturing
phase which cross-cuts all lithofacies and generated extensional brec-
cias filled by angular vitrophyre clasts and quartz (Fig. 12). Some exten-
sional fractures are delimited between vitrophyre layers or breccias and
do not appear in subaerial flows, suggesting the late lava movement
during syn- to shortly post-eruptive stages.

5.4. Conduit-related subaerial lava flows

The subaerial lithofacies include features such pipe-like vesicles near
the flow unit base, local basal breccias and absence or very restricted oc-
currence of lithic fragments. Lava flow-related breccias are recognized
in base and top portions of lavas (Fink, 1983; Tuffen et al., 2013), includ-
ing those from Parana-Etendeka LIP outcropping at the southern por-
tion of the province, where they constitute the base, margins and
fronts of lava lobes and domes (Waichel et al., 2012; Polo and Janasi,
2014; Rossetti et al., this issue; Simdes et al., in press). Pumiceous tex-
tures are lacking and there are no preserved pyroclastic textures in
the quenched margins, where rapid quenching ought to prevent their
obliteration through prolonged dense welding. Although we recognize
that the upper surfaces of subaerial silicic flows can include domains
of steeply inclined flow banding and welded breccias, in the studied
area the subaerial flows are dominated by near-horizontal banding
with very local steep dips.

Additionally, massive obsidian and flat-lying coherent vitrophyres
have well-developed microlites engulfed in a glassy matrix, contrasting
with microlite-poor textures in inferred conduit zones. The units are
thus interpreted as lava flows rather than extensive lava-like or high-
grade ignimbrites (c.f. Manley, 1995; Henry et al., 1990; Henry and
Wolff, 1992). Another important aspect is the high emplacement tem-
peratures of the lavas (Milner et al., 1992; Garland et al., 1995; Simdes
et al,, 2014), which gives low viscosity, suppressing fragmentation and
increasing flow mobility (Hausback, 1987; Henry and Wolff, 1992;
Green and Fitz I, 1993; Pankhurst et al., 2011). Permeability develop-
ment during brecciation within conduits is widely assumed to aid the
degassing and ascent of magma (Eichelberger et al., 1986; Jaupart and
Allegre, 1991; Rust et al., 2004) and may have assisted the outgassing
that permitted the effusion of extensive lava units.

5.5. Importance of the regional structures

Documented intrusive systems related to the Parana-Etendeka LIP
include three extensive dyke swarms: Santos-Rio de Janeiro, Ponta
Grossa and Florianépolis (Piccirillo et al., 1990; Raposo et al., 1998;
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MS-50 MS-67 GA-03V GA-03P GA-04 GA-07 GA-10 GA-11 GA-12 GA-13 GA-16 GA-34 GA-35 GA-37
C C SM SM SM SM SM SM SM SM SM SM SM SM
bv fcv bV bV v fcv fcv fcv fcv fcv bV fcv rpV mO
66.30 65.64 62.60 68.88 66.91 68.96 66.51 66.88 67.07 67.01 67.24 64.99 67.66 65.25
13.04 13.40 1453 1213 13.10 11.95 12.87 12.74 13.05 12.76 12.74 13.14 12.92 12.87
6.50 6.16 6.71 5.99 5.87 6.00 5.93 5.84 5.90 5.84 6.24 7.24 6.03 6.32
1.22 1.50 148 1.21 0.92 1.13 1.22 131 0.95 131 1.00 1.52 1.15 1.36
2.63 2.09 331 2.96 2.14 2.76 3.10 2.94 2.50 3.03 2.50 3.48 3.02 3.48
2.84 2.56 334 272 2.54 2.59 2.86 2.84 2.80 2.87 2.63 3.15 3.05 3.55
4.26 3.91 4.58 3.99 4.19 4.46 4.30 4.02 4.09 4.14 4.54 3.57 3.68 294
0.94 0.94 1.00 0.87 0.90 0.85 0.89 0.91 0.92 0.90 0.92 1.06 0.96 0.95
0.27 0.26 0.29 0.26 0.26 0.25 0.27 0.28 0.27 0.28 0.27 0.29 0.26 0.27
2554 261.6 259.6 224.2 248.00 218.6 2335 233.6 2429 240.9 2384 2343 225.1 222.00

Valente et al., 2007). It has been proposed that the large extent of this
magmatism represents the preserved plumbing system of the Parana-
Etendeka LIP in Brazil (Florisbal et al., 2014). For the mafic magmatism
of this LIP, regional structures are important controllers of the dyke em-
placement, and this relation is also observed in the occurrence of in-
ferred silicic conduits (Fig. 1).

In the study areas, the main regional structures with NE-SW orienta-
tions cutting the Parana Basin and the basement are the Lancinha-
Cubatdo Fault Zone, Blumenau-Soledade Fault Zone and Ledo-Acotea

* Mato Perso

X S&o Marcos ® Jaquirana
dacite _
GA-03vy rhyodacite
S X
I uartz
atite
o
St
o
X o
St
0D rhyolite
quartz
Q| trachyte " MS-22
St
<
A alkali rhyolite
1500 2000 2500
R‘l
- 800
= Chapecé
type
600
CSX'}E}S_____ Santa
do Sul  Maria
R - T T R W S non—
N
s
200
Palmas
type
C 62 64 66 68 70 72 74

Sio,

faults (Zalan et al., 1991). The NE-SW structures are coincident with
and have branches parallel to Neoproterozoic fault and shear zones,
mainly the Dorsal de Cangucu shear zone and the Porto Alegre Suture
(Fernandes et al., 1995). Those structures were vulnerable to reactiva-
tion in the early stages of the Gondwana breakup. The Antas Lineament,
NE-trending, is parallel to the Porto Alegre Suture but does not cut the
basement (Fig. 1). The major NW-SE structure is the Torres Syncline -
not a significant discontinuity, but instead an ancient tectonic valley
that was a locus of deposition for the sediments and volcanic deposits
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Fig. 10. Classification plots for vitrophyres of the inferred silicic conduits. (A) R;-R plot of De La Roche et al. (1980) showing the dominantly rhyodacitic composition for studied samples,
except for samples GA-03v (dacite) and MS-22 (rhyolite). (B) TAS plot of Le Bas et al. (1986). Q = Q) * 100 / Q(ny + 0r(n) + abgn) + an¢ny. (C) Zr vs. SiO, diagram (Peate et al., 1992) for
classification of magma types (Chapec6 and Palmas) and magma subtypes (Caxias do Sul and Santa Maria). (D) P,0s vs. TiO, diagram of Nardy et al. (2008) for separation of magma

subtypes (Santa Maria, Clevelandia, Caxias do Sul, Jacui and Anita Garibaldi).
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Fig. 11. Structural elements of the studied areas. (A) Satellite imagery in part of the Jaquirana-Cambara area showing aligned ridges (ridge lineaments) indicated by arrows. (B) Geological
and structural profile of the inferred Mato Perso area with great outcrop exaggeration. Stereonets show the banding disposition in the indicated outcrops. (C) Geological and structural
profile in a section of the Jaquirana-Cambara area. Stereonets show the disposition of the banding. The top right stereonet show the disposition of the apparent-banding in mV. (D)
Contour diagram of the banding orientation in all studied areas (Mato Perso, Jaquirana-Cambara and Sdo Marcos) showing a preferential NE trend and a subordinate NW trend (N =
142, maximum density = 20.6, mean density = 6.76, contour intervals = 10). (E) Slickenside with striations indicating reverse oblique relative movement on sliding surfaces.
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Fig. 12. Model of Jaquirana-Cambara type conduit system lithofacies. Values in wt% represent SiO, content. mB = monomictic breccia, sV = spherulitic vitrophyre, mV = microfractured
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legend, the reader is referred to the web version of this article.)

of the Parana Basin. These orientations match the NE-SW and subordi-
nate NW-SE orientation of mafic dikes in the Florianépolis Dike
Swarm (FDS). The FDS is interpreted as the feeder system of Urubici-
type magmas (high Ti basaltic and trachyandesitic; Florisbal et al.,
2014). Anisotropy of Magnetic Susceptibility (AMS) studies of Raposo
(1997) and Raposo et al. (1998) showed vertical or sub-vertical dip in
FDS dikes, trending mainly NE, although NW-trending dikes are also
found. The NE-trending dikes are recognized as corresponding to struc-
tural trends of the basement and are occasionally crosscut by NW-
trending dikes.

In the three case studies (Mato Perso, Sao Marcos and Jaquirana-
Cambard) the inferred conduits crop out between NW-SE valley linea-
ments and have smaller-scale NE-SW structures, concordant with the
dominant NE-SW direction of the flow banding. These structures were
probably potential pathways for magma transport, since the evolution
of Parand Basin was controlled, from the beginning, by transtensional
reactivation of crustal discontinuities triggered during Cretaceous orog-
enies (Milani, 2004).

5.6. Whole rock composition

Compositional data shows that the silicic magma was dominated by
rhyodacites. The evolution of vitrophyres with 62-65 wt% SiO, to more
evolved compositions with 66-68 wt% SiO, is encountered in the three
study case areas and in the distinguished lithofacies, except for grey
vitrophyres (gpV). The gpV vitrophyres tend to form thick stretched
and folded bands that frequently crosscut the red vitrophyres (rpV),
and so may represent late-stage, more evolved magma. Alternatively,
SiO, enrichment could relate to localized late-stage precipitation of
cristobalite, tridymite or quartz.

The flat-lying subaerial lava flows have similar major (and some
trace) element composition. They are correlated to Palmas-type
magmas - aphyric to microporphyritic low-Ti magmas - and Caxias do
Sul magma sub-types, which have low Zr and intermediate P,O5 and
TiO,. As the whole-rock chemistry of inferred local conduits corre-
sponds to the subaerial lava flows, the two can be considered to be
cogenetic and the lavas are therefore not necessarily extensive
rheomorphic ignimbrites from the Messum Complex in southern Na-
mibia (Milner et al., 1995; Marsh et al,, 2001; Bryan et al., 2010). Lateral
variation of phenocryst content and phenocryst-compatible elements
within the subaerial silicic units was suggested to be generated during
density segregation of crystals from the pyroclastic density current dur-
ing flow, which required a run-out distance of >300 km (Bryan et al.,
2010). We propose that this is not the case, and that instead the studied
subaerial vitrophyres are lava flows similar to those exposed in adjacent
areas in southern Parana-Etendeka LIP in South America (e.g. Henry and
Wolff, 1992; Umann et al,, 2001; Garland et al., 1995; Lima et al., 2012,
2018; Polo and Janasi, 2014; Simdes et al., 2014; Rossetti et al., this

issue; Polo et al., this issue; Guimaraes et al., this issue; Cafién-Tapia
and Raposo, this issue).

5.7. Evaluation of alternative models for the described areas

5.7.1. Internal portion of silicic lava flows

Banding and folding are common features in internal portions of in-
dividual units of silicic lava flows and domes (e.g. Fink, 1985; Seaman,
1995; Manley, 1996; Manley and Fink, 1987; Castro and Cashman,
1999; Morrow and McPhie, 2000; Simdes et al., 2014; Polo and Janasi,
2014). Near-vertical structures are not only common adjacent to the
vents and they can develop in the upper carapace of silicic lava flows
far from the conduit/vent, e.g. due to ramping associated with the com-
pressive folding of the surface crust into ogives or due to rotation asso-
ciated with the ascent of pumice diapirs from deeper in the lava flow
(Hall, 1978; Fink, 1980, 1983; Cas and Wright, 1988; McPhie et al.,
1993; Castro and Cashman, 1999). However the vertical variation show-
ing basal and top breccias, foliated obsidian/vitrophyre and horizontal
layers of coarse and fine pumice, typical of silicic flow units (e.g. Fink,
1983; McPhie et al., 1993), was not observed in the exposed outcrops.
Instead, brecciated lithofacies are generally restricted to the outer por-
tions of the outcrops or as transitional layers in red oxidized vitrophyres
and tend to be oblique to vertical (Figs. 6E, 8A).

Comparing the ridges identified in satellite imagery with structures
of similar dimensions described as flow ridges on the upper surface of
silicic lava flows (e.g. Fink, 1980, 1983; Manley, 1996; Tuffen et al.,
2013), they are not characterized by penetrative parallelism or to con-
tain open anticlinal folds (e.g. Fink, 1980), tephra deposits (Manley,
1996) or ogives indicating folding of ~10 m thick surface crusts
(Tuffen et al.,, 2013). In the described areas, ridges are parallel to the
sub-vertical banding trends of bV, postulated as the main part of the
conduits. Aligned ridges in northeast Rio Grande do Sul reflect also the
alignment of obsidian flows.

5.7.2. Thermal erosion of underlying silicic lava flows

Another distinct interpretation concerning the quarry exposure at
Sdo Marcos area (Fig. 5C) is given by Cafién-Tapia and Raposo (this
issue). Based on the AMS data, the authors assume that features charac-
teristic of dimension stone quarries at Sio Marcos are ascribed to ther-
mal erosion of underlying flows and are restricted with a very specific
region. For this, they interpreted the direction of ky,.x, the longest of
the three magnetic susceptibility axes (Kmax, Kint, Kmin), being parallel
to the magma flow.

In dykes, the most common fabric display magnetic foliation (Kgax-
Kmin plane) approximately parallel to the dyke plane and the magnetic
lineation (ky,ax) also parallel do the dyke plane, being vertical, horizon-
tal or even oblique (Rochette et al., 1991; Geoffroy et al., 2002; Callot
and Guichet, 2003; Callot and Geoffroy, 2004; Plenier et al., 2005;
Philpotts and Philpots, 2007; Hrouda et al., 2016). Magnetic lineation
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is not always parallel to the magmatic flow in rhyolite dykes (Auborg et
al.,, 2002) and random orientations of the magnetic fabric may also be
result of very complex magmatic flow patterns or because of severe
post-magmatic changes in magnetic minerals (Hrouda, 1985). Experi-
mental work using lavas re-melted in laboratory presented by Cafién-
Tapia and Pinkerton (2000) concludes that k. is preferentially parallel
to the flow but k;,, may also be parallel to it. And the work of Zavada et
al. (2009), in trachyte lava, describe complex magnetic fabrics con-
trolled by chevron folds with a particular type of asymmetric fabric as-
sociated to the vertical collapse in the conduit.

In Sdo Marcos, kiax is generally oblique to flat-lying (locally vertical)
in the divergent structures (Cafién-Tapia and Raposo, this issue) of the
banded vitrophyres, like in Fig. 5C, but, unlike the outcrops interpreted
as lava flows, they do not present horizontal magnetic foliation (Kmax-
Kmin)- The scatter of k.« orientations in banded vitrophyres, varying
from oblique to flat or vertical can be a result of several folding phases
in macro- and microscale, changing the main direction of magma
flow, and so we should not expect k,.x axes directions to behave like
in tabular dykes and sills. Moreover, as cited above, the magnetic fabric
in a dyke does not necessarily have vertical ky,.x axes and the horizontal
flow of the grey band in the outcrop shown in Fig. 5C does not exclude
this as an intrusive feature. The interpretation of downflow in an out-
crop by the referred authors may be a common backflow (e.g. Varga
et al,, 1998; Johnson et al., 1999) or melt-back (e.g. Fialko and Rubin,
1999) feature present in feeder systems and ascribed to be common
in magmatic chambers too (Lowman and Hoefer, 2013). Obstacles,
like the fragments described by Cafién-Tapia and Raposo (this issue)
and the ones described in the present work (see Figs. 3, 5, 6, 8 and 12)
are also important features causing the modification of the original
flow directions. Thus, the direct interpretation of k.« orientation as
the dominant flow directions should be taken more carefully.

Thermal erosion, as described by Kerr (2009), should not be a
discarded process during the emplacement of basaltic and silicic Parana-
Etendeka lavas and conduits, principally where mafic flows are overlying
silicic lavas (see Rossetti et al., this issue), giving more accented tempera-
ture contrast. But it is unfavorable that this phenomenon would form tab-
ular dike-like structures containing banded vitrophyres with very similar
lithofacies seen in Sdo Marcos as in Fig. 3A or B.

6. Concluding remarks

In the present work we described structures, lithofacies and major
regional structural trends of vitrophyres and breccias that we postulate
as conduits of silicic lava flows. The occurrence of structurally-con-
trolled variably vesicular lithofacies displaying systematic variation at
conduit exposures and outcropping coherently with the regional distri-
bution of faults is recognized. Microscopically, vitrophyres interpreted
as conduit-related have glassy groundmass with poorly developed
microlites, contrasting with the lava flows, exhibiting well-developed
microlites, revealing the contrast of undercooling paths. Aligned ridges
match with banded vitrophyre outcrop trends and do not resemble
lava-flow related ridges. The conduit-related subaerial lava share tex-
tural and structural features with extensive lava flows rather than
lava-like or rheomorphic ignimbrites. Degassing pathways formed dur-
ing fragmentation and fracturing episodes within the inferred conduits
may have helped to inhibit the explosivity of the related silicic erup-
tions. Palmas-type magmas are compositionally equivalent to some
magma-types in Namibia (Milner et al., 1995), but the origin of the ex-
tensive silicic lava flows in southern Brazil can also be explained by
fault-related conduit systems such as those described in the present
study.
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ARTICLE

The Mato Perso Conduit System: evidence
of silicic magma transport in the southern
portion of the Parana-Etendeka LIP, Brazil

Matheus Silva Simoes!?*, Evandro Fernandes de Lima?,
Carlos Augusto Sommer?, Lucas de Magalhaes May Rossetti'*

ABSTRACT: 7he Mato Perso Conduit System is described from a ~ 120 kni’ area in south Brazil exposing silicic volcanics of the Parand-Etendeka LIR A vol-
canic succession is defined by basaltic flows covered by flat-lying oxidized vitrophyres, banded vitrophyres cutting the lower lavas and grey flat-lying vitrophyres
covering all the units. Flow morphologies determined by the recognition of structures, textures, and vesicle distribution were observed. Oxidized vitrophyres display
massive flat-lying banded cores and flow tops from vesicular to frothy. Grey flat-lying vitrophyres have sharp contacts in the top of both basalt flows and oxidized vi-
trophyres, locally exhibit basal breccia and have a flat-lying foliation. Conduits are represented by banded vitrophyres and breccias, which outcrop in a 6 km wide,
NW-SE oriented segment downthrown by normal faults towards the Antas River. The interpretation of the units on the geological map scale indicates intrusive
contact relations. Recognition of dike-like structures in banded vitrophyres and dykes of oxidized vitrophyre are evidence of felsic magma transport. Based on field
observations, we propose the emplacement of subaerial oxidized and grey vitrophyres fed by a fault-related conduit system. Sustained high temperature magmatic

systems ensure the silicic lavas have a low viscosity and travel great distances.

KEYWORDS: Large Igneous Province; magma transport; conduit system; Parand-Etendeka LIP; Parand Basin.

INTRODUCTION

The Parand-Etendeka Large Igneous Province (LIP) is
exposed primarily in South America (-90 outcrop area%),
with a minor portion in the African continent (- 10 outcrop
area%). It erupted at ~134-131 Ma (Ernesto ez al. 1999,
Thiede & Vasconcelos 2010, Janasi et /. 2011, Florisbal
et al. 2014) in an intraplate setting, after a long period of
marine and continental sedimentation in the Parand Basin
(for the South American counterpart). This basin is con-
sidered a large intracratonic syneclise developed in western
Gondwana (Allen & Armitage 2012). In the Cretaceous,
the Andean chain uplifting started in the west of this super-
continent, while continental extension accompanied by
voluminous volcanism were dominant within the continent

(Milani & Ramos 1998). Those episodes were followed by

rifting and seafloor spreading, leading to the opening of the
South Atlantic Ocean. In South America, this LIP occupies
approximately, 917,000£15,000 km? (Frank ez a/. 2009) of a
1,700 m-thick tholeiitic rock association (Melfi ez 2/. 1988)
with basic to intermediate volcanics dominating (97.5% in
volume) over silicic volcanics (2.5% in volume).

The plumbing system which transported magma and
fed the volcanic pile on the surface is represented by Ponta
Grossa (NW-SE), Santos-Rio de Janeiro (ENE-SSW) and
Floriandpolis (NNE-SSW) dyke swarms. These intrusive
systems are the main exposures of diabase dykes and sills
throughout the Parand Basin (Melfi ez a/. 1988, Raposo &
Ernesto 1995, Peate 1997, Raposo ez al. 1998, Florisbal
et al. 2014) and are located north of Torres Valley (Fig. 1).
In the southern part of the basin, the mafic dykes cutting
the sedimentary rocks have NE-SW preferred orientation.
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These dykes trend NN'W-SSE when cutting the volcanic
pile (Sarmento et al. 2017).

Silicic dykes are less common among the intrusive units.
An example is the Florianépolis dyke swarm, where they are
described as ~70-80 m thick porphyritic vitrophyre dykes
trending NNE-SSW and NN'W-SSE (Marteleto ez al. 2016).
Composite dykes with basaltic andesite mingled with rhyo-
dacite also occur (Tomazzoli & Lima 2006). The intrusive
felsic magmatism in the south of this basin is represented
by one ~1 m thick occurrence of rhyodacite dyke in the

Praia Grande — Cambard do Sul profile (Piccirillo ez al.
1988). Assuming an average thickness of 120 m for felsic
units in southern Brazil (maximum of 400 m, e.g. Rossetti
et al. 2017) and an estimated volume of 12,000 km?, one
should expect a larger volume of silicic intrusive in the LIP.

The purpose of this work was to present a mapped area
of the northeast of the state of Rio Grande do Sul, which
exposes different silicic vitrophyre units previously recog-
nized only as fragments within the conduits (e.g. Lima ez al.
2012,2017, Simées ez al. 2017). Field relationships, internal
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morphologies of the lava flows, structural patterns and vit-
rophyre texture are shown in order to discuss the magma
transport and emplacement, considering their implications
for effusive volcanic episodes in the south of the Parand Basin.

GEOLOGICAL BACKGROUND

In southern Brazil, the volcanic units of Parand-Etendeka
LIP are represented by the Serra Geral Group (Rossetti ez al.
2017). This association is chemically more primitive and is
dominated by simple pahochoe basaltic flows in the base,
assigned to the Torres Formation. The Vertically stacked,
sheet-like, rubbly pahoehoe basaltic flows of the Vale do Sol
Formation cover the compound flows and represent the more
voluminous basaltic lava unit. The silicic volcanics overly-
ing these basalt flows are assigned to the Palmas Formation.
The last volcanic manifestations in the area are the compound
and simple oxidized mafic flows of Esmeralda Formation.

The chemical classification of the volcanics is based pri-
marily on the TiO, content of basic and silicic terms (e.g.,
Bellieni ez al. 1984; Peate er al. 1992). High-Ti (TiO, > 2
wt.%) volcanics are called Chapecd-type magmas (Peate
et al. 1992). They are exposed in the northern portion of
the basin and scarce in the south of Torres Valley (Fig. 1),
a N'W-SE oriented depositional locus between the Ponta
Grossa and Rio Grande arches. In the southern portion of
the basin, both mafic and felsic magmas have low-Ti (TiO,
< 2 wt.%) content. Palmas-type volcanics are dacites and
thyolites presenting no more than ~10 vol.% of phenocrysts.
Chapecd-type volcanics are porphyritic, chemically classi-
fied as trachytes, with phenocryst content up to ~25 vol.%.
Trachytes have higher Ba, Nb, La, Ce, Zr, B, Nd, Y, Yb, Lu
and K, being depleted in Rb, Th and U in relation to low-Ti
volcanics of the Palmas-type (Peate ez al. 1992, Peate 1997,
Nardy e al. 2008).

Further south in the LIP, a small area (3.2 km?) of peralu-
minous dacitic lavas with cordierite, orthopyroxene, plagioclase
and ilmenite as liquidus phases (Vieira Jr. 1985, Vieira Jr.
& Roisemberg 1985) is present in the Jaguario region, and
is related to major shear zones from the Neoproterozoic age
that may have been reactivated during the Early Cretaceous
(Comin-Chiaramonti ez a/. 2010). In Uruguay, the volcanics
are NE-trending oriented and the rocks are also bimodal.
The basaltic Santa Lucfa magma type has Oceanic Island
Basalt (OIB) geochemical signatures with high Nb/La and
Treinta Y Trés is broadly similar to the low-Ti Gramado
lavas (Kirstein et al. 2000). Silicic rocks are dacites to rhyo-
lites from Lavalleja Series (high Ti/Zr, low Nb/Y, higher Sr
and Nd isotope ratios) and Aigua Series (high Rb/Sr, high
Rb/Ba, high Th).

3

Figure 1 shows the spatial distribution of different
silicic volcanic chemical types in the Parand-Etendeka LIP.
Precambrian structures are highlighted and differentiated
from younger faults also cross-cutting the basin. The Ponta
Grossa and Santa Catarina dyke swarms as well as postulated
conduit systems in Rio Grande do Sul are represented by
traces with directions compiled from the literature (Raposo
1997, Florisbal et al. 2014, Simées et al. 2017; this study).

EMPLACEMENT OF SILICIC
UNITS IN PARANA-ETENDEKA LIP

The silicic volcanics of the Serra Geral Group generally
outcrop with a laterally wide sheet-like form. Bellieni ez a/.
(1986) observed this geometry and suggested an explosive
origin for the deposits. It was admitted that Palmas-type
flows could be traced over 60 km, but typical ignimbrite
textures were not usually found. These silicic volcanics were
first described as volatile-poor and high-temperature rheo-
morphic ignimbrites. Arguments used include their later-
ally persistent sheet-like nature and the absence of typical
ignimbrite textures even near the top and base of each unit,
which was attributed to obliteration by intense welding
(Bellieni et al. 1986, Melfi et al. 1988, Petrini et al. 1989,
Roisenberg 1989, Garland ez 4/. 1995, Milner ez al. 1995,
Bryan er al. 2010). Milner ez al. (1995) proposed the cor-
relation of some subgroups of Palmas magma-type with the
Namibian quartz latites. The intrusive, circular Messum
Complex was identified as a potential emission center
(Milner & Duncan 1987, Milner et al. 1992, Ewart et al.
1998, 2002), even though the thickness of the silicic volca-
nic sequence is inferior in the African counterpart. In these
models, the silicic deposits in South America would need to
have traveled > 300 km from their source and been depos-
ited as extensive pyroclastic density currents (e.g., Milner
et al. 1995, Bryan et al. 2010).

The paucity of pyroclastic lithofacies, with recognition
of only local pyroclastic textures in extensive petrographic
studies (Comin-Chiaramonti er a/. 1988), together with
the regional description of coherent and autoclastic litho-
facies in a variety of lava bodies (lobes, domes and flows)
led other authors to suggest that the silicic deposits are pre-
dominantly effusive (Henry & Wolff 1992, Umann et al.
2001, Lima et al. 2012, Polo & Janasi 2014, Simoées et al.
2014, Guimaries et al. 2015; Polo et al. 2017). Silicic lava
feeder conduits were described showing compound mag-
matic foliation revealed by bands of contrasting crystallin-
ity and oxidation (Lima ez al. 2012, 2017).

Typical pyroclastic deposits are found in the Mesozoic
(132-124 Ma) Arequita Formation (AF), Uruguay, and
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described by Muzio et al. (2009). The AF contains high
SiO, (> 72 wt.%) lava flows with quartz, K-feldspar and
sodic plagioclase phenocrysts. The deposits are confined to
the east of the India Muerta Lineament and are consisted
of pyroclastic breccias, lapilli tuffs and monomictic brec-
cias. The composition of the pyroclastic rocks is very simi-
lar to the lava flows and both are chemically more evolved
than the counterpart Brazilian silicic units (with SiO, con-
tents of 63—73%, Garland ez /. 1995).

Conduit feeder systems were first proposed and described
in quarries at the city of Sao Marcos, Rio Grande do Sul
(e.g., Lima et al. 2012, De Campos et al. 2016, Lima ez al.
2017). This region is characterized by the exposure of vitro-
phyres with a compound magmatic foliation with alternat-
ing layers of different crystallinity and oxidation (Lima ez al.
2012). Fragmentation episodes involving rheomorphic and
re-melting events were described by De Campos ez al. (2016)
and the authors suggested parallel oscillations in a very efli-
cient magma ascent system together with high heat flux for
conduit evolution.

The ubiquitous NE-SW or NW-SE orientations of dom-
inantly sub-vertical banding in banded vitrophyres in north-
eastern Rio Grande do Sul is consistent with the orientation
of the main pre-existing Precambrian structures. Some felsic
vitrophyre and obsidian flows are aligned according to the
regional faulting structural patterns (Simées ez a/. 2015, 2017).
The observation of other expositions sharing very similar
structural and stratigraphic arrangement at Caxias do Sul, Sdo
Marcos, Jaquirana and Cambard do Sul cities indicate that it
is widespread along the Antas River adjacencies (Simées ez al.
2015). The recognition of these systems is an important key
to understanding how magma ascended through the crust to
the surface as hot voluminous pyroclastic density currents or

as structurally-controlled effusive lava flows.

MATO PERSO CONDUIT SYSTEM (MPCS)

The Mato Perso Conduit System (MPCS) is located
at the south hinge of Torres Valley, in a district of the city
of Farroupilha.. It outcrops in the highest elevations of
Farroupilha and Caxias do Sul cities, being covered by dom-
inantly flat-lying grey vitrophyres.

One characteristic feature of MPCS vitrophyres is their
microporphyritic texture, with 2-11 vol.% of plagioclase,
pyroxene and Ti-magnetite microphenocrysts. This charac-
teristic is found in oxidized, banded and upper grey vitro-
phyres. Oxidized red vesicular vitrophyres occur as fragments
inside red and black poorly-vesicular vitrophyres. Black vit-
rophyres cross-cut red vitrophyres, but also have very local-
ized oxidized bands. The mixing patterns between these units

4

generate banded lithofacies with dominant sub-vertical (> 60°)
to subordinate flat-lying (< 30°) banding. Both banded and
coherent vitrophyres have plagioclase (6/10) + clinopyroxene
(3/10) + Fe-Ti oxides (1/10) as microphenocrysts. The same
mineral assemblage is present in the groundmass as micro-
lites (pl. 4/10, Fe-Ti ox. 4/10, cpx. 2/10) together with apa-

tite (early magmatic) + quartz (late-magmatic).

Mapping and identification of volcanic units

'The geological mapping of the investigated area was made
on a scale of 1:50,000, allowing the recognition of different
vitrophyre units formerly recognized as fragments in the
conduits (Lima ez /. 2012, Simées et al. 2015, De Campos
et al. 2016). The geological map (Fig. 2) and the interpreted
cross-sections (Fig. 3) demonstrate that banded vitrophyres
are distributed in a NW-SE trending region and the rela-
tionship with the subaerial silicic volcanics is detailed in
section 2.2.5. Other details and features of mapped units
are discussed in the following sections.

LITHOLOGICAL UNITS

Basaltic rubbly pahoehoe flows
(Vale do Sol Formation)

Mafic volcanics are at the base of the volcanic succession
in Mato Perso and outcrop in elevations of 290 m (Fig. 3),
where they are under grey flat-lying vitrophyre flows on
road RS-448 (Fig. 4A). The tops of the basalt flows tend to
be covered by vegetation, but in the exposures below them,
a vesicular carapace with cm-scale spherical and stretched
vesicles filled with calcite crystals (Fig. 4B) can be found.
In faulted regions, the basalt flows outcrop at elevations
of 470 to 495 m. The tops of the flows also contain rub-
ble (Fig. 4C) and the basaltic units were strongly affected
by normal faults, registered in fault slickensides with verti-
cal steps and crystallization of fibrous minerals (Fig. 4D).
Regional correlation and the presence of rubble in the top
of the flows of the area suggest that the mafic unit belongs
to the Vale do Sol Formation, composed of rubbly pahoe-
hoe basaltic and basaltic-andesite flows.

Oxidized vitrophyres (Ov)

The oxidized vitrophyres (Ov) are the lowest silicic unit
in the succession. They occur as flat-lying units occupying
the valleys in elevations between 350 and 600 m (Figs. 2
and 3). Ov are aphanitic to microporphyritic, showing sparse
plagioclase and pyroxene microphenocrysts in a vitreous
matrix. A large spectrum of vesiculation degree in Ov var-
ies throughout the parts of the flows. Thus, the vitrophyres
can be divided into poorly and highly vesiculated.
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Figure 2. (A) Geological map of Mato Perso area, between cities of Caxias do Sul and Farroupilha indicating
the cross-sections of Figure 3 and with (B) geological station map showing the distribution of mapped units
(dots: red-oxidized vitrophyre, black-banded vitrophyre, grey- grey flat-lying vitrophyre, brown-basalt rubbly
pahoehoe) and roads (brown lines); (C) stereonet showing the variable dipping distribution of poles of banding
planes in banded vitrophyres (N = 36); (D) poles of magmatic foliation planes in grey vitrophyres with dominant
flat-lying planes (N = 20).
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Poorly vesiculated vitrophyre lithofacies are 2-3 m
thick units (Fig. 5A) with flat-lying banding marked by
cm-spaced continuous planes of more or less oxidized rock
(Fig. 5B). The banding is reinforced by regular foliation
spaced at approximately 7 cm. The presence of only sparse
mm-size spheroid vesicles gives the vitrophyre a vesicle-ab-
sent appearance (Fig. 5B).

Vesiculated lithofacies are characterized by globular or
stretched vesicles and quartz/calcite-filled amygdales rang-
ing from few millimeters to 5-8 cm (Fig. 5C). Some of the
cavities are cm-sized pockets filled with quartz-cemented
autobreccias. The breccias are composed of very angular
vitrophyre fragments with several mm- to cm-scale sizes
(Fig. 5D). The upper parts of the Ov display a frothy (highly
vesiculated) aspect with vesicles of up to 1 cm. In this part
of the flow, vesicles have a less dispersed size range (Fig. 5E).
The vesicles acquire stretched patterns and develop another
type of autobreccia with cm-size angular vitrophyre frag-
ments embedded in diaphanous quartz cement (Fig. 5F).

Banded vitrophyres (Bv)

Banded vitrophyres (Bv) occupy an approximately
15-km long NW-SE oriented area from the high elevations
of Caxias do Sul city (-760 m) to the valleys at 550 m and

405 m elevations in Mato Perso where their occurrence is

more restricted. This unit is characterized by a conspicu-
ous colored banding marked by alternating bands of red to
black vitrophyre.

In the valleys, Bv’s occur in isolated outcrops where the
banding is dominantly sub-vertical (dipping 82 to SW —
Fig. 6A). Other exposures display tabular shapes resembling a
dike-like structure (Fig. 6B). In this case, the banding parallel
to the structure dips 69°-58° to NE and N'W. The complex
magmatic flow generated a broad range of fold geometries
which modify the direction and dip of the bands. Stretched
or open types are generally common (Fig. 6C). The pres-
ence of boudinated vitrophyre layers parallel to the banding
with quartz venules filling the void spaces is another com-
mon feature (Fig. 6D).

In the highlands, at elevations of approximately 750 m,
the Bv.s are well exposed and exhibit a wide range of mag-
matic structures which passes from ductile to fragile fields.
A common feature of By, in the center of the conduits, is
the divergent opening geometry formed by the sub-vertical
bands with stretched to isoclinal parasitic folds (Fig. 7A).
To the boards, Bv gets more oxidized and engulfs cm-sized
black vitrophyre angular fragments (Figs. 7B and 7C); the
occurrence of boxwork-like fracturing filled with quartz
and the intense mixing of oxidized to less-oxidized layers
is frequent. Banded vitrophyres register several folding

2.5km 7.5km

4km

175 km

300m - yesicle lineation* €

Grey vitrophyre

Banded vitrophyre
Fragmented

vitrophyres -

Red vitrophyre dyke -

Red vitrophyre -

Mafic pahoehoe -

Figure 3. Geological cross-sections showing the field relations between the vitrophyre units. The position of the
sections is present in Figure 2. Vesicle lineation* symbol cuts the plane of the paper, plunging to SE.
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phases with quartz-filled fractures parallel to the axial
surface of F4-phase folds (Fig. 7D). Localized outcrops
show the banding of Bv thrusting over a more competent
vitrophyre layer (Fig. 7E). Structures reveal that fractions
of the magma banding are stretched by backflow move-
ment (Fig. 7F).

A banded vitrophyre exposure laterally associated with
breccia outcrops is present in the central part of cross-section
‘¢’ in Figure 3. If we look at this outcrop in detail (Fig. 8A),
banded vitrophyres carry and contour large oxidized frag-
ments (Fig. 8B) besides presenting F3-phase folds with
flat-lying limbs (Fig. 8C). To board of the system, cm-sized
oxidized vitrophyre fragments with high vesicle content are

embedded in the banded vitrophyre (Fig. 8D).

Grey flat-lying vitrophyres (Gv)

Grey flat-lying vitrophyres (Gv) are widespread
in the area and outcrop in the highest elevations near
the city of Caxias do Sul (-803 m) down to 610 m
in the Sao Vitor region, toward northwest. This unit
is generally composed of overlying red oxidized vitro-
phyres and has microporphyritic texture. In the prox-
imities of the Antas River, the Gv occur covering basal-
tic rubbly pahoehoe flows at an elevation of ~300 m
(see section 4). The main feature of Gv is its flat shape,
highlighted in the relief by the absence of intense vege-
tation. This shape is sustained by a penetrative foliation
which is flat-lying (< 20°) in most outcrops but can dip
to ~40° to 80° (Fig. 9A).

Figure 4. Field features of basaltic flows in the base of the volcanic succession (Vale do Sol Formation). (A) Top of
a rubbly pahoehoe flow covered by vegetation in the contact with silicic grey vitrophyres; (B) vesicular crust near
the rubbly top of the flow (detail of Fig. 4A); (C) rubbles of mafic vesiculated volcanic in an exposition of the basalt
flows near faulted regions; (D) slickenside with vertical steps indicating gravitational movement (following the
criteria of Petit 1987).

7
Brazilian Journal of Geology, XX(X): 1-19, month 20XX



The Mato Perso Conduit System

At the base of these flows are cm-spaced oxidized fragments embedded in a mm-sized fragment matrix
bands concordant with the main foliation (Fig. 9B). (Fig. 9D). Another feature of the base of these flows is
Where the lower oxidized vitrophyres have irregular tops, the arrangement of stretched vesicles with vertical dis-
with more than 1 m of level difference, the Gv develop a position (pipe-like vesicles) having no more than 2 cm

poorly sorted autobreccia (Fig. 9C) with angular cm-sized in length (Fig. 9E).

Figure 5. Oxidized vitrophyres in the Mato Perso region. (A) Flat-lying magmatic banding in red poorly vesiculated
vitrophyre (elevation 600 m); (B) fresh poorly-vesiculated aphanitic vitrophyre with sparse mm-scale vesicles and
horizontal magmatic foliation; (C) highly-vesiculated oxidized vitrophyre with mm- to cm-scale amygdales filled
with quartz and calcite; (D) red vesicular vitrophyre with stretched vesicles and amygdales. The arrow points to a
pocket with angular fragments cemented by quartz; (E) frothy top of an oxidized vitrophyre flow. The vesicles and
amygdales show a narrower distribution of sizes; (F) sheared vesicles and autobreccia with cm-size vitrophyre
fragments, near the flow top.
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The sheet-like form (Fig. 10A) related to the flat-lying
foliation of Gv dips 1° to 23° in general and is highlighted
when alteration surfaces are well developed (Fig. 10B). Toward
the core of the flows the amount and size of vesicles are in
a broader range and present elongated and spherical shapes
(Fig. 10C). Rarely, fresh outcrops reveal that Gv are grey
colored and the foliation is generated by alteration halos
through quartz-filled microfractures (Figs. 10D and 10E).

Geological contacts

As described in section 2.2.1, in RS-448 (290 m of ele-
vation) grey vitrophyres are in direct contact with the top of
basaltic rubbly pahoehoe flows at a minimum thickness
of 20 m (Fig. 11A). Grey flat-lying vitrophyres cover the
vesiculated flow-topping oxidized units with sharp contacts
(Fig. 11B). The contacts can be direct (Fig. 11B) or indirect,

with cm-size (-30 cm) well-sorted sandstone layers between
the two volcanic units (Fig. 11C). Some contacts between the
silicic rocks are more complex. For example, in Figure 12A
the older unit is composed of large, angular to sub-rounded
fragments of a highly vesiculated vitrophyre. The fragments
are cm- to meter sized, contain large amygdales (-2-10 cm)
filled by quartz and have borders with different degrees of
oxidation. The groundmass between the fragments is a vesic-
ulated altered oxidized vitrophyre (Fig. 12B). This vitrophyre
has minor vesicles (mm- to cm-size) and is cross-cut by a
pootly-vesiculated vitrophyre dyke. The dyke is 1 m thick
and is associated with quartz venules associated, indicat-
ing normal displacement with a southeast top with slightly
oblique components (Fig. 12C). The oxidized vitrophyres
are covered by a porphyritic grey vitrophyre with foliation
also dipping southeast (Fig. 12D).

Figure 6. Banded vitrophyres mapped in lower elevations of the area. (A) Magmatic banding dipping 50°
to 82° to NW and NE (29°10°44.28”S/51°19'22.28W, altitude of 590 m). (B) Tabular “dike-like” structure
(290813.12”S/51°19°38.39”W, elevation of 537 m); (C) fan fold in banded vitrophyre, contorting the magmatic
banding; (D) banded vitrophyre showing exsolved diaphanous quartz between boudinated vitrophyre layers.
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DISCUSSION Vale do Sol Formation are older volcanics. The relationship

between basaltic flows and oxidized vitrophyres remains

Stratigraphy unclear if we consider that no outcrop of silicic dyke cutting
The local stratigraphy we propose here is based on the the underlain mafic units was found. In the northwest por-

recognition that thick rubbly pahochoe basaltic flows of ~  tion of the area, near the Antas River, the basalts are directly

Figure 7. Banded vitrophyres mapped in higher elevations of the area. (A) Vertical banding between black and
oxidized vitrophyres (29°11°20.91”S/51°17°’8.02"W, elevation of 746 m); (B) boarder of the conduit with black
angular vitrophyre fragments within a banded oxidized matrix; (C) boarder of the conduit system with oxidized
bands, variable sized black vitrophyre fragments and boxwork-like disposal of fractures filled by quartz; (D)
quartz-filled fractures with mm-scale spacing cutting the axial surfaces of F4-related folds; (E) banded vitrophyre
layers thrusting a thicker more competent black vitrophyre layer (29°4'4.52”S/51°15’38.31"W, elevation of 680 m);
(F) detail of Figure 7D showing the normal relative movement of the magma backflow.
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covered by silicic grey vitrophyres. This sharp contact between
upper basalt-andesite flows with the grey flat-lying flows of
Palmas Formation is very frequently recognized through-
out the southern Parand Basin in elevations between ~350-
880 m (Umann ez 2l. 2001, Lima ez al. 2012, Waichel et al.
2012, Rossetti et al. 2014, Barreto et al. 2014, Polo & Janasi
2014, Rossetti et al. 2017, Simoes et al., 2017).

Even though no contact between oxidized vitrophyres
over basaltic flows were observed, the field relations illus-
trated in Figures 2 and 3 are our support to assume that
the former unit is younger than the second. Thus, oxidized
vitrophyres are the basal silicic unit, lying over the mafic
units and are covered by grey flat-lying silicic vitrophyres.

Banded vitrophyres are regionally exposed along an
~6 km width, NW-trending structure (Fig. 2). According to
the distribution of structures in contours, they occur either
below or above oxidized vitrophyres and always have a grey
vitrophyre unit above them, the contact between the units,
however, is frequently absent. Outcrops showing these vit-
rophyres as dike-like structures, along with the presence of
oxidized vitrophyres and breccias toward the borders of the
expositions and the association of the inferred intrusive units
with regional tectonic structures are arguments for interpret-
ing them as conduits.

Flow morphologies

Flow morphologies and physical characteristics of the
subaerial silicic vitrophyres are divided between oxidized
and grey units. Both share incomplete characterization
because the total area calculation of the flows is difficult
due to fault occurrence and cannot be estimated by using
conventional remote sensing tools. However, it is inferred
from field observations and outcrop elevation correlation
that grey flat-lying vitrophyres (Gv) must reach an extent
area greater than 30 km?.

In the oxidized vitrophyres (Fig. 13A), typical base struc-
tures such as autobreccias, pipe vesicles and vesicular crusts
were not found. By outcrop correlation and comparison
with other types of subaerial flows, the poorly-vesiculated
vitrophyre with flat-lying foliation (Figs. 5A and 5B) rep-
resents the core of the flow unit. Toward the top of the flow,
the vesiculation degree rises, the size of the vesicles variate
more (Figs. 5C and 5D) and in the upper crust, which is
observed in contact with upper grey flows, the vesicles have
uniform and smaller sizes (Figs. 5E and 5F).

Oxidized flows (Ov) are estimated to be at least 10
to 30 m thick, and the core-related flat-lying foliations
(Fig. 13) are interpreted as flat movement of magma in
the flow core. The top of the core with larger vesicles and

Figure 8. Geological cross section an outcrop of conduit system in highlands (29°6'22.687S/51°19°38.31"W, elevation
654 m). (A) Schematic sketch showing the field relations between oxidized, brecciated and banded vitrophyres;
(B) sub-vertical banding (dipping 72° to NW) in banded vitrophyre; (C) F3-phase fold of banded vitrophyre with
sub-horizontal plunge (10° to SE); (D) vesiculated oxidized vitrophyre fragments embedded in banded vitrophyre.
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the crust in the top of the flow with abundant smaller vesi- The base of grey vitrophyre flows is characterized by
cles seem like closed-system patterns observed in pahoehoe the presence of autobreccias, but only where the paleore-
basaltic flows (e.g., Aubele 1988, Thordarson & Self 1998, lief had dip slopes. The breccias are absent and the contact
Harris et al. 2017). is sharp where the paleorelief slope is steep. The bases of

Figure 9. Grey flat-lying lithofacies. (A) Intermediate-angle contact between grey vitrophyre base and an oxidized
vitrophyre altered top; (B) oxidized bands in the base of a grey vitrophyre flow; (C) autobreccia in the contact
between Ov and Gv. Note the inclination of the paleorelief; (D) detail in the fragment in the altered autobreccia
on the top of the oxidized vitrophyre; (E) altered grey vitrophyre with flat foliation and mm-sized pipe vesicles.
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Figure 10. Grey flat-lying vitrophyres field features. (A) Sheet-like form of the expositions, generally absent of
vegetation; (B) inclined foliation highlighted by alteration surfaces in grey vitrophyre; (C) grey vitrophyre with
mme-size round to stretched vesicles; (D, E) fresh expositions of grey vitrophyre with flat alteration halos.

sandstone

Figure 11. Contacts between volcanic units in the area. (A) Grey flat-lying felsic vitrophyre covering a basaltic
rubbly pahoehoe flow; (B) vesiculated top of a red oxidized flow covered by grey silicic vitrophyre; (C) contact
between vesiculated top of oxidized vitrophyre and grey vitrophyre with a ~30 cm sandstone layer in the middle
(2902°3.15”S/51°11°47.48"W, elevation of 790 m).
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the flows also have smaller pipe vesicles that grow in size
toward the core of the flow, which also displays spher-
ical vesicles. The top of grey vitrophyres was probably
eroded, once it is the uppermost geological unit in the
area (Fig. 13B). In other expositions through the south
of the Parand Basin, the top of these grey flows were
characterized by upper vesicular crust or autobreccia
(Waichel ez al. 2012, Rossetti et al. 2017).

Gv flows tend to remain uniform and at least 20 m thick
in the area covering the oxidized unit and following the irreg-
ular paleorelief. No margins of the flow were observed, but
field evidence of lateral autobreccias in similar silicic flows
in adjacent areas (e.g., Waichel ez a/. 2012, Polo & Janasi
2014, Simoes et al. 2014) show hat flow margins of con-
ventional silicic types in Palmas Formation remain thick

for long areas, are massive and can be laterally brecciated.

EMPLACEMENT OF
THE VOLCANIC UNITS

Rheology
Both oxidized and grey vitrophyres have distinguishing
features more compatible with extensive lava flows (e.g., Henry

& Wolff 1992). Other similar silicic units in the south of the
province have also been recognized as lavas (Umann e a/.
2001, Polo & Janasi 2014, Simées et al. 2014, Guimaraes
et al. 2015). The extension and uniformity of these types of
flow are observed in dacite flows with well insulated crusts,
allowing even high viscosity magma to attain great distances
(Harris & Rowland 2009). A system sustained at high effu-
sion rates is also important to form long simple lava flows
(Walker 1971; Walker 1973).

A significant rheological property of the Parand-Etendeka
LIP silicic volcanics is the very high pre- and syn-eruptive
temperatures, obtained by apatite saturation and pyroxene-lig-
uid geothermometry data, in the order of 1,000-1,100°C as
well as low relative viscosities for rhyodacite-rhyolite magmas
(Milner ez al. 1992, Bellieni et al. 1984, 1986, Garland ez /.
1995, Janasi ez al. 2007, Simées et al. 2014). Low viscosity
is a favorable property for efficient magma flow, emplaced
at long distances.

The viscosity of the magma is related to gas loss during
eruption; the magma ascent rate s also sensitive to this loss.
As the volume proportion of gas affects magma density, com-
pressibility and rheology, it results in both horizontal and
vertical pressure gradients in the magma column to allow
gas to escape (Sparks 2003).

W < SW

R e Ty L A e

m highly vesiculated oxidized vitrophyre fragments

red poorly-vesiculated v.
,717 quartz venules

1 grey vitrophyre.
aVv Ov
*,= = basal breccia - red vesiculated v.

Figure 12. Contacts between volcanic units in the area. (A) Geologic cross-section of approximately 30 m showing
field relations (29°12’17.92”S/51°20'16.83"W, elevation of 675 m); (B) large oxidized vitrophyre fragments with
cm-sized amygdales; (C) oxidized poorly-vesiculated vitrophyre dyke cutting the sequence with NE-SW direction
and dipping 52° to SE; (D) upper grey vitrophyre with variable foliation dips. The main foliation dips 49° to SE.
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According to the Massol & Jaupart model (1999), if
bubbles are interconnected gases can escape to the con-
duit walls. In rhyolite lavas, high porosity bands are often
developed. Therefore, they potentially act as pathways for
gas movement to the lava surface (Sparks 2003, Houghton
etal. 2010, Furukawa & Uno 2015). A volatile-rich magma
is less dense than a degassed magma, both because of
reduced dissolved volatiles within the melt (Richet ez /.
2000) and (at low pressure) because of the presence of an
exsolved fluid phase (Witham 2011). When we analyze
the mapped units as a whole, the banding, shearing and
fragmentation of magma described in variable parts of the
conduit outcrops, more commonly in their borders can be
interpreted as favorable paths to degassing. Sustained high

temperatures and consequently low viscosity could be held
by a competent heat flux.

Conditioning structures
for the conduit system

A plausible explanation of why the conduit-related
rocks were not observed cutting the lower basaltic units is
because their outcrops are controlled by tectonic structures.
The conduits are regionally exposed, mostly in the south,
near the Antas river bed (Fig. 1). This river forms a curved
NE-SW structure comprising a set of normal and transcurrent
faults (Fig. 2). In the south of the river, the NW-trending
structures contain the conduit expositions. It resembles the
S40 Marcos (Lima ez 2/. 2012, 2017, Simées et al. 2017) and

OXIDIZED
VITROPHYRES

abundant spheric
vesicles (0.5-1 cm)

stretched vesicles
and fragment-filled
fractures

FLOWTOP

large spheric and
stretched vesicles
= (1-3cm)

“pockets” with
angular vitrophyre
fragments

FLOW CORE

small spheric vesicles
(few mm, sparse)

GREY FLAT-LYING
VITROPHYRES

small spheric vesicles
(0.5-1cm)

340D MO14

| large tube vesicles
(1-3cm)

small tube vesicles |
(0.5-1.5¢cm)

= | oxidized bands

ISva MO14

autobreccia

Figure 13. Flow morphologies for oxidized and grey flat-lying vitrophyres. (A) Oxidized vitrophyres have flat-lying
banding and sparse spherical vesicles in the flow core. Discrete breccias, elongated and larger vesicles are on the
top of the core and abundant spherical vesicles make up the frothy vesicular upper crust; (B) grey vitrophyres
display, in the base, autobreccias, where the paleorelief slope is high (> 45°) and sharp contacts at flat paleorelief.
Small tube vesicles grow to the core of the flow, where spherical vesicles are also common.

15

Brazilian Journal of Geology, XX(X): 1-19, month 20XX



The Mato Perso Conduit System

Jaquirana-Cambard do Sul areas (Simées ¢t al. 2015, 2017),
both also south of this NE-SW structure. The observed
banding is folded several times (Figs. 6C, 7A, 7B, 7D, 8).
F1- and F2-phase folds are generally present in the center
of the conduits, with sub-vertical disposal of the axial sur-
faces. Toward the margins, a variety of fold phases is gener-
ated (at least four) mainly by mixing between more and less
oxidized bands (Fig. 7D). Thus, a complex arrangement of
flow directions within the conduits is recognized.

One regional scale, the geometrical and kinematical
interpretation of transcurrent faults made by Nummer ez a/.
(2011), shows that the NW-SE faults with sinistral strike-slip
movement are older (Eocretaceous) than NE-SW faults with
dextral and NW-SE faults with sinistral relative movements
in the northeast of Rio Grande do Sul. The fault reactivation
in NE-SW direction coincides with Precambrian structures
like the Porto Alegre suture and Dorsal de Cangucu shear
zone (Fernandes ez al. 1995). Additionally, the NE-trending
Antas Lineament can be correlated to the NE-SW orien-
tation of Huab, Ugab and several other rivers in Namibia.
We interpret that the role of major NE-SW structural reac-
tivation is fundamental to open spaces at NW-SE faults,
the dominant trend of conduit area outcrops in this study.

Considering the tectonic setting for the Parand Basin, the
thermomechanical study of Quintas ez 4/. (1999) concludes
that the major extension of the basin occurred in the Permo-
Carboniferous. In the Juro-Cretaceous, during volcanism,
the subsidence was associated to reactivation of older struc-
tures allied with a thermal component. The thermal compo-
nent, considered to be plume-related (Hawkesworth ez al.
1992, Peate 1997, Gibson ez al. 2006), was connected to
the surface through a feeder system that is proposed to reach
the mantle at ~35 km, at least in the northern portion of the
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LT vitrophyres Autobreccia
|:| Oxidized vitrophyre
:l Rubbly pahoehoe E Banded vitrophyre
basalt flow

49'0"-‘5‘--.,0_.-.-.»..}".;
3
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basin (Molina e /. 1988). This indicates that emplacement
of the conduits in the shallow crust must be a reflection of
a deeper feeder system.

The injection of magma through dykes during gravita-
tional displacement of blocks is evidenced in Figure 12A
and may have played an important role in magma trans-
port. In the places where the dykes intruded on more friable
rocks, at the valleys of the mapped area, the main intrusive
structure remain preserved (see Figs. 6A and 6B). The evo-
lution from the syneclise phase to pre-rift in the Parand
Basin, increasing the regional extension, is an appropriate
scenario fostering the propagation of normal fault sets and
the reactivation of older structures.

Crustal extension is generally followed by basin cool-
ing (McKenzie 1978, Latin & White 1993), but this does
not appear to be the case for the Parand Basin, where the
thermal component remained active. We believe that in
the Parand-Etendeka LIP the movements in regional faults
triggered the silicic magma ascent through regional-scale
conduit systems.

Geological model for
Mato Perso Conduit System

The vitrophyre relative chronology observed in the field
favors the hypothesis that oxidized vitrophyres are cut by
the conduits. These contain oxidized vitrophyre fragments
with variable vesiculation patterns. Transition frombreccias,-
most oftenly, and more oxidized vitrophyre in the borders
to grey/black vitrophyre intruding them on the center of
the conduits, presence of oxidized bands only in the base
of the grey vitrophyres and mixing features between vitro-
phyres lead us to infer that the described conduits fed at
least the upper grey vitrophyre units (Fig. 14).

Figure 14. Simplified model for the emplacement of volcanic units in the Mato Perso Conduit System.

16

Brazilian Journal of Geology, XX(X): 1-19, month 20XX



Matheus Silva Simaées et al.

CONCLUSIONS

In conclusion, in the Mato Perso area, the silicic vol-
canic succession overlying the basaltic units of the Vale
do Sol Formation, Serra Geral Group, comprises oxi-
dized vitrophyres at the base which are cut and locally
incorporated by banded vitrophyres. The conduit sys-
tem fed the upper grey flat-lying vitrophyres. Subaerial
flows are similar to extensive lava flows described in lit-
erature, suggesting large emplacement areas. The conduit
paths in the crust were conditioned by the normal and
oblique faults developed during extensional stages com-
bined with a thermal component in the Parand Basin.
A system sustained at high temperatures ensured that the

silicic magma remained in low viscosity during ascent and
the emplacement of the upper grey vitrophyre units was
driven by effusion rates sufficient for enabling the lava

to run at long distances.

ACKNOWLEDGEMENTS

‘The authors thank Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq, projects 9784, 441766/2014-
5,303015/2015-2 and 400724/2014-6), FAPESP (project
2012/06082-6) and FAPERGS (project 2311-2551/14-8)
for funding. We also thank Fernando da Luz and Natalia
G. Pasqualon for helping in the field work.

REFERENCES

Allen PA. & Armitage J.J. 2012. Cratonic basins. In: Busby C., Azor
A (Eds.). Tectonics of Sedimentary Basins: Recent Advances. New
Jersey, Blackwell Publishing.

Aubele J.C, Crumpler LS, Elstion WE. 1988. Vesicle
zonation and vertical structure of basalt flows. Journal of
Volcanology and Geothermal Research, 35:349-374. https://doi.
0rg/10.1016/0377-0273(88)90028-5

Barreto CJ.S, Lima EF, Scherer CM.S, Rossetti LMM. 2014.
Lithofacies analysis of basic lava flows of the Parand igneous
province in the south hinge of Torres Syncline, Southern Brazil
Journal of Volcanology and Geothermal Research, 285:81-99. DOL:
10.1016/j.jvolgeores.2014.08.008

Bellieni G., Brotzu P, Comin-Chiaramonti P, Ernesto M., Melfi AJ.,
Pacca 1.G, Piccirillo EM,, Stolfa D. 1984. Flood basalt to rhyolite
suites in the southern Parand plateau (Brazil): paleomagnetism,
petrogenesis and geodynamic implications. Journal of Petrology,
25:579-618.

Bellieni G., Comin-Chiaramonti P, Marques LS, Melfi AJ, Nardy
AJR., Papatrechas C, Piccirilo EM,, Roisenberg A., Stolfa D. 1986.
Petrogenetic aspects of acid and basaltic lavas from Parand Basin
(Brazil): geological, mineralogical and petrochemical relationships.
Journal of Petrology, 27:915-944. https://doi.org/10.1093/
petrology/27.4.915

Bryan S.E, Peate LU, Peate D.W, Self S, Jerram D.A, Mawby MR,
Marsh J.S., Miller J.A. 2010. The largest volcanic eruptions on Earth.
Earth and Science Reviews, 102(3-4):207-229. DOI: 10.1016/.
earscirev.2010.07.001

Comin-Chiaramonti P, Bellieni G., Piccirillo EM., Melfi AJ. 1988.
(Classification and petrography of continental stratoid volcanic
and related intrusive from the Parana Basin (Brasil). In: Piccirillo
EM, Melfi AJ. (Eds.). The Mesozoic flood volcanism of the Parand
Basin: petrogenetic and geophysical aspects. Sao Paulo, Instituto
Astrondmico e Geofisico, 600 p.

Comin-Chiaramonti P, Riccomini C, Slejko F, De Min A, Ruberti E,,
Gomes C.B. 2010. Cordierite-bearing lavas from Jaguarao, Southermn
Brazil: Petrological evidence for crustal melts during early rifting of
Gondwana. Gondwana Research, 18:514-527.

17

De Campos CP, Guimaraes L.F, Lima EF, Janasi VA, Giordano D,
Dingwell D.B. 2016. Chaotic flow and fragmentation patterns in
the acidic feeder system from the Parand-Etendeka Large Igneous
Province. Goldschmidt Conference Abstracts, 2413.

Emesto M., Raposo M.IB., Marques LS., Renne PR, Diogo LA,
de Min A 1999. Paleomagnetism, geochemistry and “Ar/**Ar
dating of the North-eastern Parand Magmatic Province: tectonic
implications. Journal of Geodynamics, 28(4):321-340. DOI: 10.1016/
S0264-3707(99)00013-7

Ewart A, Milner S.C, Armstrong R.A, Duncan AR. 1998. Etendeka
volcanism of the Goboboseb Mountains and Messum Igneous
Complex, Namibia. Part II: voluminous quartz latite volcanism of
the Awahab magma system. Journal of Petrology, 39:227-253. DOL:
10.1093/petroj/39.2.227

Ewart A, Milner S.C, Duncan AR, Bailey M. 2002. The Cretaceous
Messum igneous complex, SW. Etendeka, Namibia: reinterpretation
in terms of a downsag-cauldron subsidence model. Journal of
Volcanology and Geothermal Research, 114:251-273. DOI: 10.1016/
S0377-0273(01)00266-9

Fernandes L.AD., Menegat R, Costa A.FU,, Koester E,, Porcher CC,
Tommasi A, Kraemer G., Ramgrab G.E, Camozzato E. 1995. Evolucao
tectonica do Cinturao Dom Feliciano no Escudo Sul-Rio-Grandense:
Parte II - uma contribuigdo a partir das assinaturas geoffsicas.
Revista Brasileira de Geociéncias, 25(4):375-384.

Florisbal LM, Heaman LM, Janasi VA, Bitencourt MF 2014.
Tectonic significance of the Florianépolis Dyke Swarm, Parand-
Etendeka Magmatic Province: A reappraisal based on precise U-Pb
dating. Journal of Volcanology and Geothermal Research, 289:140-
150. DOI: 10.1016/j.jvolgeores.2014.11.007

Frank H.T,, Gomes M.E.B,, Formoso M.L.L. 2009. Review of the areal
extent and volume of the Serra Geral Formation, Parand Basin,
South America. Pesquisas em Geociéncias, 36(1):49-57.

Furukawa K. & Uno K. 2015. Origin and deformation of high porosity
bands in the Takanoobane Rhyolite of Aso volcano, Japan. Journal of
Volcanology and Geothermal Research, 305:76-83. DOI: 10.1016/j.
jvolgeores.2015.09.021

Brazilian Journal of Geology, XX(X): 1-19, month 20XX



The Mato Perso Conduit System

Garland EE., Hawkesworth CJ., Mantovani M.S.M. 1995. Description
and petrogenesis of the Parand rhyolites. Journal of Petrology,
36:1193-1227. DOIL: 10.1093/petrology/36.5.1193

Gibson S.A, Thompson RN, Day J.A. 2006. Timescales and
mechanisms ~ of  plume-lithosfere  interactions:  “°Ar/**Ar
geochronology and geochemistry of alkaline igneous rocks from
the Parand-Etendeka large igneous province. Earth and Planetary
Science Letters, 251:1-17. DOI: 10.1016/j.epsl.2006.08.004

Guimaraes L.F, Raposo M.LB, Janasi VA, Cafién-Tapia E., Polo L.A.
2015. Petrofabric of the acid volcanic rocks from the Southern
Parand Magmatic Province obtained via AMS: a contribution to the
understanding of their emplacement. In: Simpdsio de Vulcanismo e
Ambientes Associados, 6., Sao Paulo. Anais... Sao Paulo.

Harris A, Rowland S. 20009. Effusion rate controls on lava flowlength
and the role of heat loss: a review. In: Thordarson T, Self S, Larsen
G., Rowland SK., Hoskuldsson A. (Eds.). Studies in Volcanology: The
Legacy of George Walker. Special Publications of IAVCEI, p. 33-51.

Harris AJLM, Rowland SK, Villeneuve N. Thordarson T. 2017.
Pahoehoe, ‘@a, and block lava: an illustrated history of the
nomenclature. Bulletin of Volcanology, 79:7. DOIL 10.1007/
s00445-016-1075-7

Hawkesworth CJ., Gallagher K., Kelley S., Mantovani M., Peate D.W,
Regelous M., Rogers N.W. 1992. Parana magmatism and the opening
of the South Atlantic. Geological Society of London, Spec. Publ,
68(1):221-240. https://doi.org/10.1144/GSL.SP1992.068.01.14

Henry CD., Wolff J. A. 1992. Distinguishing strongly rheomorphic
tuffs from extensive silicic lavas. Bulletin of Volcanology, 54:171-186.

Houghton BEF, Carey RJ, Cashman KV, Wilson CJ.N., Hobden
BJ. Hammer J.E. 2010. Diverse patterns of ascent, degassing, and
eruption of rhyolite magma during the 1.8 ka Taupo eruption,
New Zealand: Evidence from clast vesicularity. Journal of
Volcanology and Geothermal Research, 195:31-47. DOI: 10.1016/j.
jvolgeores.2010.06.002

Janasi VA, de Freitas V.A, Heaman L.H. 2011. The onset of flood basalt
volcanism, Northern Parand Basin, Brazil: a precise U-Pb baddeleyite/
zircon age for a Chapecé type dacite. Earth and Planet Science Letters,
302(1-2):147-153. https://doi.org/10.1016/1.epsl.2010.12.005

Janasi VA, Montanheiro T)J., Freitas VA, Reis PM,, Negri FA,, Dantas
EA. 2007. Geology, petrography and geochemistry of the acid
volcanism of the Parand Magmatic Province in the Piraju-Ourinhos
region, SE Brazil. Revista Brasileira de Geociéncias, 37:745-759.

Kirstein L.A., Peate D.W, Hawkesworth C]J., Turner S.P, Harris C,
Mantovani M.SM. 2000. Early Cretaceous basaltic and rhyolitic
magmatism in southern Uruguay associated with the opening of
the South Atlantic. Journal of Petrology, 41:1413-1438. https:/doi.
0rg/10.1093/petrology/41.9.1413

Latin D., White N. 1993. Magmatism in extensional sedimentary
basins. Annali di Geofisica, XXXVI1(2):123-138.

Lima EF, Philipp RP, Rizzon G. C,, Waichel B.L,, Rosetti LM.M. 2012.
Sucessdes Vulcanicas e Modelo de Alimentacao e Geragao de Domos
de Lava Acidos da Formacao Serra Geral na Regido de Sao Marcos-
Antonio Prado (RS). Geologia USP Série Cientifica, 12:49-64. http://
dx.doi.org/10.5327/51519-874X2012000200004

Lima EF, Waichel BL, Rossetti LMM, Sommer CA. Simoes
M.S. 2017. Feeder systems of acidic lava flows from the Parana-
Etendeka Igneous Province in southern Brazil and their implications
for eruption style. Journal of South American Earth Sciences. DOL:
10.1016/j.jsames.2017.11.004

Marteleto N.S, Florisbal LM, Janasi V.A. 2016. Petrologia e
geoquimica de diques 4cidos do Enxame de Diques de Florianépolsis,
na Ilha de Santa Catarina. In: Congresso Brasileiro de Geologia, 48,
Porto Alegre. Anais... Porto Alegre.

18

Massol H,, Jaupart C. 1999. The generation of gas overpressure in
volcanic eruptions. Earth and Planetary Science Letters, 166:57-70.
DOI: 0012-821X/99/$

McKenzie D. 1978. Some remarks on the development of
sedimentary basins. Earth and Planetary Science Letters, 40:25-32.
https://doi.org/10.1016/0012-821X(78)90071-7

Melfi AJ, Nardy AJ.R, Piccirillo EM. 1988. Geological and magmatic
aspects of the Parand Basin: An introduction. In: Piccirillo EM. &
Melfi AJ. (Eds.). The Mesozoic flood volcanism of the Parand Basin:
petrogenetic and geophysical aspects. Sao Paulo, IAG-USP, p. 1-13.

Milani EJ, Ramos V.A. 1998. Orogenias paleozoicas no dominio
sul-ocidental do Gondwana e os ciclos de subsidéncia da Bacia do
Parand. Revista Brasileira de Geociéncias, 28(4):473-484.

Milner S.C, Duncan AR. 1987. Geochemical characterization of
quartz latite units in the Etendeka Formation. Communications of
the Geological Survey of Namibia, 3:87-95.

Milner S.C, Duncan AR, Ewart A. 1992. Quartz latite rheoignimbrite
flow of the Etendeka Formation, North-Western Namibia. Bulletin of
Volcanology, 54:200-219.

Milner S.C, Duncan AR, Whittingham AM, Ewart A. 1995. Trans-
Atlantic correlation of eruptive sequences and individual silicic
volcanic units within Parand- Etendeka Igneous Province. Journal
of Volcanology and Geothermal Research, 69:137-157. https://doi.
0rg/10.1016/0377-0273(95)00040-2

Molina E.C, Ussami N, de S& N.C, Blitzkow D., Miranda Filho O.F.
1988. Deep crustal structure under the Parand Basin (Brazil) from
gravity study. In: Piccirillo EM,, Melfi AJ. (Eds.). The Mesozoic flood
volcanism of the Parand Basin: petrogenetic and geophysical aspects.
Sao Paulo, Instituto Astrondmico e Geofisico, 600 p.

Muzio R, Morales E., Veroslavsky G. Conti B. 2009. The Arequita
Formation (Lower Cretaceous): petrographic features of the volcanics
facies in the Laguna Merin Basin, east Uruguay. Latin American
Journal of Sedimentology and Basin Analysis, 16(1):19-28.

Nardy AJR, Machado EB, Oliveira MAE 2008. As rochas
vulcanicas mesozoicas dcidas da Bacia do Parand: litoestratigrafia
e consideracoes geoquimicas-estratigraficas. Revista Brasileira de
Geociéncias, 38(1):178-195.

Nummer, AR, Machado, R, Jacques, PD. 2014. Tectdnica
transcorrente mesozoica/cenozoica na porcao leste do Planalto do
Rio Grande do Sul, Brasil. Pesquisas em Geociéncias, 41(2):121-130.

Peate D.W. 1997. The Parand-Etendeka province. In: Mahoney JJ,
Coffin M.R. (eds.). Large Igneous Proovinces: Continental, Oceanic and
Planetary Flood Volcanism. Geophysical Monograph, 100:217-245.

Peate, D.W, Hawkesworth, CJ., Mantovani, M.SM. 1992. Chemical
stratigraphy of the Parand lavas (S. America): classification of
magma types and their spatial distribution. Bulletin of Volcanology:
55, 119-139.

Petit J.P. 1987. Criteria for the sense of movement on fault surfaces
in brittle rocks. Journal of Structural Geology, 9(5-6):597-608.
https://doi.org/10.1016/0191-8141(87)90145-3

Petrini R, Civetta L., lacumin P, Longinelli A, Belliene G., Comin-
Chiaramonti P, Emesto N., Marques L.S,, Melfi A, Pacca 1., Piccirillo
EM. 1989. High temperature flood silicic lavas (?) from the Parand
Basin (Brazil). New Mexico Bureau of Mines @ Mineral Resources
Bulletin, 131:213.

Piccirillo, EM., Comin-Chiaramonti, P, Bellieni, G, Civetta, L.,
Marques, LS, Melfi, AJ, Petrini, R, Raposo, M.LB, Stolfa, D. 1988.
Petrogenetic aspects of continental flood basalt-rhyolite suites from
the Parana Basin (Brazil). In: Piccirillo, EM. & Melfi, A.J. The Mesozoic
flood volcanism of the Parand basin: petrogenetic and geophysical
aspects, Universidade de Sao Paulo, 600p.

Brazilian Journal of Geology, XX(X): 1-19, month 20XX



Matheus Silva Simaées et al.

Polo LA, Janasi V.A. 2014. Volcanic stratigraphy of intermediate
to acidic rocks in Southern Parand Magmatic Province, Brazil
Geologia USP Série Cientifica, 14:83-100. http://dx.doi.org/10.5327/
Z1519-874X201400020005

Polo LA, Giordano, D., Janasi, V.A., Guimaraes, L.F, 2017. Effusive
volcanism in the Parand Magmatic Province, South Brazil: Physico-
chemical conditions of storage and eruption and consideration
on the rheological behavior during emplacement. Journal of
Volcanology and Geothermal Reserarch (accepted).

Quintas M.CL., Mantovani M.SM,, Zaldn PV. 1999. Contribuicdo ao
estudo da evolugao mecanica da Bacia do Parand. Revista Brasileira
de Geociéncias, 29(2):217-226.

Raposo M.IB. 1997. Magnetic fabric and its significance in the
Florianépolis dyke swarm, southern Brazil. Geophysics Journal,
131:159-170. DOI: 10.1111/j.1365-246X.1997.tb00602.x

Raposo M.IB,, Ermesto M. 1995. An early Cretaceous paleomagnetic
pole from Ponta Grossa dykes (Brazil): implications for the South
America Mesozoic APWP Journal of Geophysical Research,
100(B10):20095-20109. DOI: 10.1029/95]JB01681

Raposo M.LB, Ermesto M, Renne PR. 1998. Paleomagnetism and
dating of the early Cretaceous Floriandpolis dike swarm (Santa
Catarina Island), Southern Brazil. Physics of the Earth and Planetary
Interiors, 108(4):275-290. DOI: 10.1016/S0031-9201(98)00102-2

Richet P, Whittington A., Holtz F, Behrens H. Ohlhorst S., Wilke
M. 2000. Water and the density of silicate glasses. Contributions to
Mineralogy and Petrology, 138:337-347.

Roisenberg A. 1989. Petrologia e geoquimica do vulcanismo dcido
mesozoico da Provincia Meridional da Bacia do Parand. PhD Thesis,
Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul,
Porto Alegre.

Rossetti L., Lima EF, Waichel BL, Hole M]., Simdes M.S. Scherer
CM.S. 2017. Lithostratigraphy and volcanology of the Serra Geral
Group, Parana-Etendeka Igneous Province in Southern Brazil: Towards
a formal stratigraphical framework. Journal of Volcanology and
Geothermal Research. https://doi.org/10.1016/j jvolgeores.2017.05.008

Rossetti LM.M,, Lima EF, Waichel B.L., Scherer CM.S,, Barreto CJ.
2014. Stratigraphical framework of basaltic lavas in Torres Syncline
main valley, Southern Parand-Etendeka Volcanic Province. Journal
of South American Earth Sciences, 56:409-421. DOI: 10.1016/j.
jsames.2014.09.025

Sarmento C.C.T, Sommer CA, Lima EF 2017. Mafic subvolcanic
intrusions and their petrologic relation with the volcanism in the
South hinge Torres Syncline, Parand-Etendeka Igneous Province,
southern Brazil. Journal of South American Earth Sciences, 77:70-
91.DOI: 10.1016/j.jsames.2017.04.017

Simoes M.S, Lima EF, Sommer CA, Rossetti LMM. 2015.
Reconhecimento de condutos vulcanicos das rochas acidas da PBC
Parand-Etendeka na porcao NE do Rio Grande do Sul. In: Simpdésio de
Vulcanismo e Ambientes Associados, 6, Sao Paulo. Anais... Sao Paulo.

Simées M.S, Lima EF, Sommer CA., Rossetti LMM. 2017.
Structures and lithofacies of felsic volcanic feeder conduit
systems in the Parand-Etendeka LIP, southern Brazil. Journal of
Volcanology and Geothermal Research. https://doi.org/10.1016/j.
jvolgeores.2017.12.013

Simoes M.S., Rossetti LM.M., Lima E.F, Ribeiro B.P. 2014. The role
of viscosity in the emplacement of high-temperature silicic flows of
Serra Geral Formation in Torres Syncline (Rio Grande do Sul State,
Brazil). Brazilian Journal of Geology, 44(4):669-679. DOI: 10.5327/
723174889201400040010

Sparks R.S.J. 2003. Dynamics of magma degassing. In: Oppenheimer
C, Pyle DM, Barclay J. (Eds.). Volcanic Degassing, London Special
Publications, 213:5-22.

Thiede D.S. & Vasconcelos PM. 2010. Parana flood basalts: rapid
extrusion hypothesis confirmed by new “°Ar/**Ar results. Geology,
38(8):747-750. https://doi.org/10.1130/G30919.1

ThordarsonT. & Self S. 1998. The Roza member, Columbia River Basalt
Group: a gigantic pahoehoe lava flow field formed by endogenous
processes? Journal of Geophysical Research, 103(B11):27411-27445.
DOI: 10.1029/98JB01355

Tomazzoli ER. & Lima EF 2006. Magmatismo d4cido na Ilha do
Arvoredo-SC. Revista Brasileira de Geociéncias, 36:57-76.

Umann LV, Lima EF, Sommer CA., De Liz ].D. 2001. Vulcanismo
dcido da regido de Cambard do Sul-RS: litoquimica e discussao
sobre a origem dos depdsitos. Revista Brasileira de Geociéncias,
31(3):357-364.

Vieira Jr. N. 1985. Petrologia e geoquimica do vulcanismo Mesozdico
de Jaguardo — RS. Master Dissertation, Universidade Federal do Rio
Grande do Sul, Porto Alegre, 136 p.

Vieira Jr. N. & Roisemberg A. 1985. Formagao Jaguarao — nova
unidade vulcanica mesozdica no RS. In: Simpésio Sul-Brasileiro de
Geologia, 2, 1985, Floriandpolis. Anais... Floriandpolis, p. 507.

Waichel B.L, Lima EF, Viana AR, Scherer M.S,, Bueno G.V, Dutra
G.T. 2012. Stratigraphy and volcanic facies architecture of the Torres
Syncline, Southern Brazil, and its role in understanding the Parana-
Etendeka Continental Flood Basalt Province. Journal of Volcanology
and Geothermal Research, 215-216:74-82. DOI: 10.1016/.
jvolgeores.2011.12.004

Walker GPL. 1971. Compound and simple lava flows and flood
basalts. Bulletin of Volcanology, 35:579-590. DOI. 10.1007/
BF02596829

Walker GPL. 1973. Lengths of lava flows. Philosophical Transactions
of the Royal Society of London, 274:107-116. DOIL 10.1098/
rsta.1973.0030

Witham E 2011. Conduit convection, magma mixing, and melt
inclusion trends at persistently degassing volcanoes. Earth and
Planetary Science Letters, 301:345-352. https://doi.org/10.1016/j.
epsl.2010.11.017

© 2018 Sociedade Brasileira de Geologia

This is an open access article distributed under the terms of the Creative Commons license.

19

Brazilian Journal of Geology, XX(X): 1-19, month 20XX



01/03/2018 Chasque Webmail :: BUVO-D-18-00026 - BV Acknowledgement of Submission

Assunto BUVO-D-18-00026 - BV Acknowledgement of CHASQUE
Submission
WEBMAIL

Remetente Bulletin of Volcanology <em@editorialmanager.com>
Para Matheus Simdes <matheus.simoes@ufrgs.br> Universidade Federal do Rio Grande do Sul
Responder para Bulletin of Volcanology <fran.vanwyk@uca.fr>
Data 2018-03-01 14:51

Dear Mr. Simdes,

We acknowledge, with thanks, receipt of the proposed Research Article "Magmatic flow patterns in
silicic feeder conduits and lava flows from Parana-Etendeka LIP, southern Brazil: AMS fabric, magma
transport properties and implications for emplacement".

The submission id is: BUVO-D-18-00026
Please refer to this number in any future correspondence.

Andrew Harris, Executive Editor, will assess the suitability of your manuscript for submission to the
journal and if his decision is favourable we will then assign an Associate Editor to handle the paper.
You may check on the progress of your paper by logging onto Editorial Manager as an author:

Your username is: matheus.simoes

If you forgot your password, you can click the 'Send Login Details' link on the EM Login page at
https://buvo.editorialmanager.com/.

We expect to be able to contact you again shortly.

Sincerely,

Andrew Harris
Editorial Administrator

fran.vanwyk@uca.fr

Now that your article will undergo the editorial and peer review process, it is the right time to think
about publishing your article as open access. With open access your article will become freely available
to anyone worldwide and you will easily comply with open access mandates. Springer's open access
offering for this journal is called Open Choice (find more information on www.springer.com/openchoice).
Once your article is accepted, you will be offered the option to publish through open access. So you
might want to talk to your institution and funder now to see how payment could be organized; for an
overview of available open access funding please go to www.springer.com/oafunding. Although for now you
don't have to do anything, we would like to let you know about your upcoming options.

https://webmail.ufrgs.br/chasque/?_task=mail&_action=print&_uid=596&_mbox=INBOX


https://buvo.editorialmanager.com/
mailto:fran.vanwyk@uca.fr
http://www.springer.com/openchoice
http://www.springer.com/oafunding

10
11

12

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29

30

31
32
33
34

1

Magmatic flow patterns in silicic feeder conduits and lava flows from Parana Etendeka
LIP, southern Brazil: AMS fabric, magma transport properties and implications for

emplacement

Matheus S. Simdes*?, M. Irene B. Raposo®, Evandro F. Lima*, Carlos A. Sommer*

! Post-graduate Program, Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul, Av. Bento Gongalves, 9500, Prédio 43136,
Caixa Postal 15001, Agronomia, CEP: 91501-970, Porto Alegre, RS, Brazil (e-mail: matheus.simoes@ufrgs.br), orcid.org/0000-0003-2012-
6738

2CPRM — Servigo Geoldgico do Brasil (Geological Survey of Brazil) — Manaus, Av. André Araujo, 2160, CEP 69060-000, AM, Brazil
8 Instituto de Geociéncias, Universidade de Séo Paulo, Rua do Lago, 562, Sdo Paulo, SP 05508-080, Brazil

* Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul, Av. Bento Gongalves, 9500, Prédio 43136, Caixa Postal 15001,
Agronomia, CEP: 91501-970, Porto Alegre, RS, Brazil (e-mail: evandro.lima@ufrgs.br, carlos.sommer@ufrgs.br)

Abstract

The silicic volcanics of the Parana-Etendeka large igneous province (LIP) occurs extensively in southern Brazil, where
feeder conduits and lava flows were recognized with different lithofacies architecture. In this work we compare magmatic
flow structures measured in the field to anisotropy of magnetic susceptibility (AMS) data at eleven conduit and lava flow
sites. Conduit sites gave mean flat-lying kmax, suggesting horizontal flow. High dispersion of the magnetic susceptibility
axes in some sites is explained considering obstruction of flow by fragments and complex folding patterns. Silicic lavas
show flat-lying Kmax-Kint planes with ks« plunging to NE, NW, SE and SW. Viscosity of magma was calculated at 1000°C
to for three H,O content threshold: dry (10°® Pas), 0.5% (10>! Pas) and 1.3% (10%® Pas). Low bubble content in lava flows
and central part of conduits is favorable to decrease the capillary number Ca and the dynamic capillary number Cd, keeping
the initial calculated viscosity. These domains have low content of fragments and less than two folding phases, representing
potential zones where the magnetic fabric is parallel to the flow. In the boarder of the conduits larger shear rates, high
fragment and bubble content inducing the unsteadiness of the flow (high Ca and Cd) favor random distribution of the
magnetic fabric. The path of magma to surface through fault zones was in extensional regime. Constant generation and
eruption rates explain the large volume of silicic lavas in the southern Parana-Etendeka LIP, keeping their low viscosity to

run long distances and form extensive units.

Keywords: Large Igneous Province, silicic volcanism, AMS, feeder conduits, lava flow
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1 Introduction

Development of flow patterns in silicic magma creates a series of structures depending, mainly, on strain rates, temperature
variation and volatile content. Foliation and banding are noted as penetrative structures in obsidian flows (Manley & Fink,
1987) and several processes were ascribed to generate them, such as magma mixing, stretching and folding, continuous
brecciation and welding, microlite variation, vesicularity variation, among others (e.g. Seaman et al. 1995; Castro and
Cashmann 1999; Gonnermann and Manga 2005; Perugini and Poli 2012). A wide number of explanations about folding and
boudinage of magma in viscous or fragile state can be observed as a result of different flow domains in which
compressional, directional or constrictive forces act (e.g. Smith and Houston 1994; Castro and Cashmann 1999; Morrow
and McPhie 2000; Morgan et al. 2008) while magma is subjected to progressive deformation (e.g. Smith 1996). Above
liquidus temperatures, the rheological response becomes more complex as crystals and bubbles start to grow. In this context,

the viscous magma can behave like Bingham fluids (Fink 1983).

In the southern portion of the Parana-Etendeka Large Igneous Province (LIP), the silicic volcanism prior to the Gondwana
break-up is dominantly represented by lava flows (Henry and Wolf 1992; Umann et al. 2001; Polo and Janasi 2014;
Guimardes et al. 2017; Polo et al. 2017; Simdes et al. 2014, 2017; Lima et al. 2012, 2018; Rossetti et al. 2014, 2017) and
inferred shallow portion of conduits for some of these flows are described with steeply inclined banding, folding in several
scales (from mm- to m-) and intense brecciation (e.g. Lima et al. 2012; 2018; Simdes et al. 2017). Subaerial lavas - some
recognized as obsidian flows - are dominated by flat-lying distribution of banding, breccias and vesicles, presenting steeply

inclined structures only locally.

Investigation about magma transport properties revealed that high temperature conditions (> 1000°C) may have affected the
viscosity and the mode of emplacement of these silicic flows, maybe differing from more common rhyolitic and dacitic
magmas (Garland et al. 1995; Lima et al. 2012; Simdes et al. 2014; Polo et al. 2017).

The purpose of the present work is to characterize the magmatic flow at occurrences of silicic conduits and lava flows in
southern Parana-Etendeka LIP. For this, we investigate the main structures of these volcanic units in field scale and thin
section, and provide an AMS (Anisotropy of Magnetic Susceptibility) study. A brief description of the chemical types, pre-
eruptive temperatures and magma viscosity is yielded in order to discuss the magma transport properties and to further

describe the conduit magma flow and its behavior during subaerial emplacement of lava.

1.1 Geological setting

The Parana-Etendeka LIP occupies an area of 917,000+15,000 km? (Frank et al. 2009) of which 90% is located in South
America and 10% is in Africa (Fig. 1a), above the aeolian sedimentary rocks of Botucatu and Etjo formations. In South
America the Parana-Etendeka LIP comprises a 1700 m-thick association of tholeiitic magmas (Melfi et al. 1988), with
basaltic to intermediate lavas, dykes and sills prevalent (97.5% of total volume) over silicic units (2.5%). The volcanic units
of Parana-Etendeka LIP are represented by the Serra Geral Group and in southern Brazil, they have chemically more
primitive compound and simple pahoehoe basaltic flows in the base, represented by the Torres Formation (Rossetti et al.
2017). Vertically stacked sheet-like rubbly pahoehoe basaltic flows of the Vale do Sol Formation cover the compound flows

and represents the more voluminous basalt lava unit. The silicic volcanics cover these basalt flows and are represented by
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the Palmas Formation. The last volcanic manifestations in the area are the compound and simple oxidized basaltic flows of

the Esmeralda Formation (Rossetti et al. 2017).

In a regional scale, the distribution of the Parana-Etendeka LIP volcanic rocks is made by the classification of mafic and
silicic types, based in their TiO, content (e.g. Bellieni et al. 1984; Peate et al. 1992). In the case of the silicic rocks, the ones
presenting high-Ti (TiO, > 2 wt.%) are called Chapeco-type magmas (Peate et al. 1992) and are exposed in the northern
portion of the basin, between the NW-SE trending Ponta Grossa arch and the Torres structural valley (Fig. 1b). In the
southern portion, where the studied areas outcrop, the low-Ti (TiO, < 2 wt.%) silicic terms are classified as dacites and

rhyolites presenting no more than ~10 vol.% of phenocrysts called Palmas-type magmas.

Further, towards the south of the LIP, a small area (3.2 km?3) of peraluminous dacitic lavas with cordierite, orthopyroxene,
plagioclase and ilmenite as liquidus phases (Vieira 1985; Vieira and Roisenberg 1985) occurs in the Jaguardo region. It is
located near to major shear zones of Neoproterozoic age that may have been reactivated during Early Cretaceous (Comin-
Chiaramonti et al. 2010). In Uruguay, the Cretaceous volcanic rocks occur trending NE-SW (Fig. 1b) and the chemical
compositions are also bimodal. The basic Santa Lucia type has Ocean Island Basalts (OIB) geochemical signatures and the
Treinta Y Trés type is broadly similar to the low-Ti Gramado lavas (Kirstein et al. 2000). Silicic rocks are dacites to
rhyolites from Lavalleja Series (high Ti/Zr, low Nb/Y, higher Sr and Nd isotope ratios) and Aigua Series (high Rb/Sr, high
Rb/Ba, high Th).

Parts of the plumbing system for basaltic and silicic lavas in southern Brazil are represented by the NW-SE trending Ponta
Grossa and the NE-SW trending Santa Catarina and Sdo Paulo dyke swarms (e.g. Raposo 1998, 2017; Florisbal et al. 2014).
In Rio Grande do Sul state; postulated conduit systems for silicic lavas were described to the south of a curved NE- trending
structure called Antas Lineament (Simdes et al. 2017). This structure is parallel to the main regional structures, like NE-SW
trending Precambrian Porto Alegre Suture (Fernandes et al. 1995) or younger faults cutting the basin as Ledo and Agotea
faults (Zalan et al. 1991).

In the present study, the investigation of low-field AMS fabric and rheological characterization were carried out in three
key-areas where postulated conduits and related lava flows outcrop near each other (Fig. 2a, b). In northeast of Rio Grande
do Sul state the conduits outcrop in several elevations, since 400 m to ~ 950 m. Each conduit system and related lava flow

units display characteristic lithofacies architecture (Simdes et al. 2017), as will be demonstrated in the results section.
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Figure 1 Tectonic setting and location of study areas. (A) Distribution of the Parana-Etendeka volcanism in Cretaceous
(modified from Rapela & Llambias 1999; Mpodozis & Ramos 2008). (B) Regional geological map of the southern Parana-
Etendeka province in Brazil with the main structures. The study areas of Mato Perso and Jaquirana-Cambara do Sul are

located and detailed in figure

1.2 Emplacement and correlation of silicic units in Parana-Etendeka LIP

The silicic volcanics of the Serra Geral Group were firstly described as volatile-poor and high-temperature rheomorphic
ignimbrites. Arguments used include their laterally persistent sheet-like nature and the absence of typical ignimbrite textures
even near the top and base of each unit, which was attributed to obliteration by intense welding (Bellieni et al. 1986; Melfi
et al. 1988; Petrini et al. 1989; Roisenberg 1989; Garland et al. 1995; Milner et al. 1995; Bryan et al. 2010). Milner et al.
(1995) proposed the correlation of some subgroups of Palmas magma-type with the Namibian quartz latites. The intrusive,
circular Messum Complex, was identified as a potential emission center (Milner and Duncan 1987; Milner et al. 1992;
Ewart et al. 1998; Ewart et al. 2002), even though the thickness of the silicic volcanic sequence is inferior in the African
counterpart. In these models, the silicic deposits in South America would need to have traveled >300 km from their source

and been deposited as extensive pyroclastic density currents (e.g. Milner et al. 1995; Bryan et al. 2010).

Typical pyroclastic deposits in this LIP are found in the Mesozoic (132 — 124 Ma) Arequita Formation (AF), Uruguay, and
described by Muzio et al. (2009). The AF contains high SiO, (>72 wt.%) lava flows with quartz, K-feldspar and sodic
plagioclase phenocrysts. Pyroclastic deposits are confined to the east of the N20°E trending India Muerta Lineament and are

consisted of pyroclastic breccias, lappili tuffs and monomitic breccias.
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In southern Brazil, the paucity of pyroclastic lithofacies, with recognition of only local pyroclastic textures in extensive
petrographic studies (Comin-Chiaramonti et al. 1988), together with the regional description of coherent and autoclastic
lithofacies in a variety of lava bodies (lobes, domes and flows) led other authors to suggest that the silicic deposits are
predominantly effusive (Henry and Wolf 1992; Umann et al. 2001; Lima et al. 2012; Polo and Janasi 2014; Simdes et al.
2014, 2017; Guimardes et al. 2017; Polo et al. 2017a,b). Other features such sand and mud peperites found in both Palmas-

and Chapecd-type lava flows favor to the lava flow interpretation also in the center of the LIP (e.g. Lucchetti et al. 2014).

Feeder conduits for silicic lavas were firstly proposed and described in quarries at the city of Sdo Marcos, Rio Grande do
Sul (Lima et al. 2012, 2018; De Campos et al. 2016). In this region, the rhyodacites have compound magmatic foliation
revealed by the alternation of different crystallinity and oxidation grades (Lima et al. 2012). Fragmentation involving
rheomorphic and re-melting events described were assigned by De Campos et al. (2016) to parallel oscillations in a very
efficient magma ascent system together with high heat flux for conduit system evolution. Other interpretation of the Sdo
Marcos outcrops; based in AMS fabrics, showing dominant flat-lying orientation of K. is of thermal erosion from lavas

that developed sort of a peperite of underlying flow fragments (Cafion-Tapia and Raposo 2017).

In other areas at the northeast of Rio Grande do Sul (Mato Perso, Jaquirana and Cambara do Sul) the inferred conduits
exhibit lithofacies architecture with banded vitrophyres containing variably vesicular fragments grading laterally into
breccias. These structures have dominant sub-vertical orientations trending to NE-SW and NW-SE (Simdes et al. 2017). In
a regional scale, these conduit outcrops are elongated NW-SE to NE-SW shapes, being covered by flat-lying silicic lava
flows (Lima et al. 2012; Simdes et al. 2017a,b).

1.3 Conduits and lava flows

In field scale the structural patterns present in the conduits are shared by most expositions. They have near-vertical banding
(Fig. 2 c,d) in the central and more resistant part, generally composed of grey to black vitrophyre. Toward the boarders of
the outcrops it is notable the mixing of this dark rock with a oxidized vitrophyre (Lima et al. 2012; De Campos et al. 2016;
Simdes et al. 2017a in press). The mixing patterns can be dominantly chaotic (De Campos et al. 2016), where several
folding phases are seemingly like the mixing of two fluids in 2D (e.g. Ottino 1989). Despite these mixing features,
recognized in outcrop scale, there is a NE-SW to NW-SE trending of the major unfolded sub-vertical banding. In the
external parts of the conduits the vitrophyres mix and acquire several colors in the red and grey scales, surrounding red
vitrophyre fragments. Fragments are common features in different parts of the conduits, sometimes with meter-size near the
center but more abundant in the boarder, with few to dozens of centimeters, where welding of the fragments may be also
found. Vesiculation patterns in conduits are not the marker of the banding but they follow the banding and fold axial
surfaces orientation (Simdes et al. 2017). Where the banding is vertical, the vesicles tend to have the inverse gout shape,

i.e., pointing to the paleo-surface.

The lava flows have structures like dominant flat-lying foliation related to an incipient and locally recognized magmatic
banding (Fig. 2e). Their vesicles are frequently tube-shaped near the base and spherical-shaped toward the top of the flows.

Oxidized lava flows under the conduits also display a vesiculated frothy top (Simdes et al. 2018 in press).
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153  The aim of AMS determination in this study is to compare the behavior of the magnetic fabric in those outcrops considered
154  to be feeder conduits and in those interpreted as lava flows. We choose three key-areas for sampling: the exposition of a
155  banded obsidian lava flow in a dimension stone quarry placed at Cambara do Sul city (site CM1), which was an opportunity
156  to collect more robust data (42 drill cores) in horizontal and vertical positions; a vertical succession of obsidian flows (sites
157  CM2, 3, 5) and conduit (site CM4) in Jaquirana city (8 — 11 cores/site); a pair of conduits and associated lava flow in the
158  Itaimbezinho (National Park of Aparados da Serra), where 11 and 12 cores per site (IT1 and 1T2) were collected; and in a
159  sequence of conduits and lavas near Caxias do Sul city (Mato Perso district), where 10 to 16 cores/site were obtained (sites
160  MS1,2,3and 4).
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2 METHODS
2.1 Anisotropy of Magnetic Susceptibility

The measurements involving AMS were obtained in the Laboratory of Magnetic Anisotropies and Rock Magnetism of the
Institute of Geosciences — S&o Paulo University (USP). Each drill core was sliced in approximately 2,2 cm specimens for
measurement using an MFK1-FA instrument with 3D rotator of AGICO. The measurement consisted in the application of a
low magnetic field (425 A/m) to the sample along its rotation through three orthogonal axes. The AMS orientation of each
specimen is represented in the lower hemisphere equal-area stereonets. The average orientations of principal susceptibility
axes present in Table 1 are represented by the mean values (large symbols in the stereonets) and were calculated using the
Hext-Jelinek statistics (Hext 1963; Jelinek 1978) in the software ANISOFT 4.2 (Chadima and Jelinek 2009). Calculated
variables are divided into magnitude and shape parameters. The mean susceptibility tensor (Kyn = KmaxtKinttKmin/3) is the
average of the total susceptibility of the specimen and the corrected degree of anisotropy (Pj) is assumed as measure of
degree of anisotropy. The shape-parameter T defines the eccentricity of the strain ellipsoid where 0 < T < 1 is referred to
oblate shapes and -1 < T < 0 correspond to prolate shapes. This relation can be also observed when plotting the T and Pj
parameters (Jelinek 1981; Hrouda 1982).

Thermomagnetic curves in an Ar atmosphere were obtained by a CS-4 apparatus coupled to the MFK1-FA and the
specimens were progressively heated up to 700°C and subsequently cooled to room temperature. Hysteresis measurements

at room temperature were performed using a vibrating sample magnetometer (VSM—Nuvo, Molspin) in fieldsupto 1 T.

2.2 Whole-rock geochemical analysis

To calculate estimated temperatures and viscosities a set of whole-rock geochemical analyses was obtained. The analyses
were made at Acme Analytical Laboratories LTD., Vancouver, Canada, utilizing analysis routines 4A and 4B. In the first
one, the main oxides and several minor elements total abundance were obtained from 0.2 g of analyzed sample by
Inductively Coupled Plasma — Emission Spectrometry (ICP-ES) with detection limit of 0.01% for SiO,, Al,Os, Fe,03, Ca0,
MgO, Na,0O, K,0, MnO, TiO, and P,0s. In the second one the rare earth and refractory element results were obtained from

0.2 g of analyzed sample by ICP — MS (Mass Spectrometry).

The apatite saturation model of Harrison & Watson (1984) was used to estimate liquidus temperatures. It is based in
experimental data of apatite solubility as function of magma temperature and composition. The model used in this work to
estimate the viscosity (Giordano et al. 2008) uses whole-rock chemical compositions input and was made out predicting
Newtonian non-Arrhenian temperature dependence of silicate melts. It was calibrated from more than 1770 sample
experimental analysis in a wide range of temperatures and magma compositions. The effective H,O content of 1.3 wt.% is

an estimated value based in the plagioclase and liquid composition (M.S. Simdes, unpublished data).
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3 Results
3.1 Magnetic mineralogy

Thermomagnetic curves are present in figure 3 and display slightly different patterns, but in all cases the intensity of
susceptibility (k) decreases at 580°C to 600°C. Irreversible curves are the most common; with exception of sample CM3
which the cooling curve had approximately the same k values of the heating curve. In the other samples, the curves do not
coincide and this response is considered as a product of mineralogical alteration or destruction during the heating. The
curves and Curie temperatures near ~580 °C are typical of Ti-poor magnetites, which are also verified in thin section in the
form of glomeroporphyritic aggregates of microphenocrysts or dispersed as 0.1 — 0.5 mm microlites. In the site ITO1 we
obtained curves for oxidized (ITOLA) and black (ITO1) vitrophyres. The oxidized sample had a slightly decrease in k at ~
350°C and then at ~ 580°C, indicating a probable mixture of Ti-poor magnetite and maghemite, although fine hematite

lamellae were observed spread in the groundmass.

The presence of ferromagnetic grains is verified by the use of hysteresis curves (Fig. 4). The results of magnetization in
VSM vyielded Mrs (remanent saturation magnetization), Ms (saturation magnetization), Hc (coercitive force), Hcr (remanent
coercivity) values, determined by the application of a decreasing backfield after saturation. Ms and Mrs are from 55.7 to
289.2 A/m and 6.5 to 62.5 A/m, respectively. Hc is between 3.4 and 27.0 A/m, while Hcr values range from 13.4 to 46.9
A/m. In the Day plot (Day et al. 1977; Dunlop 2002), the bulk of samples lie in the pseudo-single domain (PSD) field (Fig.
5). The contribution of magnetic minerals is between 97.7% and 99.8%, and the values of Hc are indicative of fine and

coarse fully-saturated Ti-poor magnetite as the dominant carrier of magnetic susceptibility.
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Table 1 — Shape and directional AMS parameters for conduits and lava flows. CM1 to 5 and IT1-2 are from Jaquirana-Cambara do Sul area. MS1 to 4 are from Mato Perso area.

Coordinates Type N Km[E“] Pj T Kmax Kint Kinin
Site

X Y Z Dec Inc al o2 Dec Inc ol o2 Dec Inc ol o2

m

CM1 -29.000 -50.174 1(()33. lava 77 3,51 1.059 -0.009 3345 2.7 38.2 9.3 244.1 8.2 383 236 824 814 239 9.7
CM2 -28.832  -50.431 863 lava 8 2.72 1.016 0.118 2929 19.9 23.1 91 283 146 239 9.1 1522 649 122 7.8
CM3 -28.832  -50.428 877 lava 9 5.82 1.009 0.224 2143 4.8 31.9 7.9 304.3 0.3 316 16.1 375 852 16.6 9.5
CM4 -28.833  -50.428 902 conduit 33 726 E°  1.027 -0.077 146.8 23.3 26.9 139 387 358 299 225 2624 45 276 16.3
CM5 -28.835  -50.429 923 lava 19 3.34 1.022 0.354 2416 8.1 19 8.7 150.2 9.6 18.2 6.3 11 774 107 6.4
IT1 -29.178  -50.026 1007 conduit 33 3.76  1.027 -0.036 324.7 85.2 46.6 322 467 381 387 315 204.2 24 387 315
IT2 -29.179  -50.021 965 lava 32 245 1.020 0.466 186 15 70 94 958 6.9 70 9.1 288.1 83 10 9.2
MS1 -29.097 -51.330 646 lava 38 1.67 1.006 -0.4 248.7 0.7 23.3 10.3 158.6 14 231 172 3414 76 19 122
MS2 -29.099 -51.329 654 conduit 27 3.58 1.044 -0.012 340 0 84 28.2 701 387 84 425 250 51.3 448 226
MS3 -29.106  -51.327 655 conduit 45 3.39 1.058 0.065 2825 11.3 37.4 13.7 189.2 16.2 412 281 46 70 349 126
MS4 -29.108  -51.327 622 lava 53 2 1.009 -0.005 59.7 3.4 34.1 15.6 151.7 30.6 34 191 324 59.2 198 149
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235 3.2 Anisotropy of magnetic susceptibility fabric

236  AMS measurements are compared with macrostructures like banding and folding for each site, considering the field

237  relations when two or more sampled outcrops are adjacent. The strict angles between intrusion margins and the main
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magmatic flow is not considered because the contacts of postulated conduits with the surrounding rocks are only observable

in site CM4, but these portions were very weathered, thus unsuitable for sampling.

3.2.1 Scalar parameters

The vitrophyres collected in sites correspondent to conduits have mean susceptibility values (k) about 102 Sl (Tab. 1) with
the exception of sample CM4 (7.26 107 SI). Without this sample, k,, varies between 1.67 10? Sl and 5.82 102 SI. In a
general way, conduit-related samples yielded higher mean susceptibility values when compared to the lava flow samples.
This pattern is accompanied by the increase of the mean corrected degree of anisotropy (Pj=exp[root{2[n; — ny)2 + (n; —
Nm)2 + (N3 — Ny)2]}; where Ny = INKpax, N2 = INKjpe, N3 = Inkyin @and npy, = ny+ny+ns/3)) from 1.006 to 1.022 in the lavas
(MS1,4; CM2,3,5; IT02) and from 1.027 to 1.058 in the conduits (MS2,3; CM4; IT1). The higher value of Pj is at site CM1,
a locally banded lava flow.

When the anisotropy degree (P=Kmax/Kmin) is plotted against the shape-parameter T, [2In(Kint/Kmin)/IN(Kmax/Kmin)] -1, there is
a range of magnetic susceptibility ellipsoids. Some of the samples representing lava flows display even prolate, oblate an
triaxial shapes (Fig. 6 — CM1-2, MS1), although lavas with dominantly oblate ellipsoids also occur (Fig. 6 — CM5, 1T02).
An exception, sample MS1 represent a lava flow unit with dominant prolate shapes. For the conduits, the ellipsoid shapes
tend to be prolate and oblate with minor triaxial (Fig. 6 — CM4, IT01, MS2-3).

T T T
1 oo CM1 1 @ cm2 1 @ CM4
Bg :qu - @ a “ g o
8o "EDHE ° o p R o - L
1.a00?Ln.Snﬂ_“ﬂnsz P - oo p
B an, 5 oo f1.000 o 1.027 1.000 o @ 1046
a & e -} o o = =] n, 0§ o Eln L
L @ :: i
1 -14
T‘ CM5 T ITO1 1 [To2
B = g @ _ @ o o
o o ' L mﬁ&
o n I u 8 a i
a P T il o Vany fa " =
1.000 s m o 1.040 T ) I:FD 1073 1000 \_J Tozre P

P o :
1.000 ‘tbu.f'uu 1.008 1.0000 " op o @ = 8
@Dunnn%ng ] @unnu o n@ ’@ -]

Figure 6 Plots of the shape parameters (P = Kyax/Kmin) Versus T, [2In(Kint/Kmin)/IN(Kmax/Kmin)] -1 for the analyzed samples
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3.2.2 Site CM1 — Cambara do Sul obsidian flow

Near the road to Capao Penso, Cambara do Sul city rural area, in elevations of 990 - 1020 m above the sea level, there are
banded vitrophyres with sub-vertical banding striking to NE-SW and NW-SE. Approximately 60 km to northwest of this
city, in elevations from 1030 to 1040 m, obsidian flows with flat-lying flow banding, which is locally steeply inclined and
folded, dominate and one of them was picked out for AMS sampling .The wide exposure was used as stone dimension
quarry, making possible to better observe the structures and to collect a more significant number of core samples in several
positions.

The obsidian flow has a “boomerang” shape with one arm oriented according NW-SE and another oriented along NE-SW
direction (Fig. 7a). The internal structure of the flow is made of cm-scale obsidian bands (NE-SW oriented) folded in
plunging inclined to reclined geometries (Fig. 7b). The bands also display interference zones with fan shapes (Fig. 7b, c).
Complex arrangement of the flow banding is present as several asymmetric folds with autobreccias in the flanks (Fig. 7d).
Toward the lateral parts of the flow, the obsidian turn into a more homogeneous black-colored lithology and display
approximately 10-15% of large flattened amygdales with up to 10 cm, filled by quartz (Fig. 7e). Together, the plane formed

by the amygdale population is flat with up to 5° dip, suggesting horizontal magma flow to these portions of the outcrop.

AMS data collected along banded, folded and homogeneous obsidian are plotted in an equal-area stereonet (Fig. 7f) and
show that Ko oriented along NW (334.5°, mean), SE and NE with an average plunge of 2.7° (Tab. 1). Ky, have a slightly
NE-SW distribution in the diagram, with high inclination angles (81.4°, mean). K has a preferred direction to SW (244.1°,
mean) and display flat plunges of 8.2° in average. The flat Knax plunges to NW (mean), NE and SE combined to ki, mean
values to SW is parallel to the oblate amygdale orientation (Fig. 7€) and agree with the major disposal of the lava flow (see
Fig. 7a).
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Figure 7 Site CM1, 60 km northwest of the city of Cambara do Sul. (A) Satellite image compiled from Google Earth
showing the main orientation of the lava body. (B) Inclined folds and banding in the central part of the lava flow. (C)
Interference patterns of the flow banding, dipping 50° to 75°. (D) Asymmetric fold with breccia in the limbs. (E) Flat-lying
stretched amygdales with up to 10 cm. (F) Equal-area stereonet showing the AMS orientation of individual specimens and
mean Kax (horizontal), Kiy (horizontal) and ki, (vertical)

3.2.3 Sites CM2, 3, 4 and 5 — Jaquirana

In the road between Jaquirana and Bom Jesus cities we sampled for AMS in an intercalation exposure of obsidian flows and
conduits. The figure 8a shows the disposition of the sampled units together with measured structures and the site
correspondent AMS stereonet.
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In the base of the profile there is an obsidian flow upper portion with massive texture, presenting cm-size amygdales (5 — 10
cm in the longest axis) filled with quartz (site CM2). This site gave Knax dipping 19.9° to NW and mean Ky, dipping 64.9°
to SE. This flow has a top breccia with at least 2 m thick covered by a microfractured vitrophyre (site CM3, fig. 8b). This
vitrophyre have a flat-lying fracture system with sub-millimeter scale aperture and dark halos, developing an apparent
banding (Fig. 8a, top right sterenonet). It yielded K,.x mean axes plunging 4.8° to SW and near vertical K, values.

This unit is cross-cut by banded vitrophyres from site CM4, occurring with several magmatic flow domains - i.e. domains in
which the flow have different orientation, more or less folding phases or fragment content - but with a tendency to steeply
inclined disposal (Fig. 8c). The vesicles in this vitrophyre display elongated shapes (Fig. 8d) that follow the steep and flat
banding orientation, some with inverse drop shapes. Toward the boards of the CM4 outcrop the banding is intensely folded.
The folds have several phases with different limb and axial surfaces orientations (Fig 8e). Flat-lying sheath folds are also
observed. In this site the mean K« has an averaged value of 23.3° in inclination to 146.8° (SE). In the specimens where
kmax Mean axis is steeply inclined, it is parallel to the vertical flow planes measured in the field, according NW-SE (Fig. 8c).
The kinkmin axes distribution generate a girdle plane (Fig. 8a, CM4 stereonet) oriented parallel to one of the outcrop-scale
fold flanks, plunging 72° to 350° (NE-SW strike). Given that, we interpret a prevailing flow domain with a near flat-lying
Kmax, dipping to SE controlling the main magma flow in the conduit. Where the banding is steeply dipping and also thicker
(Fig. 8c) the individual specimens gave sub-vertical K,y inclinations (for example, specimen I, 72.7°, see supplementary

material), suggesting local vertical flow.

This section ends up with another massive obsidian flow with cm-size amygdales (Fig. 8f) displaying flat-lying magnetic
foliation and mean K.x axes plunging to SW, just as site CM2, suggesting that they can be part of the same flow.
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Figure 8 Field features of the sites at Jaquirana area. (A) Cross-section with the disposal of the sampled units. In the section
the stereonets have semi-circle planes representing structures measured in the field. Below the section there are the
correspondent equal-area AMS stereonet for each site. The plane marked in CM4 stereonet is formed by the scatter of ki
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and kmi, along NE-SW. (B) Contact between the top breccia of the obsidian flow (site CM2) and the microfractured
vitrophyre (mV) of site CM3. (C) Banded vitrophyre with sub-vertical banding disposal (N295W/85NE) in site CM4. This
specific location gave steeply inclined (~ 72°) knax values. (D) Vertical-banded vitrophyre showing 0.5 — 1 cm amygdales
with inverse gout shape. (E) Contorted banding with several folding phases resembling the mixing of two fluids in site
CM4. (D) Black obsidian flow with cm-size spherical amygdales from site CM5

3.2.4 Sites ITO1 an IT02 — Cambara do Sul

Sites ITO1 and ITO2 were collected in the National Park of Aparados da Serra at RS-427 road, connecting Cambara do Sul
and Praia Grande cities. In satellite image the site ITO1 is located between two large fractures, approximately 300 m spaced
(Fig. 9a). This outcrop, at 1002 m of elevation display dominant banded vitrophyre with near vertical bands of reddish and
greyish vitrophyre (Fig. 9b). In spite of a large dispersion of the susceptibility axes, average values for this site gave Kmax
inclination of 85.2° to 324.7° and flat-lying kuin (Fig. 9c¢), indicating mean near vertical magnetic foliation combined with

steep values of magnetic lineation.

Site 1T02 is an outcrop of flat-lying vitrophyre at ~ 960 m elevation, interpreted as a lava flow. This exposure is also
verified in images as the top of a sequence of stacked basaltic and silicic flows (Fig. 9a). The AMS results in this site
display well defined flat-lying magnetic foliation characterized by clusters of sub-vertical kn, (83° mean inclination) and
dispersed flat knax axes distribution (Fig. 9d). This pattern is very similar to those found in other lava examples as sites
CM1, CM2, CM3 and CM5.
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Figure 9 Conduit and lava exposures at Aparados da Serra National Park. (A) Sattelite image from Google Earth showing
the location of ITO1 between two ~300m spaced vertical structures and ITO2 in the top of stacked lava flows; (B) Near
vertical banding with cm-scale thickness present in site ITO1. (C) Equal-area stereonet showing the orientation of bulk and
mean Kpax (vertical), Kiy (horizontal) and Ky (horizontal) at site ITO1. (D) Equal-area stereonet for site 1T02 displaying
flat-lying magnetic foliation (Kmax-Kint) and flat magnetic lineation (Kmax)

3.2.5 Sites MS-01 to MS-04 — Mato Perso

In Mato Perso area we chose two expositions with paired conduit and lava flow-related lithofacies occurring along the VRS-
864 road. The site MS-02 is exposed in the elevation of approximately 665 m (Fig. 10a) and is interpreted as a conduit

occurrence, displaying 52-20° to 270-275° trends of banding. The lithofacies change from black and grey obsidian to red
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vitrophyre towards SSE (Fig. 10b, c), where fragments of red vitrophyre are present (Fig. 10b, d). In site MS2 there is a
large dispersion of the susceptibility axes. The mean axes in site MS-02 gave horizontal K inclination (0.0°) oriented to

NW (340.0°), but at least seven specimens gave sub-vertical angles of Knax plunging NE (Fig. 10e).

The site MS-01 outcrop at ~647 m elevation (Fig. 10f), showing a massive structure and a vesicle population of tube-like
vesicles (Fig. 10g) pointing vertically and being replaced by spherical vesicles towards the top of the flow. Microscopically,
the lava flow is distinguished from conduit-related rocks by a microlite-rich groundmass, where fine plagioclase,
clinopyroxene and Fe-Ti oxides developed in the vitreous matrix (Fig. 10h). In the lava flow of site MS-01 the axes
orientation form the shape of an prolate ellipsoid, with ki, and ki, forming an girdle and with flat mean Ky, dipping 0.7°
to 248.7°, (Fig. 10i).
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Figure 10 Location, field features and AMS stereonets for sites MS2 and MS1. (A) Google Earth image with the location
and correspondent elevations of the two sites. The conduit (MS2) is in a higher elevation than the lava flow (MS1). (B)
Banding orientation in site MS2 and position of the largest red vesicular vitrophyre fragments in red polygons. (C) Banded
vitrophyre with mixing of black and red vitrophyres, displaying contorted folds. (D) Red vesicular vitrophyre fragment with
up to 20 cm into the banded vitrophyre. (E) AMS sterenonet of site MS2 with horizontal knax and tilted Kmi, and Kint. (F)
Outcrop of massive vitrophyre in site MS1. (G) Tube vesicles in the base of the silicic lava outcrop. (H) Microporphyritic
texture in the vitrophyre of site MS1. Note also the presence of plagioclase and opaque microlites in the groundmass
(uncrossed polarizers). (I) AMS stereonet of site MS1 with NE-SW horizontal Kiax. Kmin and kin are forming a NNW-SSE

oriented plane
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Site MS-03 is at 654 m elevation (Fig. 11a), being composed of breccias and banded vitrophyres. The breccias are
positioned in the margins of the outcrop (Fig. 11b). To the center, the vitrophyre banding is folded in one major domain
(F1), with limbs parallel to a black vitrophyre tabular band (Fig. 11b,c) dipping 62° to 065° (striking NW) and 72° to 134°
(striking NE). F; contains F, parasitic folds with flat-lying (02 — 07°) hinge lines, parallel to the F; hinges (Fig. 11d) and
dipping gently to SE. F3, F4 and other phases are restricted to the portions where the folds have cm- to mm- wavelength,
with several limb directions, resembling magma mixing structures (e.g. Perugini and Poli 2012). In the southwest margin of
site MS-03, a wide number of cm-size vesicular red vitrophyre fragments are dispersed into the banded unit (Fig. 11e). The
behavior of the magnetic fabric in several portions of this conduit outcrop show near horizontal mean k.. (11.3° plunge)
plunging to NNW associated to steeply dipping poles of ki, (70.0° plunge), indicating and horizontal magma flow. k;,; and
kmin form a vertical plane NNW-trending dipping around 80° (Fig.11f).

In site MS-04, outcropping at 623 elevation (Fig. 11a), there is a flat-lying massive grey vitrophyre displaying mm-size
spherical vesicles and a salt-and-pepper like texture (Fig. 11g, h). The orientation of the mean axes exposed in figure 11i
show flat-lying kmax (059.7/3.4), and inclined plunges of kyin (324.0/59.2) and ki, (151.7/30.6). The girdle plane formed by
Kmax-int dips at low inclination to SE, being its inclination parallel with the NW-SE orientation of knax in the conduit of site
MS3. This plane can be also interpreted as parallel to the magnetic foliation, given that k¢ axes are contained in and Kpin is

orthogonal to it.

A microscopic distinction between the conduit-related and lava flow vitrophyres is made. If we take a look to figure 11j, a
representative sample of banded vitrophyre, there are two folded parallel bands, but the direction of the magmatic flow (2D)
in each dark band, indicated by the traced line, vary depending on the part of the fold. Near the hinges, the traces are sub-
vertical, and near the limbs they are near horizontal. Still on this figure, the tabular plagioclase and globular Fe-Ti oxide
microphenocrysts are embedded in a fine-grained devitrified groundmass. In figure 10k, from site MS-04, the
microphenocrysts are disposed in a microlite-rich matrix where tabular plagioclase and globular clinopyroxene and Fe-Ti
oxides are also well developed and engulfed by a two-phase vitreous matrix (brown and white groundmass with uncrossed

polarizers).
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Figure 11 Field features and AMS patterns in sites MS3 e MS4. (A) Location of the sites MS3 and MS4. (B) Cross-section
sketch of site MS3. (C) Banded vitrophyre grading to black vitrophyre with tabular sub-vertical banding. (D) F, parasitic
fold with flat-lying limbs. (E) Red vitrophyre fragments with cm-size embedded in banded vitrophyre. (F) Equal-area
stereonet with Knax, Kint and K, orientations for site MS3, the plane marked is formed by NNW-SSE Kin-Kmin plane. (G)
Outcrop of massive grey vitrophyre (lava flow). (H) Salt-and-pepper texture with few spherical mm-size amygdales. (I)
Equal-area stereonet with Ky, Kine and Kyin orientations for site MS4, Kmax.int forms a girdle plane (dotted line). (J)

Fotomicrography of banded vitrophyre from site MS3 with polyclinal folds (uncrossed polarizers). Note the absence of a
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microlite-rich groundmass. (K) Fotomicrography of massive vitrophyre considered to be lava flow (uncrossed polarizers).
In this unit there is a separation of the vitric matrix into dark and light halos. The groundmass also has well developed

microlites

3.4 RHEOLOGY

The rheology of magma controls its ascent, dynamics of conduit flow and the eruption style (Okomura et al. 2016). In
present work, magma rheology is used as a complementary investigation to structural and AMS fabric data, since the
behavior of silicic magma strongly variate given a wide range of eruptive temperatures, bubble/crystals content and

chemical composition (e.g. Cashman 2004; Manga et al. 1998; Mader et al. 2013).

3.4.1 Temperature and viscosity

In order to characterize the chemical types, temperatures and estimated viscosities we selected one sample from each site,
except site CM1, for whole-rock geochemical analysis. For this, we chose two samples of coherent vitrophyre of the lava
flows (MS-01 and MS-04), one sample of microfractured vitrophyre of one lava flow (MS-22E, equivalent to site CM3),
two samples of banded vitrophyre (MS-03A and MS-05b), one sample of a red band (MS-22E, equivalent to site CM4) and
one sample of black band (MS-22D, equivalent to site CM4). The chemical analyses are present in Table 2 and cover a

range of representative lithofacies from which we collected the drill cores for AMS studies.

As seen in Table 2, The bulk of analyzed samples have SiO, content between 64.78 and 68.18 wt.%. Apatite calculated
temperatures are considered to depict the liquidus temperatures of the analyzed vitrophyres, since apatite was one of the
first phases to crystallize. P,O5 contents are very similar, varying from 0.25 to 0.28 wt.%. The calculation of Harrison &
Watson (1984) thermometer yielded temperatures of 1005.77 — 1088.70°C. Using the model of Giordano et al. (2008), we
obtained respective viscosities of these samples by inserting the chemical composition and to the apatite saturation
temperatures. Three H,O content thresholds were applied for the viscosity estimation model: dry, 0.5%H,0 and 1.3%H,0,
the last is considered a best-fit value for the studied samples of Palmas magma-type rhyodacites. Dry viscosity values range
between 5.56 and 6.63 log Pa s and drastically decreases to 4.57-6.63 Pa s using 0.5%H,0 and 3.88 — 4.58 Pa s with the
addition of 1.3% of H,0.
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Table 2 — Whole rock geochemical analysis, calculated temperatures and viscosities for studied samples. MS-01-05b are from Mato Perso area, MS-22-24b are from Jaquirana-

Cambara
Sample MS-01  MS-03A MS-04 MS-05B MS-22 MS-22E MS- MS- MS-24B
22D 24A
Lithofacies coherent  banded coherent  banded brown red vit. black black red vit.
vit. vit. vit. vit. vit.

SiO, 67.32 65.30 67.18 67.23 64.78 65.47 67.80 68.18 67.35
TiO, 0.92 0.95 0.89 0.93 1.01 0.95 0.92 0.89 0.92
Al,Os 12.66 13.11 12.88 12.74 13.75 12.95 12.53 12.05 12.37
FeOn 6.23 6.30 6.02 6.12 6.83 6.41 6.06 6.05 6.04
MnO 0.11 0.11 0.11 0.10 0.09 0.11 0.11 0.09 0.10
MgO 1.33 1.29 1.27 1.26 0.91 1.52 1.37 1.31 1.32
CaO 3.28 2.96 3.12 3.23 1.02 341 2.90 2.83 2.85
Na,O 2.95 2.90 2.77 2.96 2.09 2.90 2.89 2.89 2.87
K,0 3.78 3.94 4.00 3.80 4.86 4.00 3.98 3.80 4.13
P,Os 0.27 0.28 0.26 0.27 0.25 0.27 0.25 0.26 0.26
Total 98.85 97.14 98.50 98.64 95.59 97.99 98.81 98.35 98.21
T(ap) 1070.29 1015.03 1061.08 1073.04 1005.77 1029.60 1088.70 1093.81 1059.07
Visc (dry) 5.70 6.28 5.87 5.70 6.63 6.01 5.56 5.56 5.87
Visc (0.5 % 4.60 5.12 4.81 4.68 5.40 491 457 4,58 4.82
H20

Visc )(1.3% 3.90 4.35 4.09 3.97 4.58 4.17 3.88 3.89 4.10
H,O

N?nb)( (dry) 7.09 7.81 7.30 7.09 6.69 6.06 5.60 5.61 5.92
Nmix (0.5% 571 6.37 5.98 5.81 5.45 4.95 461 4.62 4.86
H,O

N?nb)( (1.3% 4.85 5.40 5.08 4.94 4.62 4.20 3.91 3.92 4.13
H,0)

24
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3.4.2 Vesiculation, fragments and fragile structures

Vesiculation is an important factor to characterize magma rheology and emplacement conditions (Cashman 2004; Blundy
and Cashman 2008; Mader et al. 2013 and other references). In the studied outcrops, the patterns of vesiculation degree and
vesicle shapes are notably different when comparing conduits and lava flows. In order to quantify the amount of vesicles in
macroscopic scale we processed nine outcrop photographs in the ImageJ (Schneider et al. 2012) software and counted 165

to 850 points per image, depending on the photograph scale.

The coherent vitrophyres from sites MS-01 and MS-04 have 1.9 — 2% of mm-sized spherical vesicles and amygdales. This
number must have a little increase near the base of the flow, where pipe vesicles are present (see Fig. 8g). The
microfractured vitrophyre of site CM3 gave the lowest value of 0.6% spherical to stretched vesicles with 3-5 mm in size. A
red band of site CM-4 has 1.69% of spherical to reverse-drop like mm-sized vesicles, while a grey band presents 4.72 % of
dominantly stretched vesicles with few millimeters to 1 — 2 cm in the longest axis. In site CM1 there is a slight variation in
the abundance of cm-size oblate amygdales around 4.7%, which seems to be the same case of the top of the flow in site

CM-5. Below this top horizon the amount of spherical amygdales is up to 0.96%.

The amount of vesicles in the red vitrophyre fragments carried in the magmatic flow banding was also counted. They share
common features as 0.5 — 5 mm sizes and stretched shapes, showing random distributions and preferred elongation planes.
In site in site MS-2 the fragments have up to 21% of vesicles (Fig. 12a) and in site MS-3 the fragments have 28% CM-4 the
fragments vary from 20 to 53% of vesicles. Finally we used a representative count of fragments immersed in the banded
vitrophyre and obtained a value of 11.5% in site MS-02 (Fig. 12b) and 16.30 fragment% in site CM4 (Fig. 12c).

Fragile structures occur parallel to the banding planes with cm-scale spacing. The structures present strong lineations in
non-polished surfaces and display oblique-normal and oblique-reverse movements, while into the bands the magmatic flow

can be strongly folded, when observing in the X-Z plane (Fig. 12d).
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Figure 12 Fragments and fragile structures in conduit systems. (A) Fragment of approximately 20 cm composed of red
vesicular vitrophyre with up to 21 area% of vesicles (site MS2). (B) Fragments of red vitrophyre with up to 30 area%
vesicle content embedded in banded vitrophyre (site MS3). (C) Several cm-size red vitrophyre fragments with different
vesicle content, but dominated by vesicle-rich types. The fragments are immersed in a red non-vesicular vitrophyre in site
CM4. (D) Fragile oblique structure with marked lineation in a non-polished surface. In the X-Z plane the banding has
contorted fold patterns (white dotted lines)
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4 DISCUSSION
4.1 Interpretation of the AMS data
4.1.1 Conduits

The degree of anisotropy values in the analyzed samples are comparable to those found in sites of high-temperature silicic
volcanics (e.g. McPhie et al. 2008; Canon-Tapia and Raposo 2017; Guimardes et al. 2017) and to those obtained in mafic
dykes (e.g. Philpotts and Philpotts 2007; Wiegand et al. 2017). In the present work, the sites interpreted as conduit
lithofacies display mean degree of anisotropy slightly higher than in the lava flows, contradicting the data presented by
Cafion-Tapia and Raposo (2017) at Sdo Marcos city, approximately 60 km west of Mato Perso area. They found smaller
degrees of anisotropy in banded vitrophyres than in silicic lava flows. One explanation for this kind of variation is that low
degree of anisotropy in evidently deformed magma is experimentally justified in situations where the deformation was taken

place at high temperatures or in a complex deformation regime (Cafion-Tapia and Pinkerton 2000).

Sites like ITO1 and MS2 yielded high dispersion of the susceptibility axes data, showing similarities with the banded
vitrophyres of Sdo Marcos (e.g. Cafidn-Tapia and Raposo, 2017). Considering field and petrographic data, this random
orientation of the magnetic fabric may be result of very complex magmatic flow patterns, as the intense folding resembling
the mixture of two liquids (e.g. Ottino, 1989) or because of severe post-magmatic changes in magnetic minerals (Hrouda
1985; Raposo 2011). Re-arrangement of the magnetic fabric in the conduit margins should be carried by separation of the
flow in different domains of fragment and vesicle contents and in parts of constriction or compression of magma. These
changes in stress conditions within the moving magma generating several phases of folding are also causes to explain the

high dispersion of Kmax, Kmin and Kint.

In conduit sites where the susceptibility axes have more defined clusters, the orientations of k. are near-horizontal (CM4,
MS3), suggesting flat-lying movement of magma along vertical to oblique conduits (Fig. 13). In the case of CM4, complex
folding perpendicular to the main banding scatter the orientation of the susceptibility axes, but steeply inclined k.x parallel
to the banding measured in field can be found where thick vitrophyre bands are not folded. This is indicative that the
magma flow also had a complex structural control, moving vertically only in some locations. In site MS3 there are no

individual specimens with vertical knax, suggesting predominant flat-lying flow.

The obstruction of the main magmatic flow by cm- to meter sized fragments (~ 20 — 50%) should be ascribed to the
variation of magma flow during segregation different flow domains. The more often presence of these features near the
conduit margins suggests that the flow was not uniform and was probably much more complex than in tabular dykes or sills.
The mixing of oxidized and non-oxidized magma towards the boarders of the outcrops reveals a flow domain where magma
is stretched, folded and the banding changes the direction vertiginously (Figs. 8e, 10c and 11j). Fold patterns observed in
the photomicrography of Figure 11j, for example, demonstrate how two parallel flow bands may present horizontal,

vertical and oblique banding through polyclinal folding during mixing.
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Figure 13 Oriented models of field structures and K.« directions in conduit outcrops (CM4, MS3 and MS2)

4.1.2 Lava flows

Silicic lava flows and domes may display near-vertical ky,, axes (Cafion-Tapia and Castro 2004), steeply inclined kmay and
kmax-Kint planes (McPhie et al. 2008), may also exhibit fabric zoning with steep Knax Near the conduit zone and flat Kpmax in
the boarders of the flow (Zavada et al. 2009) or tilting of the original structures by collapse (Pueyo Anchuela et al. 2014).
The rheological homogeneity of the sampled lava flows permitted us to use the magnetic foliations and Ky directions
directly to interpret the magmatic flow. The flat-lying disposal of the magnetic foliation in lavas indicate dominant
horizontal magmatic flow in sites CM1,2, 3, 5 and IT02 (Fig. 14). Where the flow seems to be laminar and the amygdales
display flattened shapes, the shape parameters P and T define oblate ellipsoids. Prolate types are also present and in these

cases they are explained by zones of more intense stretching, near the core of the flow.

Site CM1 is a good example of how the magnetic fabric behaves in the emplacement of a structurally-controlled lava flow.
The magmatic flow represented by the magnetic lineation is parallel to the NW-SE and NE-SW arms of the flow, with Kip,
pointing to SW (Fig. 14). In sites CM2, 3 and 5 Kpax is also clustered dipping to NW and SW. The site ITO2 has the same
kind of distribution of the anisotropy axes, but with k¢ pointing to the south. Another interesting feature of this site is the

prevalence of oblate magnetic fabrics (Fig. 6), assigned to a possible laminar lava flow.

In site MS1 the knax is also flat-lying, but the girdle of ki, and kyax plane forming a prolate shape and the abundance of
specimens giving prolate ellipsoids (Fig. 6) indicate that the flow could be channelized, flowing according NW-SE. This is
reinforced by the fact that cooling joints recognized in the field are in the outer portions of the flow, confining it according
to this NW trend. The oblique cluster of ki, together with the Ky« girdle plane in site MS4 indicate that magmatic flow
dips ~30° to SE, being parallel to the flat cooling joints observed in the field. Even with a small statistic number of 7 sites,

we can estimate that the silicic lavas flowed dominantly trending NW-SE or NE-SW.
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Figure 14 Oriented models of field structures, Knax-Kmin plane and Knq directions in lava flow outcrops (CM1, MS1 and
MS4)

4.2 Transport properties and implications on magma flow
4.2.1 Initial magmatic viscosity

The rheological properties of magma depend on temperature, bulk composition, pressure, phase assemblage, particle size
and shape distribution, spatial arrangement of particles (structure) and shear rate (Lesher & Sphera 2015). To complete the
interpretation of structural and magnetic fabric data we must consider the factors influencing the magma flow, so the
transport properties need to be constrained. In both conduits and lavas we used magmatic temperatures around 1000°C to
calculate viscosity. Values obtained are maximum dry Viscosities nmaxry) Of ~ 6.6 log Pa s and minimum viscosities in more

hydrous conditions npmin(1.3H20%) Of ~ 3.8 log Pas.

We confronted our data with the experimental investigation of Whittington et al. (2009), where rhyolitic and andesitic
magmas compositions are compared. For hydrous melts, at their respective magmatic temperatures, dacites and andesites
have similar viscosities. To quantify the importance of crystallinity effect on viscosity, we used the Einstein-Roscoe
equation (Einstein 1906, 1911; Roscoe 1952): 1, = nmi/fmert = (1 - / §o) >, where § is crystallinity in volume fraction, ¢y is
the maximum packing fraction (assumed as 0.6, value recommended for magmas in Marsh 1981) and r is the ratio of the
mixture (melt+crystals) viscosity, nmix, to the melt viscosity, nmerr. The viscosity increases at ~19% for 5 vol.% of crystals,
used for the Mato Perso conduit and lavas. For Jaquirana vitrophyres we used 0.2 vol.%, which increased the viscosity
values in <1% (Fig. 15). With that we assume that low crystal content of the studied samples influenced irrelevantly for

raising up the magma viscosity.
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Figure 15 — Water versus viscosity plot with calculated viscosities npmei; (red dots) and nmix (blue dots) compared with the
viscosity paths of crystallizing hydrous magmas of Whittington et al. (2009). The heavy dashed line represents the andesite
at 1050°C differentiating to dacitic liquid plus crystals, delimited by the shaded field, with the upper line representing 40
vol.% of crystals

The water content estimated for rhyodacites in Palmas-type magmas are around 2 wt.% (Garland et al. 1995) or, more
precisely, between 0.1 and 2.6 wt.% (Polo et al., 2017) and for the studied areas we are working with a maximum of 1.3
wt.%. This initial dissolved H,O value give a nmi, that overlaps the andesite curve at 1050°C, indicating the similar initial

viscosities of the rhyodacites and andesitic melts, which is a favorable argument for their sheet-like geometry.

In terms of suspensions contained in the silicic magma, the key parameters controlling the rheological behavior of a bubble
suspension are the melt phase viscosity o, the capillary number Ca, the dynamic capillary number Cd and the relaxation
time (Mader et al. 2013). These variables depend on features that could not be experimentally measured, like bubble
relaxation time, shear strain rate and tension surface of the bubble-liquid interface. Even though, we observe that most parts
of the lava flows resemble monodisperse suspensions, because vesicles and amygdales range little in size and distribution.
Limited interaction between bubbles in these portions suggest relative steadiness (low Cd) in the flow. Shear strain rates or
the radius of spherical undeformed bubble (o)) values should be large to contrast with the low po and give high Ca. So we

expect flow regimes with both Ca and Cd controlled mainly by the initial liquid viscosity.

The central portion of the postulated conduits is similar in bubble content to the lava flows, but display much more stretched
vesicles. In the outer portions, where fragments reach more than 50% of vesicles, the viscosity and flow regime were
strongly dependent on the response of bubbles to shear rates. In these cases, strain shear rate, bubble relaxation and the

bubble content itself had an important control on viscosity, increasing the calculated initial liquid viscosity.
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4.2.2 Flow domains and viscosity paths

In the path from margins to the core of conduits, the magma mixing structures and stretching of unconsolidated oxidized
vitrophyre fragments must also increase the viscosity of initial melts, but not as much as in the conduit margins, because the
fragments are less frequent. To the center of the flow, where we stablished nmaxry) Of ~ 6.6 log Pa s and nymin(1.3H200) Of ~ 3.8
log Pa s, there is a domain where black obsidian is vertically structured, do not present fragments or mixing features. This
portion is where the magma could flow with more freedom at near-magmatic viscosity. The distribution of vesicles,
breccias and quartz veinlets in conduit systems is also horizontally profiled: more vesicles and breccias are features of the
outermost parts and scarce in the conduit cores. Quartz veinlets constitute discrete stockworks in the margins, while in the

center of the conduits the quartz veinlets are near-parallel to the magmatic flow (see Fig. 8d in detail).

In lavas, the absence of fragments and basal breccias in the sampled sites suggest that low viscosity suppressed the shear in
the base, and the high temperature inhibited the transition from ductile to fragile conditions impeding base of the flow to
break, such as in the base of some silicic lavas (e.g. Smith 1996; Tuffen et al. 2013) or basaltic/andesitic ‘a’a lavas (e.g.
Harris et al., 2017). Vesicles are heterogeneously disposed, having tube or spherical morphologies, but remaining at low
contents (up to 2%) throughout the main body of the lava flow. Quartz veinlets are almost absent, in exception of some
expositions with the development of flat-lying microfractured textures, which can be very late comparing with syn-
emplacement structures. An important feature that should increase the melt viscosity in subaerial setting is the
crystallization of microlites in the groundmass (as in Figs. 10h and 11k). Even so, the crystallization of < 2 vol.% of
clinopyroxene, Fe-Ti oxides and calcic plagioclase microlites must increase the relative water content in the magma, as

expected in retrograde boiling, thus keeping the viscosity at low values.

4.3 Tectonic setting and the emplacement of silicic lava in the southern Parana-Etendeka LIP

Unraveling the plumbing system of silicic magmas in large igneous provinces is a still evolving matter, principally in the
Parana-Etendeka LIP. Dyke swarms located within the Parana Basin or intruding Precambrian crust in the Brazilian coast
are dominantly composed of mafic magma (basalt, andesi-basalt in composition). Silicic dykes are less common among the
intrusive terms. An example is in the Floriandpolis dyke swarm, where they are described as ~ 70 - 80 m thick porphyritic
vitrophyre dykes trending NNE-SSW and NNW-SSE (Marteleto et al. 2015). Composite dykes with basaltic andesite
diabases mingled with rhyodacite also occur (Tomazzoli and Lima 2006). The intrusive silicic magmatism in the south of
the basin is represented by one occurrence of ~ 1 m thick rhyodacite dyke in the Praia Grande — Cambara do Sul profile
(Piccirillo et al. 1988).

The age of the silicic volcanism of ~134 Ma (Pinto et al. 2010; Janasi et al. 2011) and the position of these units in the top
of the volcanic pile are evidences that it was the final magmatic manifestations prior to the Gondwana break-up (Renne et
al., 1992, 1996; Turner et al., 1994; Bryan et al., 2002). This pre-rift setting (e.g. Stica et al. 2014) was ruled by extensional
tectonics (Hawkesworth et al. 1999), thermal influence of anomalously underlying mantle (Quintas et al. 1999;
Hawkesworth et al. 2000; Solomon et al. 2017) and reactivation of older Precambrian structures, which forms the shape of
the NE-SW coastline in south Brazil (see Figs 1, 2). Glen et al. (1997) obtained AMS data in 31 sites of basalt and diabase

in Namibia and 21 basalt flows in Brazil. Both flows and sills yielded magmatic flow directions (=kn.) to NE-SW and
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minor to NW-SE, suggesting prevolcanic rifting, with magma flowing parallel to the rift. NW-SE and NE-SW trends are
also the main directions of mapped conduit occurrences, magmatic banding measured in the field and analyzed magnetic
fabric in silicic conduits and lavas (e.g. Candn-Tapia and Raposo 2017; Guimaraes et al. 2017; Simdes et al. 2017, this
study). This scenario of stretched crust with opening and closure of spaces in pre-existent faults is favorable for magmas
positioned in the mantle-crust boundaries to ascend and reach the surface.

The Parana-Etendeka LIP was generated, at least in part, because the continental lithosphere had been thinned in response to
regional tectonics (Hawkesworth et al. 1999). High heat flux through the continental crust, generally associated with mantle
plumes, is a critical mechanism for voluminous melting (e.g. Condie 2001) maintaining high temperatures in open
magmatic reservoirs. In the other hand, mantle plumes may not be necessary for voluminous melting if it takes place in
specific extensional regimes (e.g. Foulger 2010; 2017). This type of storage system is way more effective in magma
transport than confined ones, where magma is kept stored in the crust for long times and reach high crystallization degrees
(Parfitt and Wilson, 2008). In a petrological point of view, the Palmas-type magmas derivate from low pressure
fractionation of low-Ti basalt magmas with some crust assimilation, increasing the Sr and Nd isotopic ratios (Peate et al.
1989; Garland et al. 1995) and were ponded at shallow depths, in pressure conditions inferior to 5 kbar (Garland et al. 1995;
Polo et al. 2017). The path between shallow crust and surface modelled as an extensional and pulsatory-fed system in which
the magma rises more easily through reactivation of fault zones attends well to the observed features, suggesting complex

ascending magma flow in the conduits.

The plumbing system, maintained in high temperatures, is the ideal source for these high-temperature silicic lava flows. A
constant source of mantle heat can keep fractionating basalt and andesite to form this hot silicic magma, inhibiting
crystallization and the association of OH" radicals to form hydrous minerals. This constant generation and rapid access to
the surface can explain the large volume of silicic magma in south Parana-Etendeka LIP and also why the flows kept their
low viscosity and run so long to form extensive lava units (e.g. Hausback 1987; Henry et al. 1990; Henry and Wolff 1992;
Pankhurst et al. 2011; Tuffen et al. 2013), as the effect of high temperature also seen in extreme extensive lavas at Mercury

(e.g. Vetere et al. 2017), for example.

CONCLUSIONS

In the southern Parana-Etendeka LIP, a large volume of silicic lava flows are the final stages of the Cretaceous volcanism
prior to the Gondwana break-up. We have described vitrophyre units comprised by brecciated, banded and folded
lithofacies, mapped as NW-SE to NE-SW trending structures and interpreted them as conduit systems. Measured banding in
the field also trends NW-SE and NE-SW, as the inferred magma flow directions obtained by AMS technique for conduits
and lavas. The distinction between conduits and lavas is found in both field structures, microscopic textures and in the
orientation of the magnetic fabric. Conduits have a greater dispersion of the AMS data and may have flat-lying or locally
vertical kmax, but the complexity of rheological behavior throughout the conduits have partitioned these systems in different
magma flow domains. In the lavas, horizontal k. values coupled with horizontal magnetic foliations are a common pattern.
High-temperatures, low viscosity and water contents between 1 — 2 wt.% are explained by a constant high-temperature
storage system, linked to a reservoir ponded at the crust-mantle boundary through faults and are the reason why the silicic

magma did not explode, depositing as effusive lava flows.
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Supplementary Material — Individual speciment measures of shape and directional AMS parameters.

Mean AMS parameters

Mean anisotropy axes

Specimen Km P Pj T Kldec/inc K2dec/inc K3dec/inc
Site CM1

CM1A1 33719.25 1.022 1.023 -0.481 107.3/16.1 14.5/9.5 255/71.2
CM1A2 33002.54 1.015 1.016 -0.704 99/15.1 347.5/53.7 198.8/32.1
CM1B1 28813.97 1.025 1.027 -0.601 103.8/26 202.7/17.7 323.2/57.8
CM1B2 28457.1 1.019 1.02 -0.566 109.5/32.7 12.6/10.5 267.1/55.2
CM1C1 36389.29 1.029 1.032 -0.779 124.9/2.5 34/20.2 221.7/69.6
CM1C2 38067.48 1.041 1.044 -0.668 130.7/7.6 37.8/20.5 240/68
CM1D1 28487.1 1.016 1.016 -0.334 295.8/13.1 34.2/32.4 186.8/54.5
CM1D2 27825.35 1.016 1.016 -0.105 297.1/16.2 44.8/46.3 193.3/39.2
CM1E1 31920.33 1.021 1.021 0.097 120.4/5.4 26.8/33.2 218.5/56.2
CM1E2 27647.42 1.016 1.016 -0.421 113.9/10.9 14.8/39.4 216.5/48.5
CM1E3 26163.09 1.02 1.021 -0.278 306.4/2.2 38.2/39.3 213.7/50.6
CM1F1 26297.38 1.021 1.022 -0.355 118.6/0.2 28.6/14.8 209.2/75.2
CM1G1 37829.57 1.093 1.093 0.031 301.2/6.9 209/17.4 52/71.2
CM1G2 39417.71 1.075 1.077 0.368 305.8/1.7 215.2/20.4 40.3/69.6
CM1G3 40061.93 1.087 1.088 0.114 304.1/16.7 208.5/17.7 74.8/65.2
CM1G4 38460.11 1.093 1.093 0.045 301.4/18.8 203.6/21.6 68.7/60.7
CM1H1 38473.54 1.077 1.077 0.007 136.3/0.6 226.7/34.1 45.4/55.9
CM1J1 44722.54 1.023 1.024 -0.565 145.7/40.6 262.6/27.8 15.8/36.8
CM1K1 34820.12 1.06 1.061 0.285 145.4/8 237.9/17.3 31.5/70.8
CM1K2 31936.62 1.075 1.076 -0.247 317.4/0.1 227.4/5.8 48.4/84.2
CM1L1 41719.46 1.049 1.052 -0.572 310.5/12.7 213.6/28.2 62.1/58.6
CM1M1 39735.16 1.093 1.097 -0.515 322.6/3.5 230.4/31.6 58.3/58.2
CM1M2 36576.57 1.099 1.103 -0.507 318.1/6.2 223.7/35.4 56.7/53.9
CM1N1 35195.09 1.143 1.143 0.087 324.8/3.2 234.1/11.4 70.4/78.2
CM1N2 34239.56 1.162 1.164 -0.309 145.5/3.2 235.8/4.7 21.5/84.3
CN1Q1 40256.98 1.102 1.102 0.057 359.1/3 267.3/30.4 94.2/59.4
CN1Q2 37768.21 1.113 1.113 0.068 178.1/1.5 268.8/27.6 85.2/62.4
CN1Q3 30479.43 1.159 1.159 0.067 172.1/3.9 264.6/33.1 76.1/56.6
CM1R1 40143.73 1.057 1.06 -0.561 167.4/2.9 259.8/40.1 74/49.7
CM1R2 41664.85 1.04 1.042 -0.466 173.5/2.6 265.6/39.2 80.3/50.7
CM1S1 35923.68 1.029 1.029 -0.089 178.3/8 274.3/36.7 77.9/52.1
CM1S2 44648.45 1.024 1.025 0.266 166/0.1 256.1/41.8 75.8/48.2
CM1T1 33711.2 1.037 1.039 -0.667 180.4/23.8 292.6/40.5 68.6/40.1
CM1T2 38541.15 1.022 1.023 -0.46 169.6/1.8 261/38.2 77.3/51.7
CM1W1 25650.19 1.057 1.058 -0.262 1.8/7.9 257.1/61.4 96/27.3
CM1AX1 23104.99 1.044 1.045 -0.23 36.5/2.4 306.4/1 194.7/87.4
CM1Y1 26969.51 1.043 1.043 -0.199 356.5/20 255.9/26.7 118.7/55.7
CmM1z1 25017.86 1.087 1.093 0.637 230.9/46 346.8/22.9 94.1/35.1
CM1AAl 20643.25 1.048 1.048 0.151 355.5/11.1 246.8/58.6 91.8/28.9
CM1AB1 44385 1.019 1.02 0.629 267.5/30.9 151.8/36 26.2/38.7
CM1AB2 41292.5 1.017 1.017 0.219 113.6/2.9 210.3/66.6 22.4/23.2
CM1AC1 34028.79 1.149 1.15 -0.113 296.6/0.7 31.8/82.2 206.5/7.8
CM1AD1 26675.24 1.091 1.096 -0.547 178.5/18.8 293.5/51.3 76/32.4
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CM1AE1 25250.94 1.088 1.096 -0.739 153.7/1.6 244.1/14.4 57.3/75.5
CM1AE2 31371.7 1.121 1.125 -0.406 338.4/11 239/40.2 80.7/47.8
CM1AF1 28640.67 1.016 1.016 0.385 8.1/15.3 263.5/42.8 113/43.2
CM1AF2 26941.53 1.012 1.012 -0.118 13.9/16.4 275.3/27 131.7/57.7
Mean AMS parameters Mean anisotropy axes
Specimen Km P Pj T Kldec/inc K2dec/inc k3decl/inc
CM1AG1 34108.39 1.013 1.014 0.548 260.1/27.3  354.8/9.1 101.5/61
CM1AG2 25121.1 1.015 1.015 0.266 329.5/10.4 234.8/23.9  81.2/63.7
CM1AH1 40628.61 1.071 1.071 -0.165 166.7/11.2 261.6/23.4 53/63.7
CM1AJ1 36135.01 1.071 1.075 -0.576 151.6/7.2  58.7/22.1 258.6/66.6
CM1AK1 44134.28 1.109 1.111 -0.306 326/1.7 235.5/18.2 61.1/71.7
CM1AL1 44570.86 1.05 1.057 0.949  248.7/0.5 338.9/16 157174
CM1AN1 31163.35 1.012 1.013 0.599 68.4/12.4  336.7/7.4 216.5/75.4
CM1AN2 27444.78 1.016 1.016 0.259 68.5/9.7  338.2/1.8 237.6/80.1
CM1AN3 24727.97 1.015 1.015 -0.021 40.8/3 130.8/0.2 224.7/87
CM1A01 41324.68 1.043 1.044 0.369  46.1/13.4  316.1/0.2 225.3/76.6
CM1A02 37606.11 1.044 1.046 0.516 31.2/9.2 121.6/2.1 224.2/80.5
CM1AO3 40147.25 1.053 1.053 0.24 60.1/11.2 150.2/0.5 242.8/78.8
CM1AP1 46359.06 1.06 1.062 0.353 60/10.4 329.1/5 213.8/78.5
CM1AP2 47598.68 1.061 1.062 0.359  65.9/10.9 334.8/6 216.3/77.5
CM1AQ1 33631.68 1.02 1.022 0.787 158.5/3.6 248.6/0.8 351.1/86.3
CM1AR1 42488.86 1.043 1.044 0.37 55.2/1 325.2/2 173/87.8
CM1AT1 40569.31 1.046 1.048 0.454 87.7/0.8 357.6/9 183/80.9
CM1AT2 38770.09 1.061 1.07 0.93 10.7/10.8 279.9/4 169.8/78.5
CM1AT3 39488.02 1.053 1.055 0.459 75.5/2.5 345/11.5 177.4/78.2
CM1AT4 34416.02 1.048 1.052 0.716 31/28.4 122.2/2.3 216.4/61.5
CM1AUl 38481.13 1.035 1.036 0.317 358.7/27.6 100.3/21 222.4/54.1
CM1AU2 40275.76 1.042 1.043 0.277 185.7/1.2 275.7/0.1 12.2/88.8
CM1AV1 3733354 1.051 1.052 -0.199 214/0.8 123.9/6.3 311/83.6
CM1AV2 33073.41 1.035 1.035 0.132 16.1/3.5 285.8/5.8 136.8/83.2
CM1AW1 34919.86 1.139 1.139 -0.108  336.1/7.5 67.3/8.5 205.5/78.6
CM1AW?2 34310.27 1.153 1.155 0.248 3.9/25 94/2.3 227.2/86.6
CM1AW3 36913.47 1.038 1.04 0.556  345.5/1.4  255.4/3.7  96.6/86.1
CM1AX1 39387.39 1.107 1.108 0.176 194.3/0.9 284.5/7.3  97.1/82.7
CM1AX2 37709.2 1.11 1.111 0.175 28/4.2 297.7/3.7 166.6/84.4
CM1AX3 39045.26 1.087 1.087 -0.008 201.4/11.5 292.7/6.2  50.6/76.9
Site CM2
CM2A1 36450.53 1.027 1.029 0.721 52.5/12 314.5/33.1 159.7/54.3
CM2B1 7.275.325 1.018 1.019 0.623 74.7/6.7 343.5/10.7 196/77.3
CM2C1 34790.09 1.017 1.017 0.203 302.1/19.6 35.2/8.5 147.3/68.5
CM2E1 39612.83 1.013 1.014 -0.457 322.2/16.8 226/19.8  89.5/63.6
CM2G1 32069.23 1.012 1.012 0.162 281.1/16.9 12.7/5 118.7/72.3
CM2H1 23738.15 1.011 1.011 -0.399 293.2/254  32.1/18.1 153.8/58
CcmM211 21713.62 1.016 1.016 -0.126  285.2/25.8 22.2/14.1 138.1/60.1
CM2J1 22021.05 1.012 1.012 0.213 293.1/26.8  31.5/16.2 149.3/58
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Site CM3

CM3D1 5.289.104 1.006 1.006 0.243 147.2/28.4 281.2/52.1 44/22.9
CM3E1 6.217.712 1.008 1.008 0.376 210.9/11.2 60.2/77.2  302.1/6.1
CM3F1 6.172.902 1.005 1.005 -0.155 166.1/0.8 256.2/4.8 66.8/85.1
CM3G1 6.184.016 1.003 1.004 0.834  319.2/2.5 49.5/7.8 211.5/81.9
CM3H1 5.603.602 1.007 1.008 0.593 343.5/10.2 250.6/15.6 105.4/71.2
CM3I1 4728.48 1.009 1.009 0.168 234.6/13.8  326.2/6.7 81.4/74.6
CM3J1 5.059.994 1.007 1.007 -0.455 197.1/9.7 106.4/4.5 351.8/79.3
CM3K1 7.059.831 1.017 1.017 0.019  230.8/1.4  320.9/4.4 123.3/85.4

Mean AMS parameters Mean anisotropy axes

Specimen Km P Pj T Kldec/inc  K2decl/inc k3dec/inc
Site CM4

CM4A1 4.765.285 1.007 1.024 1.025 38.1/50.3  50.3/165.6 165.6/26.8
CM4A2 2.280.576 1.01 1.016 1.016 82/30.5 30.5/341 341/18
CM4A3 10054.05 1.009 1.041 1.044 48/46.9 46.9/192.3 192.3/37.2
CM4B1 1.837.278 1.008 1.026 1.026  285.2/43.5 43.5/77.9 77.9/43.1
CM4B2 1.897.785 1.009 1.025 1.025 286/51.2 51.2/99 99/38.5
CM4B3 1.864.472 1.008 1.025 1.025 292.9/43.1 43.1/85.5 85.5/43.5
CM4C1 4.057.205 1.023 1.038 1.038  152.4/18.7 18.7/50.5 50.5/31.4
CM4C2 4103458 1.028 1.039 1.04 147.5/25.2 25.2/43.5 43.5/27.2
CM4C3 13117.14 1.02 1.044 1.044 152.2/16.4 16.4/51 51/33.5
CM4C4 14116.61 1.018 1.038 1.038 155.7/20.2 20.2/54.9 54.9/27.1
CM4D1 13175.06 1.019 1.042 1.042 159.8/9.4 9.4/62.5 62.5/37.6
CM4D2 20692.18 1.022  1.036 1.036 164.2/16.3 16.3/62.7 62.7/34.4
CM4D3 2.511.765 1.032 1.036 1.04 131.5/26 26/30 30/22.2
CM4D4 4.340.832 1.023 1.046 1.046 139.7/15.2 15.2/40.6 40.6/30.1
CM4E1 12229.21 1.021 1.033 1.033 166/14.5 14.5/60.4 60.4/46.1
CM4E2 15800.73 1.016 1.029 1.029 150.2/31.2 31.2/37.2 37.2/32.7
CM4F1 6.833.871  1.023  1.039 1.039 151.8/25.5 25.5/51.3 51.3/20.8
CM4F2 16562.69 1.016 1.034 1.034 154.8/26.7 26.7/51.2 51.2/24.9
CM4F3 4349.26 1.022 1.033 1.034 162.3/23.2 23.2/62.8 62.8/21.1
CM4G1 9.431.038 1.011 1.015 1.016 160.4/10.6 10.6/55.5 55.5/54
CM4G2 8.992.896 1.009 1.013 1.013 157.4/16.1 16.1/45.5 45.5/52.3
CM4G3 11214.2 1.006 1.016 1.016 149.2/24.1 24.1/13.2 13.2/58.1
CM4G4 8.470.593 1.008 1.016 1.016  154.9/19.8 19.8/47 47/40.4
CM4H1 1.785.614 1.015 1.019 1.02 159.4/24.6 24.6/351.7 351.7/64.9
CM4H2 1.822.961 1.017 1.018 1.02 160.9/18.5 18.5/328.1 328.1/71
CM4H3 1.343.997 1.03 1.036 1.039 159.5/15.8 15.8/33.1 33.1/64.5
CM4H4 1.517.891 1.023 1.029 1.031 161.4/21 21/22.8 22.8/62.9
CM411 1.324.082 1.015 1.02 1.021 306.8/72.5 72.5/92.1 92.1/14.5
CM412 1.179.528 1.013 1.02 1.02 321.3/74.3 74.3/79.3 79.3/7.5
CM4J1 2.301.019 1.008 1.025 1.025 265.4/3.8 3.8/8.5 8.5/73.6
CM4J2 1.641.438 1.007 1.018 1.018 278.7/8 8/37.4 37.4/73.6
CM4J3 1.837.362 1.008 1.023 1.023 268.1/5.2 5.2/15.2 15.2/72.7
CM4K1 16126.16 1.001 1.005 1.005 161.7/8.6 8.6/256 256/26
CM4K2 17768.52 1.001 1.005 1.005 148.1/0.4 0.4/238.1 238.1/12.3
CM4K3 12756.4 1.006 1.015 1.015 146.9/11.4 11.4/238.2 238.2/6.3
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Mean AMS parameters

Mean anisotropy axes

Specimen Km P Pj T Kldec/inc  K2decl/inc k3dec/inc
Site CM5

CM5A1 34159.17 1.024 1.024 0.205 84.6/6.6 174.8/1.8 280.3/83.2
CM5A2 32539.99 1.017 1.017 0.393 241.9/0.8 151.7/7.5 338.1/82.5
CM5B1 36107.71 1.04 1.041 0.404 232.1/16.1 141/3.7 38.3/73.4
CM5B2 31728.36 1.014 1.014 -0.007 234.3/27.6 139/10 31/60.4
CM5B3 37275.31 1.03 1.03 0.216  232.2/13.1 140.7/6.4 25.3/75.4
CM5C1 37699.38 1.026 1.027 0.329 260.2/14.8 168.8/5.3 59.6/74.2
CM5C2 31471.67 1.031 1.031 -0.098  240.9/21.4 139.9/26 5.3/55.2
CM5D1 39027.05 1.03 1.031 0.503 65.9/3.1 156.2/6.2 309.8/83.1
CM5D2 34263.88 1.033 1.033 0.149 56.3/0.1  146.3/13.2 326/76.8
CM5E1 37282.68 1.031 1.032 0.452 238.1/2.4 147.7/9.1 342.6/80.6
CM5E2 33745.89 1.026 1.026 -0.158  230.7/13.9 139.5/4.8 30.8/75.2
CM5F1 25192.64 1.008 1.008 0.323  212.6/12.3 304/6.3 60.4/76.1
CM5F2 29036.89 1.014 1.014 0.527 212.7/20.1  117.6/13.6 355.7/65.3
CM5G1 27539.58 1.008 1.008 0.314  220.4/29.5 312.6/4 49.6/60.2
CM5G2 29000.15 1.008 1.008 0.514 233/28 141.4/3 45.8/61.8
CM5H1 31773.72 1.008 1.009 0.742 242.4/11.8 150.2/10.5 19.4/74.1
CM5H1 31802.31 1.008 1.009 0.785  240.8/10.4 149/9.8 16.7/75.6
CM5J1 36723.63 1.03 1.031 0.461 97.9/3 187.9/1.2 299.9/86.8
CM5I1 37846.4 1.029 1.031 0.675 91/8.3 182.2/8.1 316/78.3
Site MS01

MS1A1 14173.01 1.006 1.006 -0.512 239.1/15 141.7/25.4 356.6/59.9
MS1A2 13413.18 1.006 1.006 -0.526 244.6/3.8 152.3/30.9 341/58.9
MS1A3 10871.92 1.006 1.006 -0.476 237.7/11 144.1/18.1 357.5/68.6
MS1B1 14175.63 1.005 1.006 -0.826 236.4/2.5 146.2/4.9 353.3/84.5
MS1B2 11375.51 1.007 1.008 -0.492 238.3/7.4 146.3/14.4 354.9/73.8
MS1B3 11692.83 1.005 1.005 -0.57 239/4.5 146.9/25.3 338.5/64.2
MS1C1 20456.93 1.005 1.005 -0.485 244.9/0.3  154.2/68.1 335/21.9
MS1C2 21904.88 1.005 1.005 -0.781 254.5/8.2 162.3/14.7 12.9/73.1
MS1C3 18852.63 1.005 1.005 -0.535  245.5/10.9 64.5/79.1 155.4/0.2
MS1C4 21510.76 1.003 1.003 -0.428 244/7.6 140.4/60.5 338.1/28.3
MS1C5 20152.78 1.004 1.004 -0.52 72.4/2.3  165.9/56.5 340.9/33.4
MS1D1 13786.08 1.005 1.005 -0.379 104/21.6 203.8/23.2 335.8/57.4
MS1D1 13609.65 1.008 1.008 -0.281 46.4/15.4  163.4/58.7 308.5/26.5
MS1D2 13067.12 1.007 1.008 -0.611 45.2/3.1 137.7/40 311.5/49.9
MS1D3 14488.18 1.009 1.01 -0.507 39/9.5 140.7/50.5 301.5/37.9
MS1D4 13398.64 1.007 1.007 -0.544 46.8/11.9 157/58.6 310.2/28.6
MS1D5 14115.28 1.007 1.008 -0.647 40.2/6.5  140.9/58.2 306.3/30.9
MS1E1 20026.97 1.006 1.006 -0.293 237/0.2 146.9/38.6 327.3/51.4
MS1E2 17887.45 1.007 1.007 -0.251 237.4/1.7 147/11.7 335.6/78.1
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Mean AMS parameters

Mean anisotropy axes

Specimen Km P Pj T Kldec/inc K2dec/inc k3dec/inc
Site MS02

MS2A1 34073.79 1.063 1.066 -0.474 33.4/9.5  293.9/44.6 132.7/43.8
MS2A2 34716.22 1.08 1.088 -0.784 30.7/1.5 120.8/2.6 270.5/87
MS2B1 41559.05 1.044 1.046 -0.515 30.3/51.1 134.4/11.1 232.8/36.7
MS2B2 40688.95 1.036 1.039 -0.689 32.7/55.9 268.9/20.7 168.4/25.9
MS2B3 34850.23 1.047 1.048 -0.164 23.4/55.3 135/14.3 233.8/30.9
MS2C1 35784.96 1.037 1.037 0.182 110.9/57.6 314.8/30.1 218.5/10.8
MS2C2 41150.38 1.04 1.04 0.063 102.1/69  323.1/16.2 229.2/13.1
MS2C3 32759.58 1.039 1.039 0.133 103.6/58.9 321.4/25.5 223.2/16.6
MS2D1 37366.37 1.02 1.021 0.64 121.4/25.1  356.7/50.6 226/28.2
MS2D2 39215.18 1.026 1.029 0.867 105.8/36.2 350/30.7 231.7/38.7
MS2E1 43795.63 1.016 1.016 0.244 347.2/54.7 160.1/35.1 252.5/3.3
MS2E2 41497.11 1.005 1.005 -0.014 63.6/42.1 255.5/47.3 159/6
MS2E3 37145.13 1.042 1.045 -0.691 344.4/14.3 76.8/9.1 198.2/72.9
MS2E4 37203.61 1.011 1.011 -0.092 318/32.9 146.7/56.8 50.6/4
MS2F1 29959.9 1.038 1.038 0.085 298.1/1.5  207.3/29.3 30.7/60.7
MS2F2 23187.22 1.033 1.034 -0.343 124.9/9.9 217/12.1 356.7/74.2
MS2G1 29393.32 1.065 1.065 0.037  123.6/17.7 29.7/12 267.4/68.4
MS2G2 32280.84 1.068 1.068 -0.137  132.9/12.3 38/21.4 250.9/65
MS2G3 32529.55 1.077 1.078 -0.101  141.4/21.1 42.8/21.2 272/59.3
MS2H1 37129.7 1.065 1.065 -0.009 133.1/17.9 36.2/20.4 261.1/62.3
MS211 36590.51 1.056 1.057 0.232 241.7/28.5 23.5/55.3 141.6/18
MS212 39762.18 1.053 1.055 0.418 47.4/8.1 291.3/72.2 139.7/15.8
MS2I3 36946.74 1.051 1.052 0.337 34.6/31.4 261.5/48.2 140.8/24.6
MS2J1 34121.66 1.041 1.042 04 179.5/33.2 328.6/52.7 79.3/15.1
MS2J2 33705.18 1.034 1.036 -0.524 162.6/34 294.2/44.6 53.2/26.2
MS2J3 34155.82 1.052 1.053 -0.194  137.5/25.6  233.9/13.1 348.4/60.8
MS-2 35829.57 1.012 1.014 0.769 340/0 70.1/38.7 250/51.3



915

Mean AMS parameters

Mean anisotropy axes

Specimen Km P Pj T Kldec/inc K2dec/inc k3decl/inc
Site ITO1

ITIAL 32427.75 1.005 1.005 0.645 86.3/31.8 182.4/9.7 287.3/56.4
ITLA2 32241.13 1.004 1.004 -0.514 262.7/27 115.2/58.9 0.2/14.3
IT1A3 36059.43 1.004 1.004 -0.378  87.8/36.1 239.5/50.3 347.2/14.1
IT1A4 32932.67 1.003 1.003 0.611 128.2/10.9 229.5/45.7 28.1/42.3
IT1B1 33316.46 1.021 1.022 -0.357 319.9/62.1 124.8/27.1 218/6.2
IT1B2 57150.43 1.017 1.019 0.747 290.9/12.3 63.7/72.2 198.1/12.7
IT1B3 54482.76 1.017 1.017 0.252 87/61.3 312/21.2 214.5/18.5
IT1B4 51344.53 1.022 1.022 -0.068 284.8/29.7 74.3/56.5 186.6/14.1
IT1C1 46249.71 1.015 1.015 -0.011 17.1/37.3 119.1/15.2 227.1/48.7
IT1C2 50015.54 1.015 1.016 -0.526 357.5/25.6 133.2/56.2 257.2/20.5
IT1C3 46887.55 1.01 1.01 -0.045  38.7/37.5 300.2/10.9 196.7/50.4
IT1C4 34371.26 1.011 1.011 -0.193 253.7/12.8 163.1/2.8 60.8/76.9
ITiD1 34386.75 1.031 1.031 -0.122 344.6/82.8 94.8/2.5 185.1/6.8
IT1D2 40321.45 1.035 1.035 -0.228 19.3/75.5 278.2/2.9 187.5/14.2
IT1D3 36409.63 1.034 1.035 -0.246 359/79 97.7/1.7 188/10.9
ITIEL 29395.55 1.064 1.072 0.895 315.8/58.9 119.4/30.1  213.6/7.3
ITIE2 28710.29 1.058 1.064 0.791 302.8/44.6 118.6/45.3 210.7/2.1
IT1IF1 41152.26 1.039 1.039 0.195 122/57 338.6/27.5 239.6/16.8
IT1F2 43856.05 1.032 1.033 -0.069 141.3/69.7 341/19.2  248.8/6.3
IT1G1 39173.48 1.012 1.013 -0.56 320.7/66.2 83.5/13.4 178.3/19.2
IT1G2 41569.6 1.014 1.014 -0.119 322/63.1 81.4/14.0 177.3/22.5
Site ITO2

IT2A1 23035.08 1.019 1.02 0.489 114.5/21.4 24.4/0.2 293.9/68.6
IT2A2 32764.08 1.021 1.021 0.389 85.4/17.1 178.8/10.9 299.9/69.6
IT2A3 24586.45 1.021 1.022 0.356 75/16.6  169.3/14.3 298/67.8
IT2A4 24270.48 1.022 1.023 0.697 83/18.3 175.7/8 288.3/69.9
IT2B1 29734.85 1.018 1.018 0.248 203.5/29.6 294.9/2.6 29.5/60.3
IT2B2 23707.96 1.02 1.02 0.098 187.1/27.2 285.8/16.3 43.2/57.6
IT2C2 18989.42 1.018 1.019 0.714 173.2/0 83.2/15.5 263.3/74.5
IT2C3 22111.46 1.017 1.018 0.688 153.1/4.8 62.3/10.4 267.5/78.5
IT2D1 21527.5 1.019 1.02 0.556 65.4/3.8 155.7/4.9 297.4/83.8
IT2D2 23351.97 1.02 1.022 0.786 204.3/1.6 294.4/1.8 72.9/87.6
IT2D3 21652.27 1.017 1.018 0.463 197.5/1.1 107.4/5 299.9/84.8
IT2EL 21541.34 1.019 1.021 0.868 206.8/9.4 115.6/7.1 349.2/78.2
IT2C1 18786.25 1.018 1.019 0.453 145.6/0.6 55.5/11.3 238.7/78.6
IT2E2 23161.03 1.02 1.021 0.629 57.2/2.7 147.9/13.1 315.9/76.6
IT2F1 30643.16 1.018 1.018 0.093 28.5/0.1 298.5/17.1 118.8/72.9
IT2F2 25910.78 1.015 1.016 0.768 231.2/0.3 321.3/10.6 139.9/79.4
IT2F3 25587.12 1.018 1.018 0.44 25.9/6 294.4/14.4 138.1/74.4
IT2F4 26173.02 1.017 1.017 0.157 205.6/0.8 295.9/18.1 113.2/71.8
IT2G1 20669.62 1.015 1.015 0.349 314.1/3.7 44.8/11.2 206.3/78.2
IT2G2 19231.25 1.027 1.027 -0.054 336.3/5.4 67.5/11.7 221.9/77
IT2G3 29876.47 1.018 1.019 0.625 89.8/6.7 358.7/8.7 216.9/79
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Mean AMS parameters

Mean anisotropy axes

Specimen Km P Pj T Kldec/inc K2dec/inc K3dec/inc
Site MS03

MS3A1l 34445.25 1.09 1.09 -0.056 268.7/16.9 169.7/27.1  26.9/57.3
MS3A2 35358.76  1.085 1.085 0.008 270.9/15.6 174.1/23.3 31.9/61.5
MS3A3 31875.65 1.082 1.083 0.126 273.1/13.7 177/23.5  30.8/62.4
MS3B1 27215.02 1.071 1.073 -0.394 229.1/15.6 322/10.4 84.3/71.1
MS3B2 31778.56  1.078 1.079 -0.358  227.1/9.8 318.5/8 87/77.3
MS3B3 3042451 1.074 1.075 -0.242 224.4/13.4  315.2/3.3 59/76.2
MS3C1 29932.84 1.073 1.073 -0.107 266/23.3 357/2.2  92.2/66.6
MS3C2 2952759  1.073 1.074 -0.077 265.4/23.9 173.9/3.4  76.2/65.8
MS3C3 29611.79  1.073 1.073 -0.186 266/27.1  174.8/2.3  80.2/62.8
MS3C4 27712.68  1.073 1.073 -0.045 264.7/18.2 174.1/19  78.3/71.7
MS3D1 32739.46  1.045 1.046 -0.28  105.9/6.4 200.3/34.4 6.7/54.8
MS3D2 31713.81  1.047 1.047 -0.265  108.7/0.5 199.1/40 18/50
MS3D3 32940.19 1.042 1.044 -0.457  284.3/0.9 193.7/31 15.7/59
MS3E1 42667.19  1.043 1.044 0.299 274.9/11.3 170.8/50.9 13.5/36.8
MS3E2 46383.89  1.034 1.034 0.203 262/29.8 151.5/31.4  25.5/43.9
MS3E3 40085.79  1.037 1.038 0.41 265.7/19.2 159.3/39  15.9/44.8
MS3E4 4534251  1.032 1.033 0.282 271.9/23.5 165.2/33.4  29.9/47.2
MS3F1 41651.81 1.031 1.031 -0.048  86.1/18.2 293.5/69.7 179/8.7
MS3F2 42296.93  1.042 1.042 -0.014  89.6/13.6 243.6/75  358.1/6.3
Site MS04

MS4C1 13283.51  1.008 1.008 -0.048 58/23.6 202.1/61.6 321.4/14.8
MS4C2 14426.79  1.012 1.012 -0.666 39/23.9 148.2/36.5 283.7/43.9
MS4C3 1244435  1.009 1.009 -0.466  50.8/20.4 160.7/42.5 302.3/40.5
MS4D1 23184.76  1.008 1.009 -0.608  79.7/20.3 173/8.9 285.4/67.7
MS4D2 23266.74 1.011 1.012 -0.646  78.6/21.3 342/16.5 217.3/62.5
MS4D3 20926.15 1.014 1.014 -0.544  75.6/18.5  342.3/9.6 226.3/69
MS4D4 22197.52 1.01 1.011 -0.894  73.4/17.3 176.7/36.6 323/48.2
MS4E1 104194  1.006 1.007 -0.726  61.1/20.2 174.6/47.3 315.7/35.7
MS4E2 17843.54 1.011 1.012 -0.783 65.1/5.8 318.3/70.7 157/18.3
MS4E3 18149.16  1.011 1.012 -0.563  234.5/2.3 143.7/19 331.2/70.8
MS4E4 7.834.659  1.006 1.006 -0.034 48.8/7.7 144.3/35.5 308.2/53.4
MS4F1 16708.53  1.005 1.005 0.218 173.8/36.8 271/9.4  13.1/51.6
MS4F2 17142.33  1.008 1.008 0.124 229.3/19.2 128.1/29.2 347.9/54
MS4F3 18773.58  1.007 1.007 -0.333 159.4/17.2 258.2/26.4  39.9/57.8
MS4G1 22271.38  1.009 1.009 -0.427 176.8/31.3  74.8/18.9 318.5/52.3
MS4G2 26301  1.005 1.005 -0.094 173.9/46.2 308.7/34  56.2/24.1
MS4G3 20619.76  1.008 1.009 0.885 124.9/34.2 232.4/23.9 349.8/46.1
MS4G4 24099.47  1.005 1.006 0.12 213.7/38.4 102.3/24.7 348.3/41.5
MS4H1 17092.18  1.005 1.005 -0.184 197.9/28 94.8/23 331.4/52.3
MS4H2 15736.57 1.004 1.004 -0.287 214.3/46.7 92.2/26.6 344.5/31.3
MS411 22419.76  1.008 1.008 -0.055 111.1/40 288.8/50 20.1/1.1
MS412 20142.28 1.006 1.006 0.072 113.3/28.1 231.8/41.7 1.1/35.3
MS413 21516.8  1.007 1.007 0.202 112/36.5 242.3/41.2 359.4/27.5
MS4J1 26239.25 1.006 1.006 0.415 231.6/8.3 140.5/7.4 9.1/78.9
MS4J2 24057.37  1.009 1.009 0.193 244.9/17.6 141.6/36 356/48.6
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Abstract

Low-Ti silicic volcanism of the Parana-Etendeka large igneous province (LIP) is composed of flat-lying lavas
associated to the underlying flood basalts. Conduit-related and lava-related lithofacies architecture was previously
recognized in three study areas (from west to east: Mato Perso, MP; Sdo Marcos, SM; and Jaquirana-Cambara do
Sul, JC). Silicic rocks are hemi-crystalline, containing <10% of plagioclase+pyroxene+Fe-Ti oxides+apatitetsanidine
phenocrysts and microlites. We present geochemical characterization, trace element modelling and estimations of
temperature, pressure, H,O content and viscosity, using mineral chemistry and whole-rock geochemical data. Mineral
compositions change from west to east, with calcic plagioclases and less ferric pyroxenes at MP and SM. JC have
sodic plagioclases plus sanidine, and more ferric pyroxenes. Whole-rock composition of metaluminous dacites display
fractional crystallization trend with the silicic glassy groundmass. Mass balance between basaltic andesite parental
magmas and dacites yielded good fits for 40-50% of fractionation using ~50% of plagioclase, 30-40% of
clinopyroxene, ~15-20% of titanomagnetite +7-10% of sanidine. Silicic rocks have trace and rare earth element
patterns close to underlying basaltic andesites, being only slightly enriched. Assimilation plus fractional crystallization
modelling gave good fits at 20-40% of basalt andesite fractionantion and 20-80% peraluminous granites and
orthogneiss assimilation. Difference in trace element geochemical features, like Zr/Nb ratios are ascribed to variation
in mantle-derived sources and assimilants. Temperatures around ~950-1100°C dominate in the three areas, in both
plagioclase microphenocrysts and microlites, indicating high temperatures at emplacement. Water contents from 0.5-
1.3 wt.%, decrease calculated viscosities from ~10° to 10° Pa s. Paleopressures for clinopyroxene crystallization are
compatible to a reservoir at the mantle-crust boundary. The magmatism evolution is explained by extensional
tectonics, where the necking of the continental crust decreased the distance between the reservoir and the surface,
causing progressively more efficient magma transport. Silicic magmas evolved from basaltic andesites, lost volatile
pressure within the conduits and erupted as lava flows. No pyroclastic material was massively ejected to the
atmosphere. The effusive character of silicic eruptions helped to avoid great climate changes and mass extinction in

Cretaceous.

Keywords: Large Igneous Province; storage; conduit; Parana-Etendeka; plate tectonics
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Introduction

Large igneous provinces (LIPs) are dominated by thick, laterally extensive basaltic flows, sills, dykes and their
equivalent plutonic intrusions with some reaching volumes greater than 10° km?® (e.g. Coffin and Eldholm, 1994;
Condie, 2001). The rapid and large extrusion of high-temperature magmas is proposed to be triggered in several
settings: mantle plumes (e.g. Condie, 2001; Campbell, 2005), crustal delamination and melting of dry eclogite
(e.g. Anderson, 2005), meteorite impacts (e.g. Jones, 2005) and distributed crustal extension (e.g. Foulguer,
2010, 2017). Major Phanerozoic LIPs have many differences regarding their eruptive products, stratigraphical
framework and even correlation with large mass extinction episodes (e.g. Jones et al., 2016). Almost of them
were erupted prior or during the Gondwana break-up, and some were developed during the extensional regimes
that led to the formation of the North, Central and South Atlantic Ocean (e.g. Buiter and Torsvik, 2014; Svensen
et al., 2017; Will and Frimmel, 2018).

In continental intraplate settings, upwelling mantle and decompression makes melting likely to occur (Wilson,
1989; Condie, 1997; Parfit and Wilson, 2008). The initial phases of volcanism generate picritic lavas in some
provinces, as registered in Afar, Deccan and Karoo (e.g. Krishnamurthy, 1977; Natali et al., 2011; Kamenetsky
et al., 2016) or may generate more primitive olivine-phyric basalts, as seen in the Parana-Etendeka Province,
where they were emplaced as compound and ponded pahoehoe flows (Jerram et al., 1999; Barreto et al., 2014;
Rossetti et al., 2014, 2017). As seen in the Brazilian side of the Parana-Etendeka LIP, the following products are
more evolved lavas as basaltic andesites, forming wide sheet pahoehoe and rubbly pahoehoe lava flow fields
(Waichel et al., 2012; Barreto et al., 2014; Rossetti et al., 2014; Rossetti et al., 2017).

Some LIPs display interleaved units of, or are covered by, silicic volcanic rocks (Eldholm et al., 1989; Sheth,
2007; Bryan and Ernst, 2008) which may reach >10* km3 in volume (Bryan et al., 2002), being formed mostly of
pyroclastic density current deposits and/or lava flows (Bryan et al., 2010). Silicic compositions from Phanerozoic
LIPs are similar in mineralogic composition, displaying dacitic to rhyolitic magmas with plagioclase, pyroxene, Ti-
magnetitetilmenitetsanidinetquartz and accessories as apatitetzircontbaddeleyite (Bellieni et al., 1984, 1986;
Comin-Chiaramonti, 1988, Garland et al., 1995, Muzio et al., 2009, Kirstein et al., 2000; Janasi et al., 2011, Ellis
et al., 2013; Natali et al., 2011; Sheth et al., 2012; Sheth and Pande, 2014).

The southern Parana-Etendeka LIP comprises a thick sequence with ~1,200 m of exposed volcanic pile with
basalt-basaltic andesite lava fields overlain by a 15 x 103 km2 area of dominantly flat-lying silicic lava flows (e.g.
Henry and Wolf, 1992; Umann et al., 2001; Lima et al., 2012; 2018, Polo and Janasi, 2014; Simdes et al., 2017),
locally displaying associated volcaniclastic and sedimentary volcanogenic sediments (Polo and Janasi., 2014;
Riccomini et al., 2015). Despite the source of silicic units in the southern Parana-Etendeka LIP have been
proposed to be at the African counterpart of the LIP, travelling more than 300 km as pyroclastic density currents
(e.g. Milner et al., 1995; Bryan et al., 2010), studies of magnetic fabric using anisotropy of magnetic susceptibility
(AMS) in lava flows (e.g. Cafion-Tapia and Raposo, 2017, Guimaraes et al., 2017) and the proposal of inferred
silicic feeder conduits for the overlying lava flows in Rio Grande do Sul state(e.g. Lima et al., 2018) re-opened
the discussion of the location of magma sources. The feeder conduits are exposed along 15-25 m in width
structures and expose processes of fragmentation, deformation and intrusion of oxidized and non-oxidized silicic

magma (Lima et al., 2012, 2018). The conduit zones are limited by faults dominantly trending NE- and NW-,
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occurring south of the NE- trending Antas lineament, a structure that is parallel to the Precambrian basement

older structures.

In the present work we present a study in three areas of outcropping silicic lava flows and related feeder
conduits at northeast of Rio Grande do Sul, southern Brazil. In each area we selected samples to obtain a set of
mineral and whole-rock chemical analysis for geochemical characterization and geochemical modelling of open-
system fractional crystallization and assimilation with fractional crystallization (AFC). A brief discussion about the
possible sources of silicic melts is given. Then we calculate transport properties (temperature, pressure, H,O
content and viscosity) and make a tectonic setting review to build a model of low-Ti silicic lava emplacement

during the early stages of Gondwana continental break-up.

1.1 Architecture of the southern Parana-Etendeka LIP in South America

The Parana-Etendeka LIP occupies an area of 917,000+15,000 km2 (Frank et al., 2009) of which 90% is located
in South America and 10% is in Africa (Fig. 1a), being above the aeolian sedimentary rocks of Botucatu and Etjo
formations. In South America, the Parana-Etendeka LIP comprises a 1700 m-thick association of tholeiitic
magmas (Melfi et al., 1988), with basaltic to intermediate lavas, dykes and sills prevalent (97.5% of total volume)

over silicic units (2.5%).

In a regional scale, the distribution of the Parana-Etendeka LIP volcanic rocks is made by the classification of
mafic and silicic volcanics based in their TiO, content (e.g. Bellieni et al. 1984; Peate et al. 1992). In the case of
the silicic rocks, the ones presenting high-Ti (TiO,>2 wt.%) are called Chapec6-type magmas (Peate et al.
1992): porphyritic trachytes with up to ~ 25 vol.% of crystals, exposed in the northern portion of the basin,
between the NW-SE trending Ponta Grossa arch and the Torres structural valley (Fig. 1b). In the southern
portion, where the studied areas outcrop, the low-Ti (TiO,<2 wt.%) rocks are dacites and rhyolites with less than
~10 vol.% of phenocrysts, called Palmas-type magmas. Parts of the plumbing system for basaltic and silicic low-
and high-Ti lavas in southern Brazil are represented by the NW-SE trending Ponta Grossa and the NE-SW
trending Santa Catarina and S&o Paulo dyke swarms (e.g. Raposo 1997; 1998, 2017; Florisbal et al. 2014).

South of the Torres valley, the volcanic units of southern Parana-Etendeka LIP are represented by the Serra
Geral Group and, in southern Brazil, they cover the Aeolian strata of Botucatu Formation (Waichel et al., 2007)
and have chemically more primitive compound and simple pahoehoe basaltic flows in the base, represented by
the Torres Formation (Rossetti et al., 2017). Vertically stacked sheet-like rubbly pahoehoe basaltic flows of Vale
do Sol Formation cover the compound flows and represents the more voluminous basalt lava unit. The silicic
volcanics cover these basalt flows and are ascribed to the Palmas Formation. The last volcanic manifestations in
the area are the compound and simple oxidized basaltic flows of the Esmeralda Formation (Rossetti et al.,
2017).

Silica saturated tholeiite and olivine tholeiite diabase dikes and sills occur striking NE-SE when cutting the
sedimentary units of Parand basin and NW-SE when cutting the lava flows (Sarmento et al., 2017). The
postulated conduit systems for silicic lavas were described to the south of a curved NE- trending structure called

Antas Lineament. This structure is parallel to the main regional structures, like NE-SW trending Precambrian
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Porto Alegre Suture (Fernandes et al., 1995) or younger faults cutting the basin as Le&o and Acotea faults
(Zalan et al., 1991).

Further, towards the south of the LIP, a small area (3.2 km3) of peraluminous dacitic lavas with cordierite,
orthopyroxene, plagioclase and ilmenite as liquidus phases (Vieira 1985; Vieira and Roisenberg 1985) occurs in
the Jaguardo region. It contains abundant basement xenoliths and is located near to major shear zones of

Neoproterozoic age that may have been reactivated during Early Cretaceous (Comin-Chiaramonti et al., 2010).

In southern Uruguay, Mesozoic volcanics lie in a system of faulted basement blocks trending ~N60°E (Kirstein et
al. 2000). The silicic types are distinguished by two main groups of feldspar-phyric and quartz-phyric rocks
(Kirstein et al. 2000; 2001). Muzio et al. (2009) described lava flows and pyroclastic deposits of the Arequita
Formation, disposed along the N20°E India Muerta Lineament, an important tectonic control of the magmatic
evolution in Laguna Merin Basin. The mafic Santa Lucia type has OIB signatures with high Nb/La and Treinta Y
Trés is broadly similar to the low-Ti Gramado lavas (Kirstein et al. 2000). Felsic rocks are dacites to rhyolites
from Lavalleja Series (high Ti/Zr and Nb/Y, higher Sr and Nd isotope ratios) and Aigta Series (high Rb/Sr,
Rb/Ba, and Th).
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Figure 1 — Tectonic setting and location of study areas. (A) Distribution of the Parana-Etendeka volcanism in
Cretaceous (modified from Rapela & Llambias, 1999; Mpodozis & Ramos, 2008). (B) Regional geological map of the
southern Parana-Etendeka province in Brazil with the main structures. The study areas, Mato Perso and Jaquirana-

Cambara do Sul, are located and detailed in figure 3.
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1.2 Lava geochemistry and age of silicic volcanics

Low-Ti and high-Ti silicic magma-types also display marked differences in trace element contents. High-Ti
volcanics are above high-Ti basalts or directly above the Aeolian sediments of Botucatu Formation (Janasi et al.,
2007; 2011; Nardy et al., 2008; Luccheti et al., 2014) and have higher Ba, Nb, La, Ce, Zr (>500 ppm), P, Nd, Y,
Yb, Lu and K, being depleted in Rb, Th and U. Their isotopic composition display low 3'°0 values and ®'Sr/**Sr;
between 0.705 and 0.708 (Peate et al. 1992; Peate 1997; Nardy et al. 2008). Palmas-type volcanics are divided
into Caxias do Sul (0.91%<Ti0,<1.03%, 0.25%<P,05<0.28%), Anita Garibaldi (1.06%<Ti0,<1.25%,
0.32%<P,05<0.36%) and Jacui subtypes (1.05%=<Ti0,<1.16%, 0.28%=<P,0s< 0.31%) and the rhyolites are
divided into Santa Maria (P,0s<0.21%) and Clevelandia (0.21%=<P,0s<0.23%) subtypes (Peate et al., 1992;
Nardy et al., 2008), being characterized by low Zr (<400 ppm), high 5'°0 values and higher ®'Sr/*®Sr, values of
0.714-0.727 (e.g. Garland et al., 1995; Ewart et al., 2004). Crystal chemistry studies indicate dominance of more
sodic plagioclase as andesine in the high-Ti types, together with higher Ti contents in Fe-Ti oxides. Low-Ti lavas
have more calcic plagioclases (labradorite) and lower Ti in the oxides (Bellieni et al., 1988; Garland et al., 1995).
Polo et al. (2017) described plagioclases with An higher than 50 in Caxias do Sul and Barros Cassal dacites and

Santa Maria rhyolites.

Geochronological data and discussions presented by Thiede & Vasconcelos (2010) and Janasi et al. (2011)
suggest a cluster in ~134 Ma for the the high-Ti magmatism in central and northern Parana Basin and also for
Gramado-type low-Ti basaltic flows and for the Esmeralda basaltic lavas, the uppermost unit of the Serra Geral
Group. The emplacement of volcanics of Parana-Etendeka LIP and neighboring areas in Paraguay and
Argentina is consistent with a short duration of ~3 Ma for the building lava pile (Janasi et al. 2011). In the

Etendeka Province paleomagnetic studies recently suggested duration of ~4 Ma (Dodd et al., 2015).

1.3 Geomorphology and geological setting

The northeast portion of Rio Grande do Sul is the highest land of the state, reaching ~1,300 m above the sea
level (Fig. 2). From southwest to northeast, departing from the Jacui river plain, the relief gradually reach
elevations of >1000 m through a horizontal distance of ~150 km. These highlands extend to Santa Catarina
state in the northeast direction, reaching ~1,700 m, and then the relief is gradually decreasing towards the
Atlantic Ocean. From southeast to northwest, departing from coast at the sea-level, we may reach 1,200 m of
elevation following a path of only ~30 km. These highlands gently decrease towards the plains of Parana and
Paraguay rivers at west. The draw of the south Brazilian coast is along NE-trending structures, while more
subtle changes in relief are caused by NW-trending faults. Figure 2 localizes the study areas, namely, Mato
Perso, S&o Marcos and Jaquirana-Cambara do Sul in this context, and we add the information that the contact
between basaltic and silicic units in the LIP is at ~ 400m in Mato Perso, ~750 m in Sdo Marcos and ~850 m in

Jaquirana and Cambara do Sul.

The geological reconnaissance of individual areas reveal banded vitrophyres and breccias from postulated silicic
conduits limited by NW and WNW-trending faults (Fig. 3a,b). Banded vitrophyres display steeply dips of
banding, grading laterally to more gently dips, and are composed of oxidized and non-oxidized vitrophyre bands

of centimeter to meter scale and present fragments with variate vesicle amounts and sizes (e.g. Lima et al.,



172
173
174
175
176
177
178
179
180

181
182
183
184
185
186
187
188
189
190

191

192
193
194

6

2012; 2018; Simdes et al., 2017). The Mato Perso area outcrops in high elevations at Farroupilha, Flores da
Cunha and Caxias do Sul cities. The highlands (>650 m) of Farroupilha and Caxias do Sul expose the felsic
conduit systems which are subtly demoted to ~400-550 m elevations by NE-trending normal faults through the
Antas River, where tabular vitrophyres are again in direct contact with basaltic rubbly pahoehoe flows. In Mato
Perso it was possible to map flat-lying oxidized lava units and dykes underlying flat-lying non-oxidized grey
vitrophyres (Fig. 3a). The inferred conduits cut these oxidized vitrophyres, carrying a lot of oxidized dragged out
fragments, and appear above the flat-lying grey vitrophyres, which in turn, may present red-grey banding on the
base of the flows (Simdes et al., 2018, in press). In Sdo Marcos and Jaquirana-Cambara do Sul these oxidized

lava units were not mapped (Fig. 3b,c), but the fragments are present within the inferred conduits.

Overall, the three areas share lithofacies architecture such as red vesicular, red poorly-vesicular, monomictic
and welded breccias in the margins and grey poorly vesicular and banded vitrophyres in the central parts
(Simdes et al., 2017). The bands are dominantly subvertical (>60°) and thick (~10 cm), grading laterally into thin
(0,2 — 2 cm) flat-lying (<40°) banding marked by intercalation of 2- to 7- cm thick oxidized red colored bands and
grey colored bands. Monomictic breccias occurs in the border of the conduits, are banding-parallel and
composed of -mm to —cm scale angular vesicular oxidized red to brown fragments with sharp edges in seriate
arrangement cemented by calcite and silica. Spherulitic, microfractured, flay-lying coherent vitrophyres and flat-
lying massive obsidian are the subaerial equivalents of the conduits. Flat-lying vitrophyres are ~ 5 - 20 m thick
units with at least 10 kmz2 in area and show flat-lying foliation, pipe vesicles in the base, and spheroidal vesicles
towards the top of the unit, locally presenting basal breccia.

A Jacui river

A Ocean

% Okm Contours
—100 200 300 400 500 600 700 800 — 900

1000 ==1100 == 1200 == 1300

sa "

Figure 2 — Structural arrangement of lineaments in the Rio Grande do Sul state. The base of the map is a shaded
relief surface terrane topographic model and elevation contours in 1:50.000 scale. Locations/basaltic-silicic contact:
MP — Mato Perso/~400 m, SM — S&o Marcos/~750 m, JQ-Jaquirana/~850 m, CM-Cambara do Sul/~ 850 m.
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Figure 3 Geological maps of the studied areas. (A) Mato Perso. (B) Sdo Marcos. (C) Jaquirana - Cambara do Sul.
Banded vitrophyre units in A and B are a simplification of the conduit outcrops, which involve the occurrence of

another lithofacies as breccias and other types of vitrophyre.

2 Methods

Detailed description of outcrops and field relations at the investigated areas are presented by Simfes et al.
(2017, 2018, in press). After the field works, 34 samples were selected for petrographic descriptions and 11 thin
sections (01 lava flow, 01 conduit-vitrophyre of Mato Perso; 02 microfractured, 02 spherulitic and 02 banded
vitrophyres from Jaquirana-Cambara do Sul, 01 banded vitrophyre from S&o Marcos and 02 lava-flow samples
from Cambara do Sul) were polished with diamond paste to use on Scanning Electron Microscope (SEM)
coupled with Energy Dispersive Spectrometer (EDS) and obtain high resolution images and chemical element
maps. Scanning Electron Microscope (SEM) analyses were made in a LS15 Zeiss microscope in the Geological
Survey of Brazil-CPRM laboratory of Belém. A high-vacuum mode (3.0 — 1.5 10 mPa) and a tungsten filament
were used. A 10 um-thick gold pellicle was utilized to cover the polished sections. Backscattered electron
images were obtained with 20 kV, current between 70 and 90 pA, work distance of 8.5 mm and 100 to 500 times
magnification. Chemical maps of the sections were obtained by Energy Dispersive Spectrometry in an Oxford
Instruments X-Act SSD 10mm? detector. Analytical results were obtained with counting rate of 2000 cps and

standardized by energy spectrum patterns from the AZTec (Oxford Instruments) program.

The same thin sections were used for major oxides guantification in plagioclase, sanidine, clinopyroxene, Fe-Ti
oxides and glassy matrix using Electron Probe Micro Analyzer (EPMA). EPMA analyses were carried out in the

University of Brasilia (UnB) in a JEOL JXA-8230 microanalyzer model with five WD (wavelength dispersive) and
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one ED (electron dispersive) spectrometers. The mineral analyses were made with 15 kV current, 20 nA of
acaleration and spot diameter between 5 and 10 micrometers. To avoid the diffusion of elements such Na and K
in glass analyses, the currents were reduced to 10 nA and the beam was defocused to 15 to 20 micrometer

diameter.

The whole-rock composition of 34 volcanic felsic rock samples was determined for comparison between different
sites of conduit systems occurrence and between distinct lithofacies. The whole rock chemical analyses were
made at Acme Analytical Laboratories Ltd., in Vancouver, Canada, using analysis routines 4A and 4B. In the
former, total abundance of main oxides and several minor elements was obtained from 0.2 g of the analyzed
sample by Inductively Coupled Plasma — Emission Spectrometry (ICP-ES) with the detection limit of 0.01% for
SiO,, Al,O3, Fe,03, CaO, MgO, Na,O, K,0, MnO, TiO, and P,Os. In the second one, the results of rare earth
and refractory element were obtained from 0.2 g of analyzed sample by ICP — MS (Mass Spectrometry) with
detection limit of 1 ppm for Ba, Be and Sn, 0.1 ppm for Ce, Cs, Hf, La, Nb, Rb, Ta, U, Y and Zr, 0.2 ppm for Co
and Th, 0.3 ppm for Nd and 0.01-0.05 ppm for Dy, Er, Eu, Gd, Ho, Lu, Pr, Sm, Th, Tm and Yb.

3 Results
3.1 Mineral and glassy groundmass chemistry

Vitrophyre mineralogy is composed of plagioclase (minor sanidine), clinopyroxene and Fe-Ti oxides as
phenocrysts and microphenocrysts immersed in a microlite-rich hemi-crystalline groundmass made by the same
mineral assemblage plus apatite. The totality of samples share general features such plagioclase and pyroxene
microphenocrysts altered to clay minerals, more frequently in their core; in lavas the microphenocrysts have no
preferred orientation but conduit microphenocrysts can be oriented according to the banding. Lava flow units
have far more shape/size developed microlites than banded vitrophyres of inferred conduits. The main textural
differences between the three areas are phenocryst and microphenocryst content (plagioclase, clinopyroxene,
Fe-Ti oxideszsanidine), decreasing from Mato Perso (<10%) to Sdo Marcos (<2%) and Jaquirana-Cambara do
Sul (<1%). Clinopyroxene contents also decrease from Mato Perso and Sao Marcos to Jaquirana-Cambara do
Sul. Microphenocryst size hierarchy is verified in feldspar, pyoxenes and Fe-Ti oxides ranging from larger

crystals in Mato Perso to smaller crystals in Sdo Marcos and even smaller crystals in Jaquirana-Cambar area.

Mineral chemistry was carried out in feldspars, pyroxenes and Fe-Ti oxides using representative samples from
each studied area. For each mineral group we realized 90 spots, presented in appendix A. The characteristics
of each mineral group in the studied areas are present in table 1. In Mato Perso area, due to the larger size of
the crystals, there was the possibility to compare the chemistry of microlites and microphenocrysts (core,
intermediate region and rims, figure 4). However, the very fine-grained microlites from S&o Marcos and
Jaquirana-Cambara do Sul could not be analyzed because their size is smaller than the EPMA spot size, so
these crystals would not give reliable data, some grains are reported as ‘whole-grain’ because the spot area was

near the size of the entire minerals.



254  Table 1 — Main features as size, shape and composition of feldspars, pyroxenes and Fe-Ti oxides for the studied
255 areas.

Feldspars
Area size shape and features composition
Mato Perso 0.5-3mm  microphenocrysts: tabular, euhedal, subhedral. ANso.ga
resorbed, sieve textures, concentric or parallel zoning.
<0.2 mm microlites*: tabular, subhedral. Locally as empty Ansg.s5
laths.
Sao Marcos 0.1-0.8 microphenocrysts: tabular, subhedral, anhedral. Ans;.59
mm
resorbed,
<0.1 mm microlites: tabular, subhedral, anhedral. -
frequently as empty skeleton of disagreggated crysts
Jaquirana- + 0.2 mm microphenocrysts: tabular, subhedral, anhedral. Anzy.ss - Abgy
Cambaré
resorbed, oriented according the banding in
conduits.
<0.1 mm microlites: tabular, subhedral, anhedral. -
Pyroxene
Area size shape composition
Mato Perso 0.2-2mm  microphenocrysts: prismatic, subhedral, euhedral mg#** 11-15
locally resorbed. W030.31ENS35.37-F€rsi.34
<0.2 mm microlites: prismatic to globular, anhedral. -
Séao Marcos <0.1-0.2 microphenocrysts: prismatic, subhedral, anhedral mg#14 (1 spot)
mm
locally resorbed and scarce in some bands of Wo035-ENszg-Fers;
conduits.
<0.1 mm microlites: very fine (< 0.05 mm) globules. mg#13-20
W03,.35-ENS33.46-F€r33 38
Jaquirana- <0.1 mm microphenocrysts: prismatic, subhedral, anhedral mg#11-16
Cambaréd
W031.31-ENS34.45-F€r35.45
<0.1 mm microlites: very fine (< 0.05 mm) globules. -
Fe-Ti oxide
Area size shape composition
Mato Perso 0.5-1mm  microphenocrysts: rhombohedral, euhedral, ulv,.s;
subhedral
<0.2 mm microlites: rhombohedral, subhedral, anhedral
(globular)
Sao Marcos 0.2-0.5 microphenocrysts: rhombohedral, subhedral, ulv,.77
mm anhedral
<0.1 mm microlites: globular, anhedral
Jaquirana- 0.2 mm microphenocrysts: rhombohedral, subhedral, ulvsz sg
Cambaréa anhedral
<0.1 mm microlites: globular, anhedral ulvsg.ao

256
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3.1.1 Feldspars

The main feldspars in the analyzed samples are plagioclases with minor volume of sanidine, the second only
occurring in Jaquirana-Cambara do Sul area. The distinctive features between the study areas are in size, shape
and composition of plagioclases. Complete average compositions for feldspars in each area are present in table
2. In Mato Perso area, the microphenocrysts from both lavas (Fig. 5a) and conduits (Fig. 5b) are subhedral to
euhedral. Lavas have subhedral microlites with ~0.2 mm in size, locally with sieve texture or as empty or
skeleton crystals (Fig. 5c¢). In Sdo Marcos the microphenocrysts have more subhedral and anhedral shapes,
sometimes presenting resorbing textures. A notable feature of lava flow samples near the conduit is the variety
of resorbing features, that in advanced stages leave only the external “skeleton” portion of the microlites. In
Jaquirana-Cambara do Sul the microphenocrysts are also generally subhedral to euhedral with resorbed faces,
and the microlites are tabular and subhedral or anhedral, but do not present much sieving.

As seen in figure 4, plagioclase microphenocrysts in Mato Perso are labradorites ranging from Ans, to Aneg,,
These values are distributed in individual grains with inverse concentric and sector zoning, where An contents
are higher in the crystal rims than in the cores (Fig. 5d). The microlites display more restricted Ansg to Anss (Fig.
4). Valuesare similar to those found in Sdo Marcos, from Ans; to Ansg, and greater than Jaquirana-Cambara do
Sul, where An 3455 andesine dominate. In this area there are also microphenocrysts of sanidine (Orz4.7g) and
oligoclase microlites (Abg,). The K,O content in plagioclases increases from Mato Perso (0.3-0.4 wt.%) and Sdo
Marcos (0.2-0.4 wt.%) to Jaquirana-Cambara do Sul (0.3-1.6 wt,%).

Table 2 — Average feldspar compositions for Mato Perso (n=48), Sdo Marcos (n=16) and Jaquirana-Cambara do Sul

(n=25, 23 plagioclases and 03 sanidines).

plagioclase sanidine
Local MP (48) SM(16) J-C(22) JC(03)
SiO, 53.99 54.01 57.70 58.50
TiO, 0.09 0.06 0.11 0.48
Al,O3 27.29 26.94 24.39 15.48
Fe Oz 1.08 1.06 0.97 0.84
MgO 0.12 0.12 0.07 0.20
CaO 11.69 11.37 8.24 0.57
Na,O 4.46 4.62 5.59 1.96
K,0 0.37 0.35 1.56 11.55
Cr,03 0.02 0.03 0.02 0.03
MnO 0.02 0.02 0.44 6.27
NiO 0.01 0.01 0.02 0.02
V,03 0.01 0.01 0.02 0.06
Cl 0.01 0.01 0.01 0.02
Total 99.17 98.61 99.14 95.98
An 57.91 56.42 40.28 3.21
Ab 39.91 41.50 49.79 19.81
Or 2.18 2.08 9.93 76.98

*MP=Mato perso; SM=Sao Marcos; J-C=Jaquirana-
Cambara
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Figure 4 — Mineral compositions obtained by EPMA analyses in the vitrophyre samples from Mato Perso, Sdo Marcos
and Jaquirana-Cambara do Sul areas. (A) Plagioclase ternary plot showing decreasing of the anorthite component
from Mato Perso to Sdo Marcos and Jaquirana-Cambaré do Sul. (B) Diagram for pyroxene composition showing the
decrease in Wo from Mato Perso to Jaquirana-Cambara do Sul. (C) Fe-Ti oxides ternary plot showing compositional

overlaps between areas.
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3.1.2 Pyroxenes

The average of pyroxene composition in the studied areas is present in table 3. In Mato Perso area they are
subhedral microphenocryst prisms (Fig. 5a,b), appearing as anhedral microlites only in lavas. In the other two
areas, pyroxene microphenocrysts are also subhedral and may be scarce in some samples from S&o Marcos.
Microphenocrysts display subhedral or anhedral shapes, with swallow-tail or resorbed terminations and
microlites are prismatic to globular (Fig. 5e). Compositionally, the analyzed pyroxene microphenocrysts from all
areas are majorly augites, with minor pigeonite and clinoenstatite in samples from Jaquirana-Cambara do Sul
(Fig. 4). They vary from W05 3,EnSas.37Fers; g0 With Mg# (100*Mg®*/Mg?*+Fe®") between 7 and 10 at Mato Perso
(microphenocrysts and microlites) and from Wo0,q.33ENS30.46F€r35.50 With Mg# between 5 and 8 at Sdo Marcos
(microlites) to Wos 31ENnsz, goFerss, 46 With Mg# between 5 and 10 at Jaquirana-Cambara do Sul (microlites and
microphenocrysts). The FeOr contents slightly increases from ~ 11-14 wt% in Mato Perso to 12-19 wt.% in S&o

Marcos and Jaquirana-Cambara do Sul areas.

AT ———
100pum UNB 11/21/2017
15.0kVv COMPO NOR WD 11.2mm 09:20:41

Figure 5 — Microscopic features of the analyzed samples. A,B,C are crossed polarizers photomicrographs. D,E are
back-scattered electron (BSE) images. (A) Porphyritic silicic lava unit of Mato Perso area with clinopyroxene and
plagioclase microphenocrysts embedded in a microlite-rich hemi-crystalline groundmass. (B) Clinopyroxene and
plagioclase microphenocrysts in a banded vitrophyre from inferred conduit at the same area. (C) Resorbed
plagioclase and prismatic clinopyroxene microlites in silicic lava. (D) Zonation of plagioclase microphenocrysts in
banded vitrophyre showing slightly more calcic rim (Ansg) than core (Ansg) and a close crystal with Ans;. (E) Anhedral

elongated clinopyroxene microlite from a banded vitrophyre.
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Table 3 — Average pyroxene compositions for Mato Perso (n=50), Sao Marcos (n=10) and Jaquirana-Cambara do Sul
(n=24). *Fe** as 0.89xFeO"; **Mg# = Mg*'/Fe? +Mg*".

pyroxenes
Local MP SM J-C

(50) (10) (24)
SiO, 51.77 5052 52.25
TiO, 0.55 0.70 0.54
AlLO;  1.66 2.03 1.61
FeO*  10.63 1294 12.82
FeOn 1195 1454  14.12
MgO 1470 1354 15.04
CaO 18.04 16.63 15.79
Na,O  0.25 0.25 0.30
K,0O 0.01 0.01 0.04
Cr,0; 0.03 0.02 0.01
MnO  0.47 0.57 0.50
Total  99.48 98.92  100.40
Mg®"  0.89 0.82 0.91
Fe® * 826 10.06  9.97
Mg# **  9.70 7.60 8.40

Wo 31.41 28.39 27.12
Ens 36.12 37.68  40.88
Fer 33.09 37.69 37.40

3.1.3 Fe-Ti oxides

Fe-Ti oxides are relatively abundant in all analyzed samples and present titanomagnetite composition (Fig. 4). In
the three areas they occur as single microphenocrysts with euhedral rombohedral shapes or in
glomeroporphyritic aggregates and as microlites with globular shape. They show higher values of the ulvospinel
component in the cleavage exsolutions (Fig. 6a) and increasing values from the core to the rims of the crystals
(Fig. 6b), although some grains may present more homogeneous compositions (Fig. 6c). In general, the
analyzed crystals largely overlap, having ulv,.s; in Mato Perso, ulv,77 in S&o Marcos and ulvs.sgmicrophenocryst)s

UlV3e-a2(microlite) IN Jaquirana-Cambara. Al,O5 content in titanomagnetites also overlap from 0.3 wt.% to 3.4 wt.%.

Figure 6 — Chemical composition of Fe-Ti oxides. A is a SEM-EDS compositional map, B and C are BSE images. (A)
High titanium contents near crystal rims following cleavage. (B) Titanomagnetite with ulvospinel component
decreasing from core (ulvsg) to rim (ulvi7.14). (C) Titanomagnetite with regular ulvospinel component contents from

U|V45 to U|V48.
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Table 4 - Average Fe-Ti oxide compositions for Mato Perso (n=19), Sdo Marcos (n=25) and Jaquirana-Cambara do
Sul (n=51). *Fe** as 0.89xFeOr.

Fe-Ti oxides
Local MP (19) SM (25) J-C (51)

TiO, 9.11 9.08 11.59
Al,O 1.24 2.42 2.00
Cr,03 0.05 0.19 0.12
FeOm 75.89 75.65 72.91
MnO 0.50 0.49 0.46
MgO 0.29 0.47 0.81
Total 87.55 88.97 89.59
Ti%* 9.83 9.75 12.44
Fe” 53.96 54.44 51.62
Fe® 40.83 40.55 41.82

3.1.4 Aggregates

Several types of microphenocryst aggregates occur in both conduits and lavas. The most common types show
globular clinopyroxene crystals involving one or two plagioclase laths (Fig. 7a), locally with the plagioclase ‘c’
axis oriented according to the banding, or populations of 4-6 plagioclase crystals involving globular Fe-Ti oxides.
A more rare kind of aggregate is similar to those described by Ellis et al. (2012) at the Snake River ignimbrites
and is composed of 5-10 subhedral clinopyroxene and plagioclase crystals. One of these aggregates in a
banded vitrophyre sample from Mato Perso contains subhedral to anhedral prisms of augite enveloping a silica-
rich groundmass. The augites presented very similar composition, with the enstatite component only variying
between Enszs and Ensgze. A plagioclase crystal, also part of the aggregate display homogeneous composition,

with Ans,, from the core to the rims (Fig.7b).

3.1.5 Glassy groundmass

Despite the average of ~ 1-5% for microphenocryst contents in the silicic vitrophyres, there is a slightly
difference in microlite/glassy groundmass proportions. However, this difference is accented when comparing
conduit and lava flow-related lithofacies. Banded vitrophyres may be almost holohyaline, with few
microphenocrysts parallel to the banding. In general the mm-scale bands are marked by hematite-rich and
hematite-poor zones, which are cross-cut by en-echelon quartz veinlets (Fig. 8a). Variation in hematite content
is responsible by the different response of the vitrophyres to abrasion, making the hematite-rich zones very
difficult to be well-polished (right portion of figure 8b), contrasting with hematite-poor zones, characterized to be
enriched in microcrystalline quartz, giving well-polished surfaces (left portion of figure 8b). In the lava flow units,
which are commonly isotropic, the glassy groundmass volume constitutes approximately 50-70% of the
vitrophyres and it is separated into hematite-rich and hematite-poor patches. These patches may be silica-rich,
white colored in plane-polarized light under the microscope, or hematite-rich, brown colored. This brown colored
glass has a plumose texture with several perlitic fractures in larger or thinner lengths (Fig. 8c, d). Hematite-rich

zones in both conduits and lavas are very difficult to be polished and the EPMA analyses rarely give
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353  considerable results. Thus, we realized most of our analyses in the hematite-poor bands and patches to

354  characterize their chemical composition.

355

356 Figure 7 — (A) Glomeroporphyritic aggregate composed of crossed plagioclase laths and globular clinopyroxene
357  within a microlite-rich hemi-crystalline groundmass. (B) BSE image of a clinopyroxene-plagioclase aggregate with very

358 regular compositions, i.e. plagioclase composed of Ans, and pyroxenes composed of Enszs_ss.

P e = TR

359

360 Figure 8 — Textures of glassy matrix in the analyzed vitrophyres. (A) Banded vitrophyre with different hematite
361  distribution along the bands (uncrossed polarizers). (B) Compositional scanning electron image (SEI) showing black
362  vitrophyre layer with well-polished surface at left and oxidized vitrophyre at right with a poorly-polished surface. (C)
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Different texture patterns in glassy groundmass of lavas. The boarders contoured by the dashed line have a dirty
aspect, suggesting very fine perlitic fracturing, the portion in the center have more spaced perlitic fracturing, noted at
the BSE image of (D).

EMPA analyses of the glassy groundmass were carried out, with an average of ~4 spots per sample and are
available in Appendix A and the average of them in Table 5. An exception was Sdo Marcos area, where only 2
analyses used in one sample of banded vitrophyre were reliable. Despite this, in each area we analyzed both
conduit and lava flows and considered samples with a minimum of 95% and maximum 102% of total oxides. The
results presenting more than 80 wt.% of SiO, complemented by low Na,O and K,O contents were discarded,
considering that the spot have analyzed quartz of devitrified matrix. SiO, contents of the glass range between
64.6 and 86.1 wt.%, this is accompanied by a decrease in CaO contents from 5.9 to 0.15 wt.% and Al,O;
contents from 18.2 to 5.7 wt.%, being chemically similar to the glasses analyzed by Andrade et al. (2017) using
XRD Rietveld-RIR techniques in samples from Barros Cassal, Caxias do Sul and Santa Maria units. FeO
values are between 0.2 and 3.9 wt.%. Na,O+K,O contents vary from 4.2 to 14.1 wt.% and the samples are
classified as dacites, trachydacites (Qnorm>20) and rhyolites (Fig. 9a) in the TAS diagram (LeBas et al., 1986). In
the R1-R2 diagram of De la Roche (1980) they show a wide range from trachyte, quartz latite, dacite, rhyodacite,
rhyolite and alkali rhyolite (Fig. 9b). This high alkali concentration in some spots is evidenced by the trend from
metaluminous field to the peralkaline field (Fig. 9¢) in the A/INK-A/CNK diagram of Shand (1943).

Table 5 - Average glassy groundmass compositions obtained in samples from the three areas (n=44).

glassy
groundmass

n 44

SiO, 76.35
TiO, 0.48
Al,O4 11.62
FeO il
MnO 0.05
MgO 0.13
CaO 1.28
Na,O 2.95
K,0O 5.14
Total 99.51

K,O/Na,O 1.96

3.2 Whole-rock chemistry
3.2.1 Major elements

Whole-rock chemistry was performed in 34 samples (10 from Mato Perso, 12 from Sdo Marcos and 12 from
Cambaréa-Jaquirana) and the results are available in Appendix B. The bulk of samples gave lost on ignition
(LOI) values between 0.8 and 3.2 wt.% with one exception used presenting 4.2 wt.%. The bulk of analyses
yielded SiO, content of 62.6-69.9 wt.% which is accompanied by the increase of TiO, from 0.83 wt.% to 1.06
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wt.%. Na,O+K,O contents of 6.3-7.9 wt.% plotted against SiO, allows the classification of dominantly dacites,
with minor trachydacite (sample GA-03v) in the TAS diagram (Fig. 9d), while in the R;-R, plot they are
rhyodacites with minor rhyolite (Fig. 9e). The main trend within the A/NK-A/CNK plot is the metaluminous, with
exceptions plotting in the peraluminous field (Fig. 9e).
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Figure 9 — (A,B, C) — Classification of glassy groundmass chemistry obtained by EPMA A) TAS plot (Le Bas et al.,
1986) classification as rhyolites, dacites and trachytes (Q<20); (B) R1-R2 plot (De La Roche, 1980) classification as
alkali-rhyolites, rhyolites, rhyodacites, dacites, quartz latites and trachytes.; (C) ANK/ACNK plot of Shand (1940)
showing a trend from metaluminous to peralkaline. (D,E,F) — Classification of whole-rock chemistry with the same
diagrams: (A) Domination of dacites over trachydacite (Q>20) and rhyolite. (B) Domination of rhyodacites over

rhyolite. (F) Metaluminous to slightly peraluminous trend. Symbol legend as in figure 4.

SiO, contents overlap for oxidized (red, as lava units or within the conduits), banded (within the conduits), black
vitrophyre (within the conduits) and grey (lava flow units) vitrophyres. Red vitrophyres have the lowest SiO,
contents (62.6 wt.% in trachydacite, GA-03v) and also the highest (69.9 wt.% in rhyolite, SV-05), whereas other
vitrophyres are dacites and also display more low (~64 wt.%) and high (up to 68 wt.%) values for this oxide (Fig.
9d). This overlap is also a common feature for Fe,O3, MgO, CaO, Na,0, K;O, TiO, and P,0s. In the plots with
major elements against SiO, (Fig. 10), negative correlations occur for Al,O3, MgO, CaO, Na,O, TiO, and FeO),

agreeing with petrographic features showing the fractionation of plagioclase, clinopyroxene and Fe-Ti oxides.



408

409
410

411

412
413
414
415
416
417
418
419
420

421

422

14.5

12.5

3.5

18

e
1 = AlbOs | o | 7 "‘Cao
_: " N
o | -1 L] =
14 ol L
| L]
| .
| R2=0.7693 = R? = 0.0138
5 I I I r Tor—T*~Tr—T1T
NEQG TIDZ
T =]
. =
Y i
\.i-k\- E}
- L m Ci
e R¥=0134
T 1 I 1 1
FeOm o
4 - —
& _
_ g ail
y o 1R'=02054 .=
L3 ¥
R?=0.2633 o » a =
T | T T * T T T T T
62 64 86 68 TO 62 64 65 B8 7O
SiO, Si0,

Figure 10 — Harker diagrams of SiO, against major elements for silicic rocks displaying strong (linear r2>0.5) negative

correlations for Al,O3; and TiO, and less pronounced negative correlations for CaO, Na,O, FeO, and MgO.

To compare the fractionation trends, we plotted whole rock and glass matrix major elements (Al,O3, CaO, MgO

and K,O/Na,O) against silica as differentiator (Fig. 11). Negative correlation is very clear for alumina, mainly

because plagioclases occurs as early phenocrysts and microlites as well as pyroxenes, assuming negative

correlation of CaO and MgO attributed to their fractionation. MgO has almost a bi-modal distribution ranging from

0.8-1.7 in whole-rock and 0.0-0.9 in the groundmass, suggesting a major role of pyroxene phenocrysts and

microlites to Mg?* fractioning, leaving the interstitial liquid depleted in MgO. The K,O/Na,O ratio may be very low

in the groundmass, but in a general way there is a positive correlation, with an increase from ~ 0.6 in whole-rock

to ~3.4 in the glass. Increase of the R1 component and decrease of R2 component (Fig. 9b) and increase of

peralcalinity shown in figure 9c indicate alkali enrichment in the interstitial liquid of the silicic melts.
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Figure 11 — Harker diagrams of SiO, against major elements for silicic whole-rock (black squares) and glassy
groundmass (empty diamonds). Negative correlation is accented for Al,O; and CaO. MgO display a slight gap

between ~0.8 and 0.6 wt.%. K,O/Na,O ratios increase with the differentiator.

3.2.1.1 Mass Balance

The mass balance of Stormer and Nichols (1978) present in the Petrograph 2.0 software (Petrelli et al., 2005)
was made in order to compare the fit of proposed parental magmas for silicic rocks. Calculations are available in

the Appendix C and the chemical compositions used as parental magmas are present in Table 6.

One sample of basalt-andesite from Mato Perso (MP-02; 56.30wt.% of SiO, and 3.4wt.% of MgO) was used as
parental magma to lava silicic samples MS-01 and MS-04 together with conduit silicic samples MS-03a and MS-
05b. The sum of the square of the residuals (Zres?) varied between 0.26 and 0.58, the lowest being MS-03a,
with ~45% of fractionation using assemblage of plagioclase (45%), clinopyroxene (34%) and Ti-magnetite (19%).
For Sdo Marcos we used average values of four samples (GA-14b, GA-22, GA-24, GA-30; av.: 53.8wt.% of SiO,
and 4.9wt.% of MgO) of basaltic andesite extracted from Lima et al. (2012). Silicic final melts were samples GA-
03v (oxidized band), GA-03p (black obsidian band), GA-04, GA-10 and GA-07 (lavas). Zres? values of 0.68-10.2
were obtained for a plagioclase/cpx/Ti-magnetite fractioning assemblage with respective proportions of 47%,
42% and 10% with 60-70% of fractioned total. To model Jaquirana-Cambara area we compiled a sample (SP-
03; 52.2wt.% of SiO, and 4.5wt.% of MgO) from Piccirillo et al. (1988) and added sanidine to the mineral
assemblage. The modelling with samples MS-22 (banded vitrophyre), MS-19a, MS-24, MS-29 (coherent lavas)
and MS-38 (spherulitic lava) assumed a final melts gave Zres® = 0.12-0.52, with 0.1% of sanidine, 52% of

plagioclase, 37% of clinopyroxene and 9% of Ti-magnetite for ~75% of fractionation.

The selected basaltic-andesite samples for rhyodacite parental magmas are in totality from rubbly pahoehoe
flows from Vale do Sol Formation. To test parental magmas from underlying volcanic sequences we chose three

samples in of compound pahoehoe and five samples of ponded pahoehoe flows from Torres Formation in the
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paper of Rossetti et al. (2014). They were tested as parental magmas for samples from Mato Perso, which are
geographically closer. Compound lavas (samples LR-15A, LR-12A and LR-48) are in the base of the sequence,
have average SiO, and MgO contents of 51.4wt.% and 7.9wt.% and gave very poor Ires® near a hundred, at
85% of fractionation. Ponded lavas (LR-02A, LR-04A, LBC-1, LBC-12, LBC-19) with 56.6wt.% of SiO, and
3.9wt.% of MgO gave variable Zres” at ~50% of fractionation, but with the best-fit with Sres®= 1.3 and fractional
assemblage of 51% plagioclase, 34% augite and 13% Ti-magnetite.

3.2.2 Trace and rare earth elements

Some features shared by study areas as Zr<300 ppm, Nb/Y<0.6 and Rb/Zr>0.5 are compatible with Palmas
magma-types (e.g. Peate et al., 1992; Garland et al., 1995) and in the TiO, vs P,0s plot they lie almost entirely
in the Caxias do Sul sub-group field (Fig. 12a). A notable distinguishing feature between Sao Marcos samples
from Mato Perso and Jaquirana-Cambara is their Zr/Nb ratios (Fig.12b), which are smaller in the former (10.4-
11.2) and greater in the other two areas (11.6-13.0). When normalized to Y, another incompatible element, these
distinctive ratios are too observed (Fig. 12c). Slghtly similar behavior of Th was verified against Zr, with S&o
Marcos samples being relatively enriched in this element (Fig. 12d). The Zr/Nb ratio does not correlate with any
major element, as Nb display no similar behavior against neither with Ba, Rb (Fig. 12e), Sr (Fig. 12f), Y, La, Ce,
or the Ba/Sr, La/Yb, Ba/lLa, Zr/Y, Nb/Y, U/Nb, Th/Y ratios.
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Figure 12 — (A) P,Os against TiO, plot with field compiled from Nardy et al. (2008) and Polo and Janasi (2014)
indicating the sub-groups of Palmas-type magmas, namely: Santa Maria (SM), Clevelandia (CL), Caxias do Sul (CS),
Jacui (JC), Anita Garibaldi (AG), Barros Cassal dacites (BCd), Barros Cassal andesites (BCa), Barros Cassal
basaltic-andesites (BCba) and Gramado basalt-andesites (Gb-a), this last compiled from Barreto et al., (2014) and

Rossetti et al. (2014). (B) Nb vs Zr plot showing the composition distinction between S&o Marcos and Mato
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Perso+Jaquirana-Cambara areas. (C) Nb vs Zr normalized by Y plot also displaying a distinct pattern from Sao
Marcos from the other two areas (highlighted by the dashed line). (D) Th against Zr plot showing that Sdo Marcos
samples are slightly more enriched in Th. (E) Rb against Nb plot showing slightly positive correlation, but the behavior

between the three study areas is not much different. (F) Sr against Nb plot showing no significative correlation.

The spider plot of trace elements, normalized to the upper continental crust of Taylor and McLennan (1995),
evidence large ion lithofiles and high-field strenght elements enrichment with Eu negative anomaly, a slight Zr-Hf
negative anomaly and gradational Ti negative anomalies (Fig. 13a). Against the Primitive Mantle of Sun and
McDonough (1989), there is an inclined pattern with well stablished LILE enrichment in relation to HSFE (Fig.
13b) accompanied by Ba, Nb, Sr and Ti negative anomalies together with Th-U positive and Pb variable positive
to negative anomalies. Anomalies of Ba, Sr and Ti can be easily explained by plagioclase and Fe-Ti oxide
fractionation, but Nb, Th-U and Pb anomalies must be related to the parental magma or to crustal contamination.
Rare earth elements also exhibit inclined patterns with slight Eu negative anomaly (Euny/Eupy* = 0.5.-0.6) and
two samples are more enriched in REE (Fig. 13c). In both figures 13a and b it is observable the trace element
and REE patterns of silicic samples very similar and only slightly enriched than those of basaltic andesites from
Vale do Sol formation (extracted from Rossetti et al., 2014).
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Figure 13 — (A) Trace-element spider diagram normalized to the Upper Continental Crust of Taylor and McLennan
(1995). (B) Trace-element spider plot normalized to the Primitive Mantle (PM) of Sun and McDonough (1989). (C)
Rare earth element patterns normalized do the REE chondrite of Boynton (1984). Grey shades are the trace element
composition of Vale do Sol Formation basaltic andesites normalized to the same PM, extracted from Rossetti et al.
(2017).

3.2.2.1 Model of open-system fractional crystallization

Despite that fractional crystallization models have alredy been tested for silicic melts in the Parani-Etendeka LIP
(e.g. Bellieni et al., 1986; Piccirilo et al., 1988; Garland et al., 1995; Ewart et al., 2004), we applied a different
approach using an open-magma chamber model from O’Hara (1977) in an excel spreadsheet (Appendix D).

This model simulates a high-level magma chamber being periodically fed by batches of parental magma. Mixed
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magmas undergo continuous fractional crystallization, leaving a mass fraction of a cumulate (X), a mass fraction
of the original liquid before fractionation (Y) extracted as a lava flow in each cycle and a mass of parental
magma added in each cycle (Z). For this, we selected four samples of Gramado-type andesi-basalts Lima et al.

(2012) and used their average (Table 6) as parental magma.

The rhyodacites display ~3 to ~5 times more Rb, U and K than the chosen parental magma, with the rest of the
elements being 1.5-3 times greater. To run the model we used a solid assemblage with plagioclase (49%),
clinopyroxene (35%), K-feldspar (2%), magnetite (10%), ilmenite (3,5%) and apatite (0.5%). Partition coefficients
(Kg) were compiled from Schnetzler and Philpotts (1970), Leeman (1979), Leeman and Felps (1981), Nash and
Crecraft (1985), Bacon and Druitt (1988), Sisson (1991), Rollinson (1993), Stimac and Hickmott (1994) and
Ewart and Griffin (1994). The concentration of the elements in the erupted lava (Cg°) fits with the composition of
our silicic samples in a range of 40-90% of cumulate left (X) for Ba, Sr, Zr, Rb, Nb, Ta, Th, Hf, and Pb.
Concentrations of Eu, Yb and Lu were achieved only with >90% of X (Fig. 14).

1 ooo-\
; r—— Ba
\- - H 7

100+ — Rb
s Sr — ]
-\ i Th

T

Eu T T T T T T T T
02 03 04 05 06 07 08 09 1.0

X

Figure 14 — Open-system fractional crystallization modelling of trace elements. X is the mass fraction of cumulate left
in the chamber and C,° is the concentration of trace elements in the erupted material. The shaded areas are the range
of X needed to satisfactory values which is from 0.4-0.9 for Ba, Sr, Zr, Rb, Nb, Ta, Th, Hf, and Pb and 0.9-1.0 for Eu,
Yb and Lu.

3.2.2.1 Model of assimilation and fractional crystallization

To model assimilation and fractional crystallization (AFC) for trace elements we used the AFC curves
reproduced by the software Petrograph (version 2.0). Selected parental magmas were sample MP-02a, a
basaltic andesite underlying the silicic volcanics at Mato Perso; the average of four basaltic andesites underlying
the silicic rocks at Sdo Marcos (extracted from Lima et al., 2012); and the average of ponded pahoehoe basaltic
samples from Rossetti et al. (2014) to Jaquirana-Cambara do Sul area. For assimilation, we picked up two

chemically contrasting samples (Table 6). One is an average of Neoproterozoic peraluminous granites from the
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Cordilheira Suite extracted from samples in Philipp et al. (2013). These granites have low Ba, Zr and REE. The
other assimilant is a Paleoproterozoic orthogneiss from Encantadas Complex (sample 19A from Philipp et al.,
2008), with higher contents of trace elements than our volcanic samples.

Ba/La, Zr/La, Zr/Ba, Zr/Nb and Zr/Yb ratios were chosen to run the model because they are trustworthy on
fractionation models and are the most used in literature. As seen in figure 15, the Ba/La, Zr/La, and Zr/Ba ratios
were obtained by 20-40% of crystallization and 20-80% of assimilation of both assimilants, in the exception of
Jaquirana-Cambara. In samples from this area, the Zr/La ratios were of obtained by 60% of crystallization and
20% with assimilation of only peraluminous granites. La/Ba ratios were obtained for only one sample fitting the
model at 20% of assimilation. Zr/Nb ratios were reached by AFC in Sdo Marcos samples at ~40% of
fractionation assimilating peraluminous granites. Zr/Yb ratios of Mato Perso samples did not fit the AFC trend,
while Sdo Marcos and Jaquirana-Cambara yielded similar values of 20% of crystallization plus 20% of

Encantadas Complex orthogneiss assimilation.

Table 6 - Whole-rock composition of averages and samples used in mass balance of major elements and in trace
element modelling. The composition of ‘compound’ and ‘ponded’ are averages of compound and ponded pahoehoe
lavas, extracted from Rossetti et al. (2014). MP-av, GA-av and JC-av are the averages of analyzed silicic rocks,
present in Appendix B. MP-2A is a sample of rubbly pahoehoe basaltic andesite from Mato Perso. GA* is an average
of rubbly pahoehoe basaltic andesites from S&o Marcos, extracted from Lima et al. (2012) and was used as c?inthe
open system modelling of O’Hara (1977) .S3JC is the sample S3 extracted from Piccirilo et al. (1988). The sample
enc-19A, an orthogneiss of the Paleoproterozoic Encantadas Complex, and the average av-C, the average of
peraluminous granites of Cordilheira Suite (from Philipp et al. 2013), are assimilants.

compound ponded MP-av MP-2A  GA-av GA* JC-av S3JC enc- av-C
19A

SiO; 50.12 55.78 66.76 55.3 66.66 52.43 66.43 54.20 67.09 72.54
Al,O3 14.44 14.10 12.85 13.35 12.90 13.67 12.79 14.74 14.19 15.01
FeO, 11.01 10.95 6.17 12.87 6.16 12.53 6.27 11.70 5.47 1.53
MgO 7.73 3.89 1.29 3.36 1.21 4.82 1.40 4.54 1.74 0.45
CaO 9.79 6.76 3.15 6.57 2.94 8.66 2.78 8.77 2.53 1.07
Na,O 1.85 2.73 2.90 2.43 291 2.39 2.78 2.71 3.41 3.62
K,O 1.02 241 3.88 2.23 4.04 1.18 4.00 1.41 3.13 4.46
TiO, 1.09 1.36 0.92 1.69 0.93 1.33 0.94 1.53 0.789 0.16
P,0s 0.15 0.27 0.27 0.25 0.27 0.18 0.27 0.23 0.31 0.14
MnO 0.17 0.15 0.11 0.17 0.11 0.19 0.10 0.17 0.054 0.03
Sum 97.35 98.39 98.28 98.22 98.13 97.39 97.77 100.00 98.71 98.99
LOI 2.33 1.36 1.48 15 1.70 2.38 2.02 - 0.79 0.79
Ba 247.25 574.20 603.25 480 649.42 323.50 614.55 417.00 1480 455.81
Hf - - 6.64 5.8 7.77 4.13 6.67 - - -
Nb 7.50 18.84 19.56 15.5 125.82 12.25 21.58 - 10 11.47
Rb 32.30 85.94 164.35 90.1 53.15 34.80 173.31  47.00 64 277.75
Sr 202.20 267.94 14258 209.5 63.12 239.30 142.25 240.00 - 178.69
Th 3.65 8.30 13.58 9.1 4.01 5.38 13.96 - - -
Zr 103.35 21296 24431 2114 41.20 14575 235.09 156.00 24 15.07
Y 20.55 30.40 41.61 37.3 41.61 28.58 49.70 30.00 109 16.53
La 15.40 34.80 44.63 34.5 44.63 21.75 41.33 26.00 215 33.39
Nd 16.80 33.62 41.73 35 41.73 23.18 41.26 - 12.1 3.29
Eu 1.14 1.68 1.67 1.72 1.67 1.40 1.69 - 8.9 1.99
Yb 2.14 3.02 4.13 3.54 4.13 2.84 4.34 - 0.26 0.14

Lu - - 0.62 0.58 0.62 0.42 0.65 = = =
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Figure 15 — Assimilation and fractional crystallization (AFC) model curves for trace elements. The parental magma for
Mato Perso area is a rubbly pahoehoe basaltic andesite (MP-2A), for Sdo Marcos is an average of four samples of
rubbly pahoehoe basaltic andesites (GA-av.) extracted from Lima et al. (2012) and for Jaquirana-Cambara do Sul
area is an average of ponded pahoehoe flows extracted from Rossetti et al. (2014). The assimilants are: (1) an
average of peraluminous granites with low trace element contents of the Cordilheira Suite, extracted from Philipp et al.
(2013); and (2) a trace element enriched orthogneiss of Encantadas Complex, extracted from Philipp et al. (2008).

Green lines correspond to the green star of peraluminous granites and red lines correspond to the red star of the
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orthogneiss. In the end of the lines are the values of r (rate of assimilation/rate of fractionation by crystallization) and

the best-fit values of F (fractionation degree) are indicated in italic.

3.3 Intensive Parameters
3.3.1 Apatite saturation thermometry

Apatite saturation temperatures were calculated following the model of Harrison & Watson (1984) taking account
that the model is limited by diffusion of phosphorous in the melt and apatite is a common accessory mineral in
the studied vitrophyres. To calculate the variable Inp (P2Osapaite/P2O0smelr), the whole rock P,Os content was used
and the phosphorous partition coefficient was considered as 42 (Prowatke & Klemme, 2006). Calculated
temperatures range from 1015-1073°C in Mato Perso samples, 1059-1112°C in Sdo Marcos and 1005-1109°C
in Jaquirana Cambara. The temperatures should represent the temperature of apatite saturation in the melt.
Since apatites are microlites in the groundmass or inclusions in feldspars, those temperatures are good

estimates for the magma liquidus.

3.3.2 Plagioclase-liquid thermometry

The plagioclase-liquid geothermometry was carried out using the model of Putirka (2005, 2008). This model
requires inputs of mineral chemistry data of plagioclase microphenocrysts and microlites achieving equilibrium
with a melt, which we chose as whole-rock and glass compositions. As the temperature is pressure-dependent,

the constant pressure utilized was 0.1 kbar.

In samples of Mato Perso area (MS-01, 03a, 04, 05b) the plagioclases have Anss s+ 1.0z and yielded calculated
saturation temperature of 1022-1050°C - Kdan.ap=0.08-0.13, in equilibrium with whole-rock chemical composition
(dacites, see table 7). Using glass compositions with 74.61+1.7 SiO, wt.% (rhyolite), the calculated
temperatures decrease to 951-953 °C (Kdan.ab=0.1 £ 0.01), a difference of ~70°C. The sample MS-11 from Séo
Marcos area gave temperatures of 1006 and 1062°C of plagioclase microphenocrysts with Ans;.sg in equilibruium
(Kdan-ap =0.08-0.1) with dacite (68.8 wt.% SiO,) and trachydacite (62.6 wt.% SiO,) and decreases to 913°C when
testing equilibrium (Kdan.ap=0.01) with glass analysis (72-74 wt.% SiO,). For Cambara-Jaquirana area, a banded
vitrophyre (sample PSJ02A) with plagioclase composition of Anj;47 was used with glass compositions ranging
between 65-74 wt.% of SiO,. The glass with the lower SiO, content (red oxidized glass, 65 wt.%) gave a
calculated saturation temperature of 1015°C. High silica glassy matrix with 74 wt.% of SiO, reached equilibrium

with plagioclase under temperatures of 1007°C (Kdan-ab, median 0.06).

A spherulitic vitrophyre (sample MS-38) from the same region have plagioclase with Anges; and yielded average
calculated samples of 931+46 °C for glass composition with SiO, content between 68-88 wt.% (Kdan.ap,=0.01-
0.02) . Very similar temperatures of 929°C - Kdan.ap=0.04-0.05 - were obtained for the same plagioclase crystals
using the whole-rock chemical composition (dacite, 66.04 wt.% of SiO,). The sample MS-50, with plagioclase

compositions of Anygs; together with glass compositions of 69-83 SiO, wt.% gave temperatures of 934172 °C
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(921.8°C median) - Kdan.ap =0.04+0.08 - the same crystals reached equilibrium with the whole rock composition
(dacite, 66.30 wt.% SiO,) in temperatures of 931 °C. Kdan.A,=0.19 + 0.3.

3.3.3 Plagioclase-liquid hygrometer

The H,O content estimates were conducted by the application of the Waters and Lange (2015) model to
samples of known whole-rock chemistry, plagioclase chemistry and plagioclase equilibrium temperature (MS-01,
03a, 04, 05b, MS-11b, MS-38, MS-50 and PSJ02A). For Mato Perso samples we obtained values between 0.7
and 0.8 wt.% of H,O, which are similar to those obtained for Sao Marcos, of 0.4-1.0 wt.%. In Jaquirana-
Cambard, samples MS-38 and MS-50 yielded H,O contents of 0.2-0.5 wt.%, but the higher Ab component in the
sample PSJ02A resulted in water contents between 1.5 and 3.3 wt.%. In general, in the exception of this
sample, the average values for H,O estimated contents are of 1.3+0.3 wt.% for 1 kbar and 931 — 982 °C. When
the water content in our samples is estimated for temperatures of 1000°C the values tend decrease to 0.5+0.2
wt.% (Table 7). Average values of 1.3 wt.% are very close to those obtained by Polo et al. (2017) of ~1.5 wt.%
for their Caxias do Sul dacites at 1000°C. Data obtained by Garland et al. (1995) using the model of Housh &

Luhr (1991) yielded higher minimum temperatures of ~ 2% of H,O in Palmas-type silicic rocks.

3.3.4 Viscosity

Viscosity was calculated with the Giordano et al. (2008) model. This viscometer use calculation based in major
oxides, temperature and water content. We chose to use calculated H,O content values (0.5 and 1.3 wt.%) plus
a “dry” composition for comparison. Viscosities were estimated using apatite saturation temperatures as input.
Mato Perso samples viscosity ranges from 5.7 to 6.2 log Pa s for dry compositions, decreasing to 4.6-5.1 log Pa
s and 3.9-4.3 log Pa s for 0.5 and 1.3 % of H,O, respectively. In Sdo Marcos they are 5.4-6.0, 4.4-4.9 and 3.8-
4.2 log Pa s, while in Jaquirana-Cambara do Sul the values range from 5.2-6.6, 4.5-5.4 and 3.6-4.5 log Pa s
(Appendix B). These values also agree with previous estimation available in the literature (e.g. Milner et al.,
1992, Garland et al., 1995; Simdes et al., 2014; Polo et al., 2017).

3.3.5 Pyroxene composition barometer

Geobarometry is an important tool for predicting crustal depth of formation for a mineral phase. We used the
equation (32a) of Putirka (2008) for calculation, based only on clinopyroxene EPMA analyses because it does
not need a liquid in equilibrium. The calcultated Kd(re.mg) Was of 0.269 in all analyses, for an expected value of
0.27£0.03. The input temperature was of 1150°C (1423.15 K) for all samples/spots and the model yielded
pressure ranges of 1.4-4.6 kbar for Mato Perso CS, 1.1-8.2 kbar in Sdo Marcos, 2.2-9.9 kbar in Jaquirana-
Cambard do Sul. These values are slightly higher than those obtained by semi-quantitative estimates made by
Garland et al. (1995), suggesting pressures of 0.5 — 5 kbar to Palmas-type and 5 — 15 kbar for Chapeco-type
volcanics and with clinopyroxene-liquid estimate data of Polo et al. (2017) with a range of 2 to 4 kbar (Table 7).

By presuming a gradient of 3.5 km/kbar, Mato Perso display the most shallow values from 4-16 km, S&o Marcos
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give depths of 3-28 km and Jaquirana-Cambara do Sul the pyroxenes had crystallized from depths up to ~ 7-34

km.

Table 7 - Intensive parameter data for the studied areas. Temperature is given by whole-rock (WR) and glassy
groundmass (glass) equilibrium with plagioclase, following the model of Putirka (2008). H,O estimates were made by
using 1000°C and chemical composition of plagioclase as input in the model of Waters and Lange (2015).
Geobarometer to calculate pressure of pyroxene formation was the equation 32a from Putirka (2008). *MP=Mato
Perso, SM=Séao Marcos, JC=Jaquirana-Cambara do Sul

Sample(place)* type temp. temp.(glass) H,O Pressure
(WR)°C °C (Wt.%) (kbar)
MS-01 (MP) lava (grey) 1022.1 951-953 0.3-0.8 2.4-4.6
MS-03a (MP) banded 1050 - 0.7-0.8 2.2-35
MS-04 (MP) lava (grey) 1027 - 0.7-0.8 -
MS-05b(MP) banded 1050 - 0.4-08 1.4-41
MS-11 (SM) banded 1006-1062 868 0.4-1.0 1.1-8.2
MS-38(JC) spher. lava 929.7 931.7 0.4 4.8-9.0
MS-50 (JC) lava (oxidized) 934.7 931.8 0.2-0.5 4.6-9.9
PSJ02A(JC) banded 1015.5 1007.5 1.5-3.3 -
MS19B1 (JC) microfractured - - - 2.2-6.6
MS19B2 (JC) microfractured - - - 2.3-6.0
MS51A(JC) lava (banded) - - - 1.4-5.2

4 Discussion
4.1 Textural and compositional variations in the studied areas

Despite very similar in major element composition, the vitrophyres outcropping in the study areas differ in
petrographic features, like microphenocryst content from west to east: Mato Perso, ~5-10%; Sao Marcos, ~<2%;
Jaquirana-Cambara do Sul, <1% - and decrease in volume of pyroxene microphenocrysts, also in this direction.
Microprobe data presented in this study reveal that the anorthite content of plagioclase decreases in this
geographical trend, together with the slightly enrichment of ferrossilite component in augite. Titanium contents in
Ti-magnetite and in pyroxenes largely overlap between the three areas, as well as their glassy matrix

composition.

Plagioclase composition is controlled by temperature, melt composition and melt H,O content (e.g. Humphreys
et al., 2016). In anhydrous melts, the plagioclase composition in equilibrium shifts systematically toward albite
with decreasing temperature (e.g. Bowen, 1913; Kudo and Weill, 1970; Drake, 1976). In hydrous melts, the
shape of the albite-anorthite binary loop in T-X space is broadened and shifted to lower temperature relative to
anhydrous compositions (Kudo and Weill, 1970; Drake, 1976; Johannes, 1984). In our samples the calculated
temperatures using both whole-rock and plagioclase thermometers are very close (Table 6), suggesting a major
The

prevalence of larger and more calcic plagioclase crystals in Mato Perso suggests lower dissolved H,O contents

role of the dissolved water content variation in the magma as controller of plagioclase compositions.

in the melt than the other two areas. In Sdo Marcos, plagioclase compositions are also calcic, but the crystals

tend to be smaller, probable by variation in undercooling degree. In the whole Parana-Etendeka LIP the
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plagioclase solid-solution has distinguished high-Ti silicic magma-types, with compositions up to Ansg, from low-
Ti magma-types, displaying more calcic compositions up to An (Bellieni et al., 1984; 1986; Garland et al. 1995;
Ewart et al., 2004). Calcic plagioclase composition has also been found in Caxias do Sul dacites of Polo et al.
(2017). The results obtained at Jaquirana-Cambara area indicate that Palmas-type/Caxias do Sul sub-type
magmas can also have more sodic plagioclase assembly and tend to present associated sanidine
microphenocrysts.

Fe-Ti oxide compositions suggest that fO, conditions affected only the linear variation of 'Fe** + MFe®* = TFe*" +
MTi** chemical substitution (e.g. Bosi et al., 2008). The variation of Ti and Fe contents is common either in a
single sample, varying from cores to rims of the crystals, for example, and since TiO, values in whole-rock do
not vary too much, these contents appear only to reflect variations in oxygen fugacity during the crystallization.
The presence of aggregates with plagioclase and clinopyroxene displaying very close compositions has been
reported in Barros Cassal-Santa Maria areas in southern Brazil by Polo et al. (2017) and are interpreted to
reflect a magmatic system in which the magma was physically segregated into a number of separate bodies

evolving in parallel prior to eruption (Ellis et al., 2012).

In terms of major element whole-rock composition, the analyzed samples do not vary systematically. This is also
valid when comparing the investigated areas or the different textural and color types. Despite several textures
involving magma mixing patterns, such as polyclinal folds with several folding phases (e.g. Perugini and Poli,
2012) occur in the study areas, this chemical similarity is a favorable argument to postulate there was no mixing
of magmas with accented chemical distinction. Although Na loss during devitrification is a common process in
Caxias do Sul volcanics (e.g. Andrade et al., 2017), the glass compositions do not variate from one area to
another and follow the path of fractional crystallization, increasing the alkalis content of the glass and giving well-

fit mass balance at the same mineral proportions as microlite contents observed at thin sections.

In the case of trace element variations, the more pronounced features are the Zr/Nb ratios, which are lower in
Sao Marcos and higher in Mato Perso and Jaquirana-Cambara. The work of Kirstein et al. (2001) in silicic
volcanics from Uruguay suggest the Zr and Nb contents being controlled by the presence of halogens as F and
CI'. For them, high Zr/Nb ratios are proportional to high-fluorine content and rocks with high Zr/Nb ratios
emplaced effusively. Further, low Zr/Nb ratios in the Palmas and Lavalleja magma-types would be a chemical
explanation for their explosive emplacement. We argue firstly that Zr/Nb ratios are not indicative of magma

explosivity, and secondly that the majority of Palmas-type volcanic deposits is effusive in origin, not explosive.

Zr and Nb have very different bulk composition coefficients in an upper-mantle melting regime, expressed as
D, SN 55 DS (@ g. Green et al., 1989) and the linearity patterns between these two elements cannot
be explained only by fractional crystallization. In OIB magmas the Zr vs Nb concentration arrays must reflect
intra-mantle processes like carbonatitic fluid metassomatism or carbonate-silicate immiscibility (Kamber and
Collerson, 2000). A sample of basaltic-andesite collected in Mato Perso gave Zr/Nb ratio of 13.6, similar to those
found in the rhyodacites. Comparing to the basaltic andesite chemical data of Lima et al. (2012), in S&o Marcos
the Zr/Nb ratios are about 11-12 in samples from pahoehoe and rubbly pahoehoe flows. Chemical data from the
Bom Principio-Caxias do Sul profile (from Rossetti et al., 2014) yielded Zr/Nb ratios of ~13-14 for compound
pahoehoe at the base, ~10-13 for simple and pounded pahoehe, and ~11-15 for rubbly pahoehoe flows. In the

Santa Cruz do Sul — Herveiras profile, the values lie on 9-18 for pahoehoe (pounded and compound) and 13-15
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for rubbly pahoehoe. This marked variation in Zr/Nb ratios between stratigraphic units within the province is
thought to be caused by two possible processes acting together: one is the variation in mantle Zr-Nb
composition in a large scale (50-150 km) and the other is the assimilation of the underlying basement with
various Zr/Nb ratios in a minor scale (5-50 km), for example at different granitic bodies and gneiss complexes.
Our model of AFC reached a good fit for Zr-Nb with 40% of assimilation of peraluminous granite and 80% of
fractionation, for example, but a lot of sources could be included in a complex process of assimilation because of

the horizontal and vertical lithological variation into the continental crust.

4.2 Origin of low-Ti silicic melts and implications for eruption

Far more complete petrogenetic studies for Parana-Etendeka low-Ti silicic melts were developed, for example,
by Mantovani et al. (1985), Garland et al. (1995), Peate (1997) and Ewart et al. (2004). In general, crystal
fractionation of low-Ti Gramado magma-types associated to the assimilation of continental crust is a model that
efficiently explains the major, trace element and isotopic composition of the silicic rocks. Although melting of
mafic basement or underplated low-Ti basalts is too advocated (e.g. Bellieni et al., 1986; Harris et al. 1990;
Harris and Milner, 1997). Kilpatrick and Ellis (1992) found the chemical composition of the Parana-Etendeka
silicic volcanics very close to igneous charnockites generated by high-temperature crustal melting, suggesting
they are not related to the spatially associated flood basalts. Indeed, trace elements, Sr-Nd isotopic
compositions of both silicic and mafic magmas are only explained by vast array of crustal contamination
(Garland et al., 1995; Ewart et al., 2004; Barreto et al., 2016). In addition, oxygen isotopic compositions are only
explained if the low-Ti silicic magmas are considered approximately pure crustal melts (Harris et al., 1990; Harris
and Milner, 1997).

As confirmed in this study by mass balance and AFC modelling, Palmas-type magma compositions deriving
from underlying low-Ti basalts and basaltic andesites generally yield at a good fit at 40-60% of fractionation and
20% of basement assimilation (e.g. Garland et al., 1995). The resemblance of trace and rare earth elements
behavior of Vale do Sol Formation rubbly pahoehoe basaltic andesites and the low-Ti volcanics is another
argument for their conjugate evolution (see Fig 13). Similar fractionation-assimilation proportions were also
observed for basaltic andesites fractionation from underlying more primitive basalts. Geochemical models
supported by Sm-Nd isotopic studies reveal they also need several distinct proportions of Paleoproterozoic to
Neoproterozoic mafic and felsic assimilation (e.g. Barreto et al., 2016). Even though, participation of open-
system like processes during fractionation is not discarded. Another important geochemical feature to consider
in the petrogenesis is that plagioclase, pyroxenes and Fe-Ti oxide compositions overlap their parent basalt and
basalt andesite (e.g. Bellieni et al., 1984; Bellieni et al., 1988; Garland et al., 1995).

Based on this and in the fractional crystallization models for underlying compound, ponded and rubbly
pahoehoe, we explain the origin of the silicic low-Ti melts from large-scale crystal fractionation of their
precursors in the lava pile and assimilation of basement rocks with a wide range of age and chemicall/isotopic
compositions, as already pointed out by Peate (1997), Garland (1995) and Ewart (1994). Melting of underplated

dry eclogite, as proposed by Anderson (2005) for LIP formation, is not discarded to act together with melting of
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the upper mantle near the base of the crust because of the lower eclogite solidus (~1200°C at 2MPa), compared
to Iherzolite (~1400°C at 2MPa).

4.3 Tectonic setting during lava eruption

According Philipp et al. (2016), the Proterozoic basement exposed in southern Brazil is composed, from east to
west, of: (1) a granitic belt with few basement remnants (Pelotas Batolith, Neoproterozoic), (2)
Metassedimentary units with minor metagranitoids and orthogneisses (Tijucas Belt, Paleo-Neoproterozoic); (3)
tonalite-granite-granodiorite and metaultramafic sequences of arc setting (Sdo Gabriel Terrane, Neoproterozoic)
and (4) Mafic and felsic granulites from Taquaremb¢6 Terrane (Paleoprotrozoic). The contacts between terranes
are dominantly by NE-SW major shear zones as Dorsal de Cangucu and Passo dos Marinheiros besides the
NW-trending lbaré (e.g. Picada, 1971; Fernandes et al., 1995; Chemale Jr, 2000; Philipp et al., 2016). Following
the main Neoproterozoic orogenic events, the cratonization of western Gondwana, in the beginning of Cambrian,
was marked by crustal displacements at NE-trending transcurrent shear zones, opening spaces for marine,
fluviatile and aeolian sediment deposition accompanied by shoshonitic to alkaline magmatism within the
Camagqua Basin (Lima & Nardi, 1998; Bitencourt & Nardi, 2000; Chemale Jr., 2000; Hartmann et al., 2007;
Philipp et al. 2016).

After the post-collisional tectonic stabilization, the intracratonic sedimentation of the Parana Basin (e.g. Allen and
Armitage, 2012) started in the Ordovician. The geodynamic within the active margin of Gondwana influenced the
Paleozoic and Mesozoic evolution of the basin. Integrated analysis of the basin subsidence confronted to great
orogenic episodes in the continental margin revealed relation between them and the depositional space creation
cycles (Milani et al., 2007). Zalan et al. (1990) interpret the thermal contraction succeeding tectonomagmatic
events during the Brasiliano Cycle as an important mechanism for the syneclise implantation. The thermo-
mechanical model of Quintas et al. (1999) indicate that major tectonic subsidence epidodes occurred during
Permian, with a mean value of 50 m/My, growing in time from the deposition of Palermo Formation (30m/My) to
the deposition of Rio do Rasto Formation (92m/My). Triassic sequences of southern Parana Basin were
developed during reactivation of NW-SE structures, later again reactivated in the Cretaceous as normal faults by
NE-trending extension (Zerfass et al., 2005). During Cretaceous, after a long period of marine followed by
continental sedimentation, there was a peak of the Andine chain uplifting (e.g. Karl et al., 2013) in the west
board of Gondwana, while continental crust extension accompanied by voluminous basaltic and silicic volcanism

dominated within the continent forming the Parana-Etendeka LIP.

Several works regarding the origin of the Parana-Etendeka LIP enormous hot magma output ascribed its
genesis to the action of a mantle plume, generally related to the Tristan da Cunha hot spot (e.g. Hawkesworth et
al., 1992; Peate, 1997; Condie, 2001; Campbell, 2005; Gibson et al., 2006; Natali et al., 2018). Usually the
authors assume the work of the plume leading to continental stretching and consequent break-up (e.g. Gallagher
and Hawkesworth, 1994) with the magma intrusion following reactivation of older faults (e.g. Valente et al.,
2007). On the other hand, seismic-tomographic investigations have pointed out to a minor role of mantle plume
(e.g. Fromm et al., 2015) and magnetotelluric data interpretation propose the absence of a plume structure

under the Tristan da Cunha island (Baba et al., 2016). Geochemical evidence is also recently putting in doubt
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the role of mantle plumes in the generation of high-Ti melts from the northern portion of the Parana-Etendeka
LIP (Rocha-Junior et al., 2012, 2013), and for basalts from Central Atlantic and also Ferrar provinces (e.g. Hole,
2015), for example.

Anisotropy of magnetic susceptibility (AMS) studies developed in dyke swarms (e.g. Raposo, 2017; Wiegand et
al., 2011), in silicic lava flows and conduits (Cafién-Tapia and Raposo, 2017; Guimaraes et al., 2017) indicate
preferred NE-SW and NW-SE trends for magma flow, parallel to the dyke strikes. This is in agreement with the
AMS study of Glenn et al. (1997), in dykes and lava flows in the both Brazilian and Namibian sides of the LIP,
also presenting dominant NE-SW trending of the magnetic fabric, suggesting lava flow emplacement during a
rifting phase. Rifting chronology of interpreted seismic sections positioned parallel to the Torres valley made by
Stica et al. (2014) affirm the deposition of the Parana-Etendeka volcanics only in a pre-rift stage, minimizing the
effects of the province being causative of West Gondwana rupture and break-up. Although paleomagnetic data
interpretation of Collier et al. (2017) point out the Parani-Etendeka volcanics as coeval to linear anomalies
present in the oceanic crust at South Altantic off-shore.

McKenzie and Bickle (1988) demonstrated that, the amount of melt generated in basins with associated
volcanism depends on the potential temperature of the asthenosphere and the amount of extension. It is given
that normal asthenosphere temperatures are ~1280°C, and the additional temperature of 100°C would be
needed to generated 2 km of melt in a 100 km-thick lithosphere stretched by a factor of 2 (Allen and Allen,
2009). The reconstruction model of Foulguer (2017) for the province at 134 Ma requires ~150 km of dextral slip
and ~70 km of extension between Santos and Rio de La Plata blocks, and proposing the magmatism would be
formed by rifting spread as in the North Atlantic Province. These recent models of Foulguer (2010, 2017) explain
elegantly how tectonic stretching, as response for an orogenic event in the craton margin, can be responsible for

mantle upwelling confined to the upper mantle, thus not restricting heat anomalies to the lower mantle.

4.4 Storage, magma transport and emplacement conditions

Mineral chemistry of pyroxene crystals in this study and equilibrium tests between pyroxenes and liquid present
in Polo et al. (2017) suggest pressures of formation (~1.5-9 kbar) equivalent to depths of ~10-30 km for this
phase in low-Ti silicic rocks. As postulated by Bellieni et al. (1988), the Mg content of pyroxenes from silicic
volcanics is relatively high and the pyroxene compositions plot essentially in the same fields corresponding to
pyroxenes from the andesi-basalts and andesite, so the same depth of formation can be inferred to mafic melts.
This depth represents, like demonstrated in the model of Molina et al. (1988), for example, the position of a

reservoir ponded in the mantle-crust boundary.

Figure 16a presents a sketch with the model of transport from this source. The magma crosses the crust
facilitated by tectonic movements during crustal necking and migrates through the opening of spaces into the
transcrustal basement faults, and then through major basin faults. Progressive stretching of continental crust
started with accommodation of the major blocks and reactivation of the Neoproterozoic and basin faults (Fig.
16a-i). Primitive olivine-phyric basalts from Torres Formation are generated by mantle melting driven by
decompression and increasing mantle temperatures (Fig. 16a-ii). The reservoir is kept in high temperature, then

higher melting degrees, fractional crystallization plus constant assimilation of the base of continental crust
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generated thick basaltic-andesite units from Vale do Sol Formation in few thousands, or at maximum ~1-2 Ma
(Fig. 16a-iii). After a period of huge Fe-Ti oxide crystallization in mafic magmas, silicic melts become more
stable (e.g. Melfi et al., 1988; Peate, 1997) and the magma continue erupting from faults trending NE-/NW- (Fig.
16a-iv), fractionating and assimilating country-rocks (Fig. 16a-v, b). This high-temperature silicic magma
ascended through paths, from the reservoir to the surface, which became shorter and shorter due to progressive
stretching. The following scenario is the continental break-up and generation of oceanic crust, with rift phase
dominated by magma-rich passive margin basins. Figure 16a-v is a compilation of recent seismic data
interpretation made by Stica et al. (2014) in the coast of Rio Grande do Sul (Brazil) and Bauer et al. (2000) in the
Cape Cross transect (Namibia), with oceanic crust minimized in the cartoon, showing that actual margins have
possible zones of underplating.

Considering the fine textures in mafic and silicic volcanics, it is evident that there was a very short time for
crystals to grow. In addition to that, another latent fact is the short time for the emplacement of the entire
Parana-Etendeka LIP magmatism. In southeast and southern Brazil, it have been estimated to be in ~ 3 Ma (e.qg.
Janasi et al., 2011), and in Namibia it is estimated to last ~4 Ma (e.g. Dodd et al., 2015). These arguments imply
that a plumbing system remained connected and constantly draining the subaerial eruptions, until the final silicic

manifestation.

Besides high eruptive temperatures >1000°C, another consensus in literature is the low dissolved water
contents (<2 wt.%) for silicic volcanics in the LIP (e.g. Garland et al., 1995; Polo et al., 2017; this study). This is
in agreement with the absence of magmatic hydrous phases such as amphibole. The ascending magma with
low dissolved water contents taken place in a progressive extensional regime makes the existent gas to scape
very efficiently (e.g. Cashman, 2004, Fig. 16c). In subsurface, shallow conduits of magma were tectonically
controlled, and the paths of volatile loss described in inferred conduits such as brecciation, welding and

fracturing (Fig. 16d1) prevented explosive eruptions (Lima et al., 2012; Simdes et al., 2017; Lima et al., 2018).

The lavas present closed-system vesicle architecture paths (Simdes et al., 2018, in press), since there was no
development of an upper breccia carapace (Fig. 16d2). Field and AMS data obtained in sites at Sdo Marcos and
Gramado Xavier regions have pointed out to the presence of channelized flows (e.g. Canén-Tapia and Raposo,
2017; Guimaraes et al.,, 2017). Plagioclase-liquid temperatures estimated from the chemistry of microlites,
present only in lava flows, yielded temperatures of ~ 950°C, suggesting that the lava body kept the high

temperature conditions during emplacement.

In our samples, the water dissolved in the magma, with contents up to ~ 0.5-1.3 wt.%, is favorable to decrease
viscosity to values of ~ 10%° Pa s, being a key factor to keep the flow running to long distances. Considering
closed-system lavas with well-insulated carapaces (c.f. Harris and Rowland, 2009), for example, these silicic
flows may attain even greater distances than expected for these viscosities. The crystallization of anhydrous
microlite assemblage should increase the relative water content of the lavas during emplacement, thus
decreasing viscosity even more. As anorther example of low viscosity lavas, values near 10*° Pa s were also
suggested to the emplacement of >100 km in length silicic lobate flows of the Gawler Range Silicic LIP, making
these silicic sequences geometrically similar to the basaltic provinces. In their specific case, the A-type
geochemical affinity of the lavas and consequent high fluorine content was the more relevant geochemical

feature to decrease the lava viscosity (Agangi et al., 2011; Pankhurst et al., 2011).
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845 Figure 16 — Tectonic and emplacement models for low-Ti silicic volcanics from the Parana-Etendeka LIP. (A)
846  Continental break-up evolution before and after ~134 Ma, the age assumed for silicic volcanics. From (i) to (v) the
847 increasing rates of extension from (i) to (v) are represented by the sizes of the lateral arrows. Anomalous heat of the
848 rising mantle, as response of extension, is represented by curved arrows into the sketch. The final cartoon is a
849 compilation of actual seismic data interpretation at the Brazilian side (extracted from Stica et al., 2014) and in the
850 Namibian side (extracted from Bauer et al., 2000). (B) Slightly approximation of figure A-iv showing the 1,300°C
851 mantle adiabat under extension in the mantle-crust boundary. Arrows indicate sites where AFC processes may have
852 occurred. (C) Proximal model simulating the spread of a conduit though normal and oblique faults during extension
853 and the decrease of volatile pressure. (D) 1-model of the magma flow within the shallow portion of conduits; 2-
854  Schematic draw of the main parts of silicic lava flows and representation of heat loss.

855

856  The most known cases of large-volume silicic volcanism, is ascribed to plinian eruptions and large amounts of
857  ignimbrite succeeded by emplacement of small-volume coulées or domes (Branney et al., 2008), being capable
858 of regional obliteration and climatic perturbation (e.g. Sparks et al., 2005). In the case of LIPs, global
859  environment may be impacted by eruptive release of gas and aerosols like SO,, CO, and halogens (Saunders,
860  2005; Self, 2005). The role of silicic volcanism in this theme has been brought to explain the end-Guadalupian
861 mass extinction in the Emeishan LIP, where silicic pyroclastic beds are thought to participate in the climate
862  changes (e.g. Xu et al., 2016). On contrary of Emeishan, Central Atlantic, and Deccan provinces, the Brazilian
863  side of Parana-Etendeka LIP does not correlate with great mass extinctions. Although investigation of SO,, CO,,

864  CH,4, F and Cl mass fluxes for mafic and silicic volcanics are not available yet, we argue the effusive behavior of
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the silicic eruptions can minimize climate impact, if compared with dominant explosive eruptions, avoiding large

amount of particles rise up in an eruptive column, reach the stratosphere and disperse.

Conclusions

Large-volume lavas were the prevalent deposit of silicic volcanism in southern Brazil. Our study in three key
areas of low-Ti Caxias do Sul magma sub-types revealed mineralogic composion varies from west, where calcic
plagioclase and less ferric pyroxenes are more common to east, where sodic plagioclases and ferric pyroxenes
are present. Differences in trace element geochemical features are ascribed to variation in mantle-derived
sources and crustal assimilant compositions. Low-Ti silicic volcanics are derived from fractional crystallization of
underlying basaltic andesite and assimilation of various lithologies, different in chemical and isotopic
composition. Values near 40-50% of fractionation and 40-80% of assimilation, generating the same proportions

of mineral assemblages observed in thin sections, agree with previous models for silicic and mafic lavas.

The magmatism of Parana-Etendeka LIP has taken place during early extensional movements of the Gondwana
Supercontinent, probably in response to subduction at its margins. Since that, constriction processes responding
to a dominant NE-SW extension caused the necking of the continental crust and allowed large amounts of
basaltic and silicic magma to achieve the surface. The source of melted mantle could be achieved by
decompression melting, reaching the 1,300°C adiabat. The emplacement of silicic low-Ti units in the southern
part of the LIP was the last volcanic episode within the southern Parana basin, culminating in the separation of
the continent, believed to have begun at <134 Ma. Absence of important pyroclastic units within the volcanic pile

was a fundamental feature for reducing the climate impact of silicic eruptions.
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APPENDIX A — Feldspar major oxide compositions analyzed by EPMA and structural formulae. m/p=microlite/phenocryst; An=anorthite, Ab=albite, Or=orthoclase; Struc.
Form.=structural formula; 4 Ca=04 cation based structural formula; c=core; b=boarder; c-b=core-boarder intermediate region; x=whole grain.

Plagioclase analyses, structural formulas based on 32 oxygens — one page

Sample MS01 MS01 MS01 MS01 MS01 MS01 MS01 MS01 MS01 MSO01 MSO01 MSO01
m/p p p p p p P P P p m m p
Position C C c-b c-b b b b b b X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
Phase plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO, 53.94 54.22 55.42 54.80 55.83 54.45 55.37 55.33 53.05 57.26 56.94 52.92
TiO; 0.00 0.17 0.17 0.14 0.00 0.00 0.24 0.17 0.14 0.00 0.09 0.00
Al;0O3 26.90 26.88 26.94 27.19 27.09 27.81 27.06 26.51 26.89 26.69 26.85 27.61
Fe2Oz) 1.10 1.15 1.11 1.04 1.09 1.08 1.20 1.15 1.04 0.94 1.01 0.95
MgO 0.12 0.16 0.16 0.15 0.11 0.13 0.15 0.15 0.15 0.05 0.05 0.17
CaO 11.65 12.10 11.52 11.99 11.54 12.29 11.98 11.19 11.72 10.30 10.44 12.15
Na,O 4.36 4.30 4.72 4.37 4.51 4.22 4.44 4.72 4.29 5.25 5.17 4.39
K20 0.38 0.38 0.40 0.40 0.40 0.33 0.36 0.43 0.36 0.42 0.33 0.35
Cr203 0.00 0.07 0.08 0.05 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.03
MnO 0.00 0.00 0.06 0.00 0.06 0.00 0.00 0.00 0.08 0.05 0.00 0.03
NiO 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00
V703 0.00 0.04 0.00 0.05 0.04 0.01 0.02 0.08 0.00 0.00 0.00 0.00
Total 98.46 99.49 100.58 100.21 100.70 100.32 100.83 99.77 97.74 100.99 100.87 98.59
An 58.26 59.50 56.08 58.84 57.20 60.51 58.59 55.30 58.87 50.75 51.72 59.23
Ab 39.47 38.28 41.63 38.82 40.43 37.59 39.33 42.20 39.00 46.78 46.33 38.75
Or 2.27 2.22 2.29 2.33 2.38 1.91 2.08 2.50 2.13 2.47 1.95 2.01
Struct.

Form.

Si 5.26 5.26 8.38 5.27 9.15 5.17 5.32 5.39 5.20 551 5.47 5.10
Al 13.13 13.07 8.23 13.09 7.12 13.24 13.01 12.93 13.19 12.86 12.91 13.32
Fe3 0.08 0.08 0.13 0.07 0.13 0.08 0.09 0.08 0.08 0.07 0.07 0.07
T 18.47 18.41 16.74 18.43 16.40 18.49 18.41 18.40 18.47 18.44 18.45 18.49
Ca 1.22 1.26 1.87 1.23 2.03 1.25 1.23 1.17 1.23 1.06 1.07 1.25
K 0.05 0.05 0.08 0.05 0.08 0.04 0.04 0.05 0.04 0.05 0.04 0.04
Na 0.82 0.81 1.39 0.81 1.43 0.78 0.83 0.89 0.82 0.98 0.96 0.82
T 2.09 2.12 3.33 2.10 3.54 2.07 2.10 2.11 2.09 2.09 2.08 2.12
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Sample MSO01 MS03a MS03a MS03a MS03a MS03a MS03a MS03a MS03a MS03a MS03a MS03a
m/p p p p p p p p p p p p p
Position X c-b c-b c-b c-b b b b X X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
Phase plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 53.01 52.79 54.61 52.73 54.12 55.18 54.11 53.06 53.26 54.33 53.84 54.40
TiO; 0.00 0.22 0.12 0.09 0.25 0.18 0.00 0.00 0.00 0.11 0.09 0.00
Al;O3 26.93 27.31 28.64 27.28 27.64 27.95 27.56 27.77 27.65 27.45 27.84 27.54
Fe2Oz) 0.81 1.10 1.07 1.08 1.35 1.08 0.99 1.12 1.09 1.14 1.13 1.16
MgO 0.11 0.09 0.12 0.18 0.15 0.18 0.20 0.16 0.17 0.11 0.11 0.11
CaO 11.91 12.16 12.28 11.77 11.89 11.22 11.60 12.16 11.96 11.70 11.97 11.89
Na,O 4.31 4.06 4.37 4.12 4.41 5.10 4.59 3.49 4.75 4.59 4.32 4.43
K20 0.36 0.34 0.32 0.36 0.34 0.37 0.43 0.36 0.33 0.40 0.40 0.43
Cr203 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.06 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.07 0.00 0.00
NiO 0.02 0.02 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.00
V703 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.01
Total 97.45 98.14 101.58 97.59 100.15 101.27 99.47 98.26 99.23 99.98 99.81 99.95
An 59.17 61.05 59.69 59.91 58.63 53.72 56.82 64.30 57.09 57.13 59.08 58.21
Ab 38.71 36.91 38.46 37.91 39.37 44.16 40.70 33.42 41.02 40.56 38.59 39.29
Or 2.12 2.04 1.84 2.18 2.00 2.12 2.48 2.28 1.88 231 2.32 2.50
Struct.

Form.

Si 5.19 5.13 5.09 5.13 5.17 5.21 5.19 5.10 511 5.21 5.13 5.21
Al 13.21 13.28 13.36 13.30 13.22 13.21 13.23 13.36 13.29 13.18 13.29 13.20
Fe3 0.06 0.08 0.07 0.08 0.10 0.08 0.07 0.08 0.08 0.08 0.08 0.08
Total 18.47 18.49 18.52 18.51 18.49 18.49 18.49 18.54 18.48 18.47 18.50 18.48
Ca 1.25 1.26 1.23 1.23 1.22 1.13 1.19 1.25 1.23 1.20 1.22 1.22
K 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.05 0.05 0.05
Na 0.82 0.76 0.79 0.78 0.82 0.93 0.85 0.65 0.88 0.85 0.80 0.82
Total 2.11 2.07 2.05 2.05 2.08 2.11 2.10 1.95 2.15 2.10 2.07 2.09
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Sample MS03a MS03a MS03a MS03a MS03a MS03a MS03a MSO05b MSO05b MSO05b MSO05b MSO05b
m/p p p p p p p p p p p p p
Position X X X X X X X o o c-b c-b c-b
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
Phase plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 53.86 52.53 54.33 53.83 54.18 53.88 54.14 53.71 52.52 53.05 53.75 52.86
TiO; 0.19 0.01 0.06 0.00 0.04 0.12 0.12 0.10 0.00 0.00 0.19 0.03
Al;O3 27.57 27.18 27.25 27.68 27.63 27.61 27.57 27.12 27.33 27.56 27.65 26.81
Fe2Oz) 1.16 0.95 0.96 1.24 1.16 1.22 1.02 0.90 1.05 1.09 0.99 1.09
MgO 0.15 0.14 0.12 0.13 0.08 0.17 0.14 0.11 0.16 0.08 0.15 0.18
CaO 11.78 12.19 11.56 11.97 12.08 11.75 12.09 11.63 12.29 12.12 11.89 11.74
Na,O 4.67 4.38 4.62 4.44 4.40 4.36 4.31 4.38 3.85 4.30 4.39 4.12
K20 0.39 0.37 0.44 0.39 0.39 0.39 0.40 0.33 0.32 0.31 0.38 0.36
Cr203 0.01 0.00 0.03 0.00 0.00 0.00 0.11 0.02 0.05 0.00 0.08 0.07
MnO 0.00 0.03 0.01 0.01 0.07 0.02 0.00 0.04 0.00 0.05 0.12 0.04
NiO 0.00 0.03 0.00 0.05 0.00 0.00 0.08 0.00 0.05 0.00 0.00 0.09
V703 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.01 0.03
Total 99.78 97.80 99.37 99.76 100.04 99.52 99.98 98.35 97.65 98.60 99.61 97.43
An 56.92 59.30 56.56 58.46 58.89 58.45 59.40 58.33 62.57 59.78 58.61 59.80
Ab 40.82 38.55 40.88 39.25 38.85 39.23 38.29 39.72 35.48 38.41 39.18 38.01
Or 2.26 2.14 2.56 2.29 2.26 2.32 2.31 1.95 1.95 1.82 2.22 2.19
Struct.

Form.

Si 5.16 5.12 5.24 5.15 5.18 5.16 5.18 5.22 511 5.11 5.15 5.19
Al 13.23 13.28 13.16 13.26 13.22 13.25 13.21 13.19 13.31 13.31 13.26 13.19
Fe3 0.08 0.07 0.07 0.09 0.08 0.09 0.07 0.07 0.08 0.08 0.07 0.08
Total 18.48 18.47 18.47 18.49 18.48 18.50 18.46 18.48 18.50 18.50 18.48 18.47
Ca 1.21 1.27 1.19 1.23 1.24 1.21 1.24 1.21 1.28 1.25 1.22 1.24
K 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.05 0.05
Na 0.87 0.83 0.86 0.82 0.82 0.81 0.80 0.82 0.73 0.80 0.82 0.79
Total 2.12 2.15 2.11 2.10 2.10 2.06 2.09 2.08 2.05 2.09 2.08 2.07
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Sample MSO05b MSO05b MS05b MS05b MS05b MS05b MSO05b MS04 MS04 MS04 MS04 MS04
m/p p p p p p p p m m m p p
Position b b b X X X X m m m m m
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
Phase plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 53.36 53.73 52.78 53.24 53.98 52.62 52.62 54.10 54.22 53.94 54.97 54.61
TiO; 0.11 0.02 0.00 0.11 0.03 0.15 0.15 0.18 0.12 0.04 0.23 0.07
Al;O3 27.48 26.59 26.93 27.35 26.23 27.65 27.65 27.25 27.30 27.06 26.86 26.86
Fe2Oz) 1.18 1.12 0.93 1.13 1.33 1.10 1.10 1.12 1.02 0.89 1.15 1.22
MgO 0.10 0.12 0.15 0.08 0.11 0.09 0.09 0.11 0.11 0.07 0.06 0.07
CaO 11.91 11.15 12.14 11.68 11.07 11.84 11.84 11.48 11.40 10.72 10.69 10.85
Na,O 4.24 4.59 4.21 4.21 4.44 4.05 4.05 4.80 4.80 4.98 5.07 4.97
K20 0.31 0.44 0.37 0.33 0.45 0.30 0.30 0.36 0.38 0.31 0.40 0.38
Cr203 0.01 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00
MnO 0.00 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.07 0.00 0.00
NiO 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
V703 0.01 0.00 0.00 0.01 0.00 0.03 0.03 0.01 0.01 0.04 0.00 0.00
Total 98.73 97.86 97.52 98.13 97.64 97.83 97.83 99.41 99.43 98.12 99.46 99.02
An 59.73 55.82 60.06 59.30 56.38 60.64 60.64 55.73 55.53 53.34 52.55 53.47
Ab 38.44 41.57 37.74 38.69 40.91 37.55 37.55 42.19 42.27 44.80 45.10 44.32
Or 1.83 2.60 2.20 2.02 2.71 1.82 1.82 2.07 2.21 1.86 2.35 2.21
Struct.

Form.

Si 5.15 5.28 5.17 5.16 5.35 5.08 5.08 5.22 5.22 5.25 5.33 5.31
Al 13.27 13.09 13.22 13.27 13.01 13.38 13.38 13.17 13.17 13.18 13.05 13.08
Fe3 0.09 0.08 0.07 0.08 0.10 0.08 0.08 0.08 0.07 0.06 0.08 0.09
T 18.50 18.46 18.46 18.51 18.45 18.54 18.54 18.47 18.47 18.50 18.46 18.47
Ca 1.23 1.17 1.27 1.21 1.17 1.23 1.23 1.19 1.18 1.12 1.11 1.13
K 0.04 0.05 0.05 0.04 0.06 0.04 0.04 0.04 0.05 0.04 0.05 0.05
Na 0.79 0.87 0.80 0.79 0.85 0.76 0.76 0.90 0.90 0.94 0.95 0.94
T 2.06 2.10 2.12 2.04 2.08 2.02 2.02 2.13 2.12 2.10 2.11 2.11
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Sample MS11B MS11B MS11B MS11B MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b
m/p p p p p p p p p p p p p
Position X X X X X X X X X X X X
Séo Séo Séo Séo Séo Séo Séo Séo Séo Séao Séao Séao
Local Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos
Phase plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 55.05 53.13 55.63 55.50 53.35 53.78 53.50 53.43 53.23 53.06 53.15 55.26
TiO; 0.02 0.19 0.01 0.00 0.12 0.02 0.05 0.00 0.18 0.00 0.04 0.10
Al;O3 27.23 26.20 27.71 27.79 26.78 27.46 26.83 27.33 26.52 26.86 26.87 26.32
FexOsr) 1.15 1.15 1.15 1.10 0.93 1.33 0.89 1.10 1.17 0.95 0.99 0.95
MgO 0.07 0.07 0.16 0.14 0.13 0.13 0.17 0.10 0.13 0.10 0.17 0.12
CaO 11.32 11.26 11.50 11.29 11.38 12.04 11.36 11.97 11.18 11.67 11.71 10.31
Na,O 4.74 4.42 4.83 4.68 472 458 4.53 4.25 4.62 4.48 4.24 5.23
K20 0.38 0.36 0.41 0.36 0.33 0.34 0.39 0.30 0.44 0.40 0.34 0.27
Cr203 0.00 0.00 0.07 0.00 0.01 0.01 0.00 0.00 0.03 0.07 0.09 0.00
MnO 0.00 0.10 0.05 0.01 0.04 0.05 0.02 0.00 0.00 0.00 0.10 0.00
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03
V203 0.00 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Total 99.98 96.93 101.52 100.86 97.79 99.76 97.73 98.50 97.50 97.62 97.71 98.58
An 55.61 57.19 55.48 55.93 56.02 58.09 56.77 59.79 55.71 57.61 59.16 51.32
Ab 42.15 40.64 42.17 41.97 42.02 39.97 40.93 38.46 41.66 40.03 38.77 47.11
Or 2.24 2.17 2.35 2.11 1.96 1.94 2.30 1.75 2.63 2.36 2.07 1.57
Struct.
Form.
Si 5.29 5.29 5.26 5.25 5.23 5.17 5.24 5.17 5.26 5.20 5.21 5.43
Al 13.10 13.06 13.12 13.17 13.16 13.21 13.16 13.24 13.11 13.19 13.18 12.94
Fe3 0.08 0.09 0.08 0.08 0.07 0.10 0.07 0.08 0.09 0.07 0.07 0.07
Total 18.47 18.44 18.47 18.50 18.46 18.47 18.47 18.49 18.45 18.46 18.46 18.44
Ca 1.17 1.20 1.16 1.14 1.20 1.24 1.19 1.24 1.18 1.23 1.23 1.08
K 0.05 0.05 0.05 0.04 0.04 0.04 0.05 0.04 0.06 0.05 0.04 0.03
Na 0.88 0.85 0.89 0.86 0.90 0.85 0.86 0.80 0.88 0.85 0.81 1.00
Total 2.10 2.10 2.10 2.05 2.14 2.13 2.10 2.07 2.12 2.13 2.08 2.11
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Sample MS11b MS11b MS11b MS11b MS19B1 MS38 PSJ02A PSJ02A PSJ02A PSJ04 PSJ04 PSJ04
m/p p p p p m m m m m p p p
Position X X X X X X X X X X X X
Séo Séo Séo Séo
Local Marcos Marcos Marcos Marcos Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jagquirana | Jaquirana | Jaquirana | Jaquirana
Phase plagioclase | plagioclase | plagioclase | plagioclase | sanidine | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 55.17 54.05 53.52 53.35 56.25 57.68 64.09 55.17 55.58 53.38 56.65 53.33
TiO; 0.12 0.00 0.14 0.00 0.67 0.37 0.10 0.09 0.03 0.00 0.00 0.11
Al;O3 25.88 26.85 27.14 27.35 14.80 26.67 21.74 25.75 26.19 27.19 25.29 26.73
Fex0sm) 0.85 1.24 1.04 1.05 0.89 0.87 0.53 1.14 1.34 1.13 1.35 1.31
MgO 0.10 0.11 0.11 0.09 0.24 0.03 0.04 0.07 0.08 0.09 0.12 0.09
CaO 10.19 11.39 11.53 11.78 0.76 9.69 2.34 10.25 10.02 11.75 8.68 11.29
Na,O 5.30 4.53 4.39 4.39 1.69 5.98 9.24 5.44 5.87 4.50 6.06 4.63
K20 0.31 0.33 0.35 0.32 11.56 0.30 0.56 0.39 0.31 0.33 0.38 0.32
Cr,03 0.00 0.00 0.08 0.04 0.03 0.00 0.00 0.05 0.02 0.07 0.06 0.00
MnO 0.00 0.01 0.00 0.00 9.38 0.02 0.04 0.00 0.00 0.02 0.00 0.00
NiO 0.00 0.00 0.07 0.00 0.03 0.00 0.00 0.02 0.00 0.00 0.03 0.00
V203 0.00 0.06 0.03 0.00 0.07 0.01 0.03 0.02 0.03 0.01 0.00 0.01
Cl 0.00 0.01 0.01 0.02 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.01
Total 97.94 98.57 98.41 98.38 96.39 101.63 98.70 98.39 99.48 98.48 98.62 97.83
An 50.58 56.99 57.98 58.56 4.33 46.42 11.87 49.84 47.68 57.89 43.17 56.29
Ab 47.59 41.02 39.91 39.52 17.40 51.86 84.75 47.91 50.58 40.16 54.55 41.79
Or 1.83 1.99 2.11 1.92 78.26 1.72 3.38 2.25 1.74 1.95 2.27 1.92
Struct.
Form.
Si 5.48 5.27 5.20 5.16 10.91 5.53 6.74 5.49 5.45 5.18 5.66 5.24
Al 12.87 13.11 13.20 13.26 4.17 12.81 11.46 12.82 12.86 13.22 12.65 13.14
Fe3 0.06 0.09 0.08 0.08 0.13 0.06 0.04 0.08 0.10 0.08 0.10 0.10
Total 18.41 18.47 18.48 18.50 15.21 18.40 18.24 18.39 18.41 18.48 18.40 18.47
Ca 1.08 1.19 1.20 1.22 0.16 1.00 0.26 1.09 1.05 1.22 0.93 1.19
K 0.04 0.04 0.04 0.04 2.86 0.04 0.08 0.05 0.04 0.04 0.05 0.04
Na 1.02 0.86 0.83 0.82 0.64 1.11 1.88 1.05 112 0.85 1.17 0.88
Total 2.14 2.09 2.07 2.09 3.65 2.14 2.22 2.19 2.21 2.11 2.15 2.11
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Sample PSJ04 PSJ04 PSJ04 MS19B1 MS50 MS50 MS50 MS50 MS50 MS50 MS50 MS50
m/p p p p m m m p p p m m m
Position X X X X X X X X X X X X
Local Jaquirana | Jaquirana | Jaquirana | Cambar4 | Cambara | Cambara | Cambard | Cambard | Cambarad | Cambara | Cambara | Cambara
Phase plagioclase | plagioclase | plagioclase | sanidine sanidine | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase | plagioclase
SiO; 52.83 53.50 53.22 56.25 62.99 60.72 59.88 67.57 60.46 56.92 59.55 59.42
TiO, 0.06 0.00 0.00 0.67 0.12 0.31 0.00 0.00 0.14 0.19 0.05 0.00
Al;05 27.38 26.75 27.25 14.80 16.83 23.14 25.31 21.13 24.80 26.51 24.99 23.60
Fex0sm) 1.13 0.94 1.16 0.89 0.74 0.79 0.94 0.58 0.85 1.08 0.86 0.66
MgO 0.09 0.06 0.06 0.24 0.10 0.07 0.04 0.03 0.00 0.03 0.06 0.03
CaO 11.82 10.77 11.31 0.76 0.18 5.95 8.88 6.07 7.67 10.65 7.77 7.07
Na,O 4.43 5.07 4.74 1.69 2.51 6.98 5.76 6.10 6.71 5.34 7.25 7.19
K20 0.30 0.41 0.30 11.56 11.53 1.36 1.03 1.68 0.80 0.37 0.45 0.50
Crz0s 0.00 0.02 0.06 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.02
MnO 0.05 0.00 0.00 9.38 0.05 0.00 0.00 0.00 0.00 0.01 0.00 0.00
NiO 0.00 0.00 0.03 0.03 0.00 0.00 0.12 0.01 0.00 0.02 0.01 0.00
V20; 0.00 0.00 0.00 0.07 0.04 0.05 0.00 0.04 0.00 0.06 0.03 0.00
Total 98.08 97.53 98.13 96.39 95.16 99.36 101.95 103.23 101.43 101.18 101.00 98.47
An 58.55 52.70 55.89 4.33 0.98 29.44 43.23 31.78 36.94 51.33 36.28 34.20
Ab 39.69 44.93 42.35 17.40 24.61 62.55 50.78 57.77 58.46 46.58 61.24 62.93
Or 1.75 2.37 1.76 78.26 74.41 8.01 5.99 10.44 4.60 2.09 2.47 2.87
Struct.

Form.

Si 5.12 5.25 5.17 10.91 11.50 10.27 8.29 10.36 8.32 8.75 9.76 10.09
Al 13.30 13.16 13.25 4.17 4.62 5.89 8.72 6.07 8.73 7.77 6.48 6.10
Fe3 0.08 0.07 0.08 0.13 0.10 0.10 0.10 0.07 0.09 0.12 0.11 0.08
Total 18.50 18.48 18.50 15.21 16.23 16.26 17.10 16.49 17.14 16.65 16.35 16.28
Ca 1.23 1.13 1.18 0.16 0.04 1.08 1.32 1.00 1.13 1.76 1.37 1.29
K 0.04 0.05 0.04 2.86 2.69 0.29 0.18 0.33 0.14 0.07 0.09 0.11
Na 0.83 0.97 0.89 0.64 0.89 2.29 1.55 181 1.79 1.59 2.30 2.37
Total 2.10 2.15 2.11 3.65 3.61 3.66 3.04 3.14 3.06 3.42 3.76 3.76




Sample MS50 MS51A MS51A
m/p m m m
Position X X X
Local Cambara | Cambard | Cambara
Phase plagioclase | plagioclase | plagioclase
SiO; 56.92 58.36 55.04
TiO; 0.19 0.05 0.00
Al;03 26.51 23.34 24.79
Fe2O3r 1.08 0.93 1.02
MgO 0.03 0.09 0.06
CaO 10.65 7.95 9.70
Na,O 5.34 6.26 5.94
K20 0.37 0.61 0.43
Cr203 0.00 0.08 0.01
MnO 0.01 0.04 0.00
NiO 0.02 0.08 0.06
V203 0.06 0.02 0.00
Total 101.18 97.81 97.05
An 51.33 39.74 46.29
Ab 46.58 56.62 51.30
Or 2.09 3.64 2.42
Struct.

Form.

Si 5.50 6.05 5.61
Al 12.82 12.12 12.65
Fe3 0.08 0.07 0.08
Total 18.39 18.25 18.34
Ca 1.10 0.88 1.06
K 0.04 0.08 0.06
Na 1.00 1.26 1.17
Total 2.15 2.22 2.29
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Sample MS01 MS01 MS01 MS01 MS01 MS01 MS01 MS01 MS01 MS01 MSO01 MS 01
m/f f f f f f f f f f f m m
Position c c c-b c-b b b b b X X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
SiO; 53.20 52.31 52.83 53.27 52.21 53.30 53.00 52.75 52.52 53.16 52.58 51.29
TiO; 0.40 0.53 0.49 0.43 0.45 0.68 0.48 0.41 0.71 0.50 0.44 0.56
Al;O3 1.87 1.78 1.74 1.65 1.58 1.45 1.79 1.57 1.84 1.84 1.61 1.20
FeO* 10.57 10.65 10.34 11.31 10.71 10.61 10.91 10.41 10.96 10.78 10.64 13.32
Fe Oz 11.88 11.96 11.62 12.71 12.03 11.93 12.26 11.70 12.31 12.11 11.95 14.97
MgO 14.99 15.15 15.17 15.19 15.38 15.54 15.26 15.07 15.50 15.53 15.33 13.56
CaO 18.14 18.00 18.08 17.98 17.81 17.69 17.58 18.28 17.69 18.26 18.33 17.15
Na,O 0.21 0.29 0.23 0.23 0.30 0.33 0.21 0.22 0.22 0.25 0.27 0.20
K20 0.00 0.00 0.01 0.01 0.10 0.04 0.02 0.05 0.00 0.00 0.01 0.04
Cr,03 0.04 0.00 0.04 0.00 0.07 0.00 0.06 0.00 0.05 0.00 0.01 0.03
MnO 0.44 0.45 0.40 0.44 0.52 0.50 0.63 0.47 0.47 0.45 0.49 0.59
NiO 0.02 0.07 0.00 0.01 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.05
V203 0.06 0.00 0.00 0.04 0.05 0.02 0.00 0.07 0.07 0.04 0.02 0.01
Cl 0.00 0.01 0.01 0.01 0.02 0.00 0.02 0.02 0.01 0.00 0.00 0.00
Total 101.23 100.55 100.62 101.96 100.55 101.47 101.30 100.60 101.41 102.13 101.03 99.63
Mg2+** 90433.28 | 91380.26 | 91476.76 | 91591.36 | 92761.51 | 93738.65 | 92013.58 | 90921.85 | 93515.48 | 93678.33 | 92471.99 81789.85
Fe2+** 821588.69 | 827676.58 | 804016.82 | 879008.58 | 832311.68 | 824978.54 | 848292.39 | 809343.72 | 851889.79 | 837638.58 | 826915.59 | 1035287.53
Mg #r** 9.92 9.94 10.22 9.44 10.03 10.20 9.79 10.10 9.89 10.06 10.06 7.32
Wo 31.52 31.17 31.54 30.51 30.72 30.54 30.34 31.78 30.25 31.07 31.43 28.88
Ens 36.51 36.93 36.85 37.01 37.53 37.94 37.64 36.46 37.88 37.18 36.79 35.49
Fer 32.22 32.34 31.65 33.65 32.38 32.13 33.03 31.75 32.87 32.16 31.99 39.34
4 Ca

Si 1.82 1.80 1.82 1.80 1.79 1.81 1.81 1.81 1.79 1.80 1.80 1.76
Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01
Al 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02
Fe2 0.68 0.69 0.67 0.72 0.69 0.68 0.70 0.67 0.70 0.69 0.68 0.86
Mg 0.77 0.78 0.78 0.77 0.79 0.79 0.78 0.77 0.79 0.78 0.78 0.69
Ca 0.67 0.66 0.67 0.65 0.65 0.64 0.64 0.67 0.65 0.66 0.67 0.63
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Na 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\/ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.

Form.

Site T

SIiT 1.82 1.80 1.82 1.80 1.79 1.81 1.81 1.81 1.79 1.80 1.80 1.76
Al (n) 0.18 0.20 0.18 0.20 0.21 0.19 0.19 0.19 0.21 0.20 0.20 0.24
Al 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02
AT 0.03 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02
Fe3 (n) 0.15 0.18 0.16 0.18 0.19 0.17 0.17 0.16 0.18 0.17 0.18 0.23
Fe3 0.68 0.69 0.67 0.72 0.69 0.68 0.70 0.67 0.70 0.69 0.68 0.86
Fe3 T 0.15 0.18 0.16 0.18 0.19 0.17 0.17 0.16 0.18 0.17 0.18 0.23
Fe (rest) 0.53 0.51 0.51 0.54 0.50 0.51 0.53 0.51 0.52 0.51 0.50 0.63
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1

Fe 3 (M1) 0.53 0.51 0.51 0.54 0.50 0.51 0.53 0.51 0.52 0.51 0.50 0.63
Ti (M1) 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02
Mg 0.77 0.78 0.78 0.77 0.79 0.79 0.78 0.77 0.79 0.78 0.78 0.69
Mg (n) 0.45 0.46 0.46 0.43 0.47 0.46 0.43 0.46 0.45 0.46 0.47 0.34
Mg (M1) 0.45 0.46 0.46 0.43 0.47 0.46 0.43 0.46 0.45 0.46 0.47 0.34
Mg (rest) 0.32 0.32 0.32 0.33 0.32 0.33 0.34 0.31 0.34 0.32 0.31 0.36
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2

Mg (M2) 0.32 0.32 0.32 0.33 0.32 0.33 0.34 0.31 0.34 0.32 0.31 0.36
Ca (M2) 0.67 0.66 0.67 0.65 0.65 0.64 0.64 0.67 0.65 0.66 0.67 0.63
Na (M2) 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.01
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Sample MS 01 MS_01 MS_01 MS_01 MS_03a MS_03a MS_03a MS_03a MS_03a MS_03a MS_03a MS_03a
m/f f f f f f f f f f f f f
Position X X X X b b b X X X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
SiO; 51.22 50.92 51.22 50.92 52.20 51.73 52.16 51.46 51.69 52.21 51.95 52.16
TiO; 0.44 0.82 0.44 0.82 0.82 0.67 0.90 0.40 0.40 0.50 0.68 0.75
Al;O3 1.73 1.69 1.73 1.69 1.63 1.70 1.69 1.79 1.77 1.59 1.61 1.62
FeO* 10.42 10.95 10.42 10.95 10.48 10.72 10.33 10.40 10.46 10.46 10.77 11.21
Fe,Ogr) 11.70 12.31 11.70 12.31 11.77 12.05 11.61 11.69 11.75 11.75 12.10 12.59
MgO 14.83 15.12 14.83 15.12 14.50 14.38 14.58 14.45 14.58 14.50 14.64 14.74
CaO 18.48 18.25 18.48 18.25 18.22 18.08 17.81 18.14 18.11 18.50 18.14 18.02
Na,O 0.28 0.24 0.28 0.24 0.24 0.25 0.21 0.24 0.23 0.19 0.21 0.25
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.01
Cr203 0.00 0.04 0.00 0.04 0.00 0.01 0.00 0.16 0.02 0.01 0.05 0.03
MnO 0.39 0.55 0.39 0.55 0.53 0.55 0.56 0.48 0.39 0.49 0.43 0.47
NiO 0.03 0.00 0.03 0.00 0.00 0.03 0.00 0.03 0.04 0.00 0.01 0.00
V203 0.03 0.02 0.03 0.02 0.01 0.06 0.08 0.05 0.05 0.04 0.05 0.03
Cl 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Total 99.13 99.95 99.13 99.95 99.92 99.50 99.61 98.88 99.02 99.80 99.88 100.67
Mg2+** 89450.11 | 91175.18 | 89450.11 | 91175.18 | 87483.78 | 86711.72 | 87948.22 | 87127.91 | 87924.09 | 87465.68 | 88316.15 | 88877.10
Fe2+** 809620.44 | 851405.52 | 809620.44 | 851405.52 | 814324.72 | 833349.39 | 803048.29 | 808651.92 | 812871.93 | 813079.47 | 836808.42 | 871052.81
Mg#*** 9.95 9.67 9.95 9.67 9.70 9.42 9.87 9.73 9.76 9.71 9.55 9.26
Wo 32.20 31.20 32.20 31.20 32.09 31.78 31.68 32.12 31.92 32.45 31.61 30.98
Ens 35.83 36.56 35.83 36.56 35.65 35.61 36.28 35.65 35.90 35.28 35.96 36.26
Fer 31.84 32.84 31.84 32.84 32.36 33.05 32.23 32.30 32.33 32.17 32.90 33.78
4 Ca
Si 1.79 1.76 1.79 1.76 1.81 1.80 1.82 1.80 1.81 1.81 1.80 1.79
Ti 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02
Al 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02
Fe2 0.68 0.71 0.68 0.71 0.68 0.70 0.68 0.69 0.69 0.68 0.70 0.72
Mg 0.77 0.78 0.77 0.78 0.75 0.75 0.76 0.75 0.76 0.75 0.76 0.75
Ca 0.69 0.67 0.69 0.67 0.68 0.67 0.67 0.68 0.68 0.69 0.67 0.66
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.

Form.

Site T

SIiT 1.79 1.76 1.79 1.76 1.81 1.80 1.82 1.80 1.81 1.81 1.80 1.79
Al (n) 0.21 0.24 0.21 0.24 0.19 0.20 0.18 0.20 0.19 0.19 0.20 0.21
Al 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02
AT 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02
Fe3 (n) 0.19 0.22 0.19 0.22 0.16 0.17 0.16 0.17 0.17 0.16 0.18 0.19
Fe3 0.68 0.71 0.68 0.71 0.68 0.70 0.68 0.69 0.69 0.68 0.70 0.72
Fe3T 0.19 0.22 0.19 0.22 0.16 0.17 0.16 0.17 0.17 0.16 0.18 0.19
Fe (rest) 0.49 0.49 0.49 0.49 0.52 0.53 0.52 0.52 0.52 0.52 0.52 0.53
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1

Fe 3 (M1) 0.49 0.49 0.49 0.49 0.52 0.53 0.52 0.52 0.52 0.52 0.52 0.53
Ti (M1) 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Mg 0.77 0.78 0.77 0.78 0.75 0.75 0.76 0.75 0.76 0.75 0.76 0.75
Mg (n) 0.48 0.47 0.48 0.47 0.44 0.44 0.44 0.45 0.46 0.45 0.44 0.43
Mg (M1) 0.48 0.47 0.48 0.47 0.44 0.44 0.44 0.45 0.46 0.45 0.44 0.43
Mg (rest) 0.29 0.31 0.29 0.31 0.31 0.31 0.32 0.30 0.30 0.30 0.31 0.32
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2

Mg (M2) 0.29 0.31 0.29 0.31 0.31 0.31 0.32 0.30 0.30 0.30 0.31 0.32
Ca (M2) 0.69 0.67 0.69 0.67 0.68 0.67 0.67 0.68 0.68 0.69 0.67 0.66
Na (M2) 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.02
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Sample MS_03a MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b
m/f f f f f f f f f f f f f
Position X c c b X X X X X X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
SiO; 52.10 51.80 50.98 51.92 51.37 51.13 51.94 50.74 51.10 51.91 51.92 52.23
TiO, 0.49 0.73 0.45 0.43 0.49 0.77 0.49 0.41 0.60 0.59 0.31 0.45
Al;O3 1.71 1.76 1.66 1.72 1.71 1.68 1.68 1.57 1.61 1.64 1.81 1.57
FeO* 10.72 10.57 10.35 10.68 10.35 10.27 10.62 10.14 10.15 10.66 10.47 10.28
Fe,O0g3r) 12.05 11.87 11.63 12.00 11.63 11.54 11.93 11.40 11.40 11.97 11.76 11.55
MgO 14.66 14.34 14.64 14.54 14.23 14.45 14.45 14.86 14.57 14.94 14.33 14.60
CaO 18.69 18.22 17.98 18.29 17.68 17.74 17.96 18.07 18.15 18.13 18.25 18.42
Na,O 0.28 0.27 0.26 0.25 0.20 0.21 0.26 0.27 0.23 0.29 0.28 0.18
K20 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.05 0.02 0.00
Cr20;3 0.05 0.02 0.00 0.01 0.05 0.03 0.00 0.07 0.00 0.06 0.07 0.06
MnO 0.50 0.44 0.54 0.34 0.40 0.36 0.38 0.47 0.53 0.53 0.37 0.41
NiO 0.02 0.06 0.01 0.09 0.01 0.03 0.04 0.04 0.04 0.02 0.05 0.06
V203 0.07 0.01 0.05 0.08 0.02 0.00 0.00 0.00 0.04 0.02 0.03 0.01
Cl 0.00 0.01 0.00 0.00 0.02 0.03 0.01 0.01 0.01 0.00 0.00 0.01
Total 100.64 99.52 98.20 99.66 97.82 98.01 99.14 97.92 98.29 100.15 99.20 99.53
Mg2+** 88430.75 | 86482.51 | 88298.06 | 87719.01 85855.22 87127.91 | 87146.00 | 89637.09 | 87887.90 | 90137.72 86428.23 | 88038.69
Fe2+** 833626.11 | 821381.15 | 804501.08 | 830236.26 | 804846.98 | 797998.11 | 825531.98 | 788382.00 | 788866.27 | 828299.20 | 813632.92 | 799105.00
Mg#*** 9.59 9.53 9.89 9.56 9.64 9.84 9.55 10.21 10.02 9.81 9.60 9.92
Wo 32.28 32.13 31.83 31.95 31.77 31.96 32.29 31.47 32.28 32.45 32.40 31.70
Ens 35.31 35.38 36.16 35.61 35.90 36.40 35.83 36.45 35.32 35.54 35.41 36.01
Fer 32.49 32.68 32.13 32.71 32.63 31.47 31.66 32.44 32.46 31.77 32.08 32.63
4 Ca

Si 1.79 1.80 1.80 1.80 1.82 1.79 1.80 1.79 1.81 1.82 1.81 1.79
Ti 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02
Al 0.02 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Fe2 0.69 0.69 0.68 0.70 0.69 0.67 0.67 0.69 0.69 0.67 0.68 0.70
Mg 0.75 0.74 0.77 0.75 0.75 0.78 0.77 0.77 0.75 0.76 0.75 0.76
Ca 0.69 0.68 0.68 0.68 0.67 0.68 0.69 0.67 0.68 0.69 0.69 0.68
Na 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.02
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K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.
Form.
Site T
SIT 1.79 1.80 1.80 1.80 1.82 1.79 1.80 1.79 1.81 1.82 1.81 1.79
Al (n) 0.21 0.20 0.20 0.20 0.18 0.21 0.20 0.21 0.19 0.18 0.19 0.21
Al 0.02 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02
AT 0.02 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Fe3 (n) 0.18 0.17 0.18 0.17 0.15 0.19 0.17 0.19 0.16 0.16 0.17 0.18
Fe3 0.69 0.69 0.68 0.70 0.69 0.67 0.67 0.69 0.69 0.67 0.68 0.70
Fe3T 0.18 0.17 0.18 0.17 0.15 0.19 0.17 0.19 0.16 0.16 0.17 0.18
Fe (rest) 0.51 0.52 0.51 0.52 0.54 0.49 0.50 0.51 0.53 0.51 0.51 0.51
2.00
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1
Fe 3 (M1) 0.51 0.52 0.51 0.52 0.54 0.49 0.50 0.51 0.53 0.51 0.51 0.51
Ti (M1) 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.02
Mg 0.75 0.74 0.77 0.75 0.75 0.78 0.77 0.77 0.75 0.76 0.75 0.76
Mg (n) 0.46 0.45 0.47 0.45 0.44 0.49 0.47 0.46 0.45 0.46 0.46 0.46
Mg (M1) 0.46 0.45 0.47 0.45 0.44 0.49 0.47 0.46 0.45 0.46 0.46 0.46
Mg (sobra) 0.29 0.30 0.30 0.30 0.31 0.29 0.30 0.31 0.30 0.30 0.29 0.30
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2
Mg (M2) 0.29 0.30 0.30 0.30 0.31 0.29 0.30 0.31 0.30 0.30 0.29 0.30
Ca (M2) 0.69 0.68 0.68 0.68 0.67 0.68 0.69 0.67 0.68 0.69 0.69 0.68
Na (M2) 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.02
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Sample MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b MS_05b
m/f f f f f f f f f f f f f
Position X X X X X X X X X X X X
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
SiO; 52.18 52.20 51.57 51.27 50.98 51.34 51.02 50.61 50.69 50.90 50.99 51.00
TiO, 0.58 0.68 0.53 0.44 0.79 0.33 0.49 0.47 0.44 0.47 0.61 0.60
Al;04 1.69 1.62 1.75 1.70 1.76 1.51 1.62 1.61 1.64 1.69 1.64 1.63
FeO* 10.41 10.78 10.47 10.23 10.52 10.52 10.60 10.60 10.64 10.37 10.86 10.67
Fe Oz 11.70 12.11 11.77 11.50 11.82 11.82 11.91 11.91 11.96 11.65 12.21 11.99
MgO 14.53 14.85 14.37 14.52 14.36 14.22 14.62 14.59 14.25 14.26 14.35 14.61
CaO 18.44 18.36 18.18 18.02 17.90 17.84 17.87 17.59 17.30 17.93 17.92 17.81
Na,O 0.30 0.29 0.29 0.27 0.30 0.25 0.24 0.33 0.25 0.23 0.16 0.21
K20 0.00 0.01 0.01 0.03 0.03 0.00 0.00 0.01 0.01 0.01 0.02 0.00
Cr,03 0.00 0.00 0.02 0.03 0.01 0.00 0.06 0.01 0.02 0.05 0.03 0.00
MnO 0.46 0.53 0.41 0.32 0.48 0.50 0.39 0.56 0.56 0.41 0.48 0.57
NiO 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
V203 0.03 0.01 0.05 0.06 0.05 0.04 0.02 0.02 0.00 0.03 0.07 0.01
Cl 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00
Total 99.93 100.66 98.95 98.15 98.47 97.86 98.24 97.72 97.12 97.64 98.50 98.47
Mg2+** 87664.73 | 89558.68 | 86663.47 | 87550.13 | 86597.12 | 85782.84 | 88207.58 | 88026.63 | 85939.66 | 86030.14 | 86524.74 | 88111.07
Fe2+** 809274.54 | 837776.94 | 814117.18 | 795300.06 | 817507.03 | 817922.12 | 823594.92 | 823594.92 | 827261.50 | 806230.60 | 844418.28 | 829613.64
Mg #r** 9.77 9.66 9.62 9.92 9.58 9.49 9.67 9.66 9.41 9.64 9.29 9.60
Wo 32.16 31.78 31.81 31.47 31.47 31.14 31.01 32.04 31.48 31.33 31.65 31.90
Ens 35.47 35.82 35.67 36.27 36.27 36.60 36.42 35.62 35.77 36.33 36.12 35.89
Fer 32.49 32.75 32.90 32.71 32.71 32.90 33.46 32.50 33.47 32.92 32.54 32.38
4 Ca
Si 1.81 1.79 1.81 1.79 1.79 1.79 1.80 1.80 1.79 1.79 1.80 1.79
Ti 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Al 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Fe2 0.69 0.70 0.70 0.70 0.70 0.70 0.71 0.69 0.72 0.70 0.69 0.69
Mg 0.75 0.75 0.75 0.77 0.77 0.77 0.76 0.75 0.75 0.76 0.76 0.76
Ca 0.68 0.67 0.68 0.67 0.67 0.67 0.66 0.68 0.67 0.67 0.67 0.68
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02
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K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.

Form.

Site T

SIT 181 1.79 181 1.79 1.79 1.79 1.80 1.80 1.79 1.79 1.80 1.79
Al (n) 0.19 0.21 0.19 0.21 0.21 0.21 0.20 0.20 0.21 0.21 0.20 0.21
Al 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
AT 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Fe3 (n) 0.17 0.18 0.16 0.18 0.18 0.19 0.17 0.17 0.19 0.19 0.17 0.18
Fe3 0.69 0.70 0.70 0.70 0.70 0.70 0.71 0.69 0.72 0.70 0.69 0.69
Fe3T 0.17 0.18 0.16 0.18 0.18 0.19 0.17 0.17 0.19 0.19 0.17 0.18
Fe (rest) 0.52 0.51 0.53 0.52 0.52 0.51 0.54 0.52 0.53 0.52 0.52 0.51
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1

Fe 3 (M1) 0.52 0.51 0.53 0.52 0.52 0.51 0.54 0.52 0.53 0.52 0.52 0.51
Ti (M1) 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01
Mg 0.75 0.75 0.75 0.77 0.77 0.77 0.76 0.75 0.75 0.76 0.76 0.76
Mg (n) 0.45 0.45 0.44 0.46 0.46 0.46 0.43 0.45 0.44 0.45 0.45 0.46
Mg (M1) 0.45 0.45 0.44 0.46 0.46 0.46 0.43 0.45 0.44 0.45 0.45 0.46
Mg (sobra) 0.30 0.30 0.31 0.31 0.31 0.31 0.32 0.30 0.31 0.32 0.31 0.30
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2

Mg (M2) 0.30 0.30 0.31 0.31 0.31 0.31 0.32 0.30 0.31 0.32 0.31 0.30
Ca (M2) 0.68 0.67 0.68 0.67 0.67 0.67 0.66 0.68 0.67 0.67 0.67 0.68
Na (M2) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02
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Sample MS_05b MS_05b MS 1ic MS_11b MS_11b MS_11b MS_11b MS_11b MS_11b MS_11b MS_11b MS_11b
m/f f f f m m m m m m m m m
Position X X X X X X X X X X X X
Séo Séo Séo Séo Séao Séao Séao Séo Séo Séao
Local Mato Perso | Mato Perso Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos
SiO; 51.16 51.05 48.15 48.45 51.61 50.44 51.75 51.26 50.99 50.47 51.32 50.80
TiO; 0.63 0.58 1.14 0.94 0.38 0.60 0.39 0.71 0.67 0.87 0.78 0.51
Al;O3 1.66 1.48 5.45 2.47 1.65 1.45 1.46 1.47 1.79 1.55 1.44 1.52
FeO* 10.47 10.47 11.85 17.15 14.49 12.96 11.78 12.25 12.13 11.55 12.13 13.15
Fe Oz 11.77 11.76 13.32 19.27 16.28 14.56 13.23 13.76 13.63 12.97 13.63 14.78
MgO 14.52 14.55 11.60 11.85 14.99 12.97 14.38 14.71 14.26 13.63 13.76 13.20
CaO 17.87 18.09 18.71 13.16 11.86 16.81 17.88 16.89 17.24 18.15 17.80 17.84
Na,O 0.18 0.23 0.33 0.26 0.27 0.35 0.20 0.21 0.25 0.20 0.25 0.22
K20 0.02 0.00 0.04 0.04 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
Cr,03 0.00 0.07 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.09
MnO 0.37 0.46 0.50 0.74 0.58 0.48 0.47 0.70 0.59 0.50 0.53 0.65
NiO 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.03 0.04 0.03 0.05 0.00
V203 0.01 0.02 0.06 0.07 0.00 0.04 0.01 0.02 0.00 0.06 0.02 0.04
Cl 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00
Total 98.19 98.31 99.30 97.28 97.62 98.16 99.84 99.77 99.45 98.47 99.61 99.65
Mg2+** 87586.32 | 87779.33 | 69937.56 71475.65 90433.28 78243.21 86711.72 | 88726.31 | 86006.01 | 82230.17 | 83020.32 79630.50
Fe2+** 814048.00 | 813632.92 | 921485.46 | 1333248.33 | 1125983.28 | 1007269.39 | 915535.93 | 951855.74 | 943000.62 | 897410.61 | 943138.98 | 1022212.40
Mg#*** 9.71 9.74 7.05 5.09 7.43 7.21 8.65 8.53 8.36 8.39 8.09 7.23
Wo 33.63 22.03 20.40 29.18 30.55 28.71 29.54 31.63 30.57 30.10 31.33 21.88
Ens 30.13 38.51 46.80 34.94 35.87 37.73 36.53 34.33 34.97 33.99 36.30 45.35
Fer 37.37 50.36 43.71 39.47 35.28 36.50 36.46 35.30 36.54 38.91 32.95 41.81
4 Ca
Si 1.72 1.68 1.78 1.76 1.78 1.76 1.76 1.77 1.77 1.75 1.80 1.79
Ti 0.03 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01
Al 0.08 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
Fe2 0.80 1.12 0.94 0.85 0.76 0.79 0.79 0.76 0.79 0.85 0.70 0.90
Mg 0.62 0.61 0.77 0.68 0.74 0.75 0.73 0.71 0.71 0.68 0.76 0.78
Ca 0.72 0.49 0.44 0.63 0.66 0.62 0.64 0.68 0.66 0.66 0.66 0.47
Na 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01
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K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.
Form.
Site T
SiT 1.72 1.68 1.78 1.76 1.78 1.76 1.76 1.77 1.77 1.75 1.80 1.79
Al (n) 0.28 0.32 0.22 0.24 0.22 0.24 0.24 0.23 0.23 0.25 0.20 0.21
Al 0.08 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
AT 0.08 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
Fe3 (n) 0.20 0.29 0.19 0.21 0.20 0.22 0.21 0.21 0.21 0.23 0.17 0.20
Fe3 0.80 1.12 0.94 0.85 0.76 0.79 0.79 0.76 0.79 0.85 0.70 0.90
Fe3 T 0.20 0.29 0.19 0.21 0.20 0.22 0.21 0.21 0.21 0.23 0.17 0.20
Fe (rest) 0.60 0.83 0.74 0.64 0.56 0.57 0.58 0.55 0.58 0.62 0.53 0.71
2.00
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1
Fe 3 (M1) 0.60 0.83 0.74 0.64 0.56 0.57 0.58 0.55 0.58 0.62 0.53 0.71
Ti (M1) 0.03 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Mg 0.62 0.61 0.77 0.68 0.74 0.75 0.73 0.71 0.71 0.68 0.76 0.78
Mg (n) 0.36 0.12 0.23 0.33 0.41 0.39 0.39 0.41 0.39 0.35 0.44 0.27
Mg (M1) 0.36 0.12 0.23 0.33 0.41 0.39 0.39 0.41 0.39 0.35 0.44 0.27
Mg (rest) 0.26 0.49 0.54 0.35 0.33 0.36 0.34 0.30 0.32 0.33 0.31 0.52
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2
Mg (M2) 0.26 0.49 0.54 0.35 0.33 0.36 0.34 0.30 0.32 0.33 0.31 0.52
Ca (M2) 0.72 0.49 0.44 0.63 0.66 0.62 0.64 0.68 0.66 0.66 0.66 0.47
Na (M2) 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01
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Sample MS19B1 MS19B1 MS19B1 MS19B1 MS19B2 MS19B2 MS19B2 MS19B2 MS19B2 MS19B2 MS_30 MS38
m/f f f f f m m m m m m f m
Position X X X X X X X X X X X X
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
SiO; 53.00 53.05 53.14 52.73 51.93 51.86 52.46 52.96 52.89 51.93 51.41 52.39
TiO; 0.51 0.36 0.48 0.72 0.55 0.83 0.46 0.27 0.58 0.55 0.70 0.45
Al;O3 1.74 1.21 1.83 1.52 1.83 1.39 1.80 1.64 1.39 1.83 1.43 1.55
FeO* 10.94 14.27 10.90 11.73 12.90 13.10 10.93 10.70 10.78 12.90 14.56 12.04
FezOsm 12.29 16.04 12.25 13.18 14.50 14.71 12.29 12.03 12.12 14.50 11.83 13.53
MgO 14.95 15.62 15.23 14.59 13.67 13.42 15.42 15.21 15.65 13.67 13.29 14.68
CaO 18.25 13.10 17.80 17.17 15.85 17.46 18.05 17.95 18.41 15.85 16.99 17.05
Na,O 0.30 0.14 0.23 0.27 0.19 0.18 0.22 0.45 0.26 0.19 0.17 0.31
K20 0.04 0.01 0.06 0.07 0.04 0.05 0.01 0.02 0.04 0.04 0.02 0.04
Cr203 0.01 0.01 0.02 0.00 0.00 0.04 0.00 0.03 0.03 0.00 0.07 0.01
MnO 0.56 0.54 0.51 0.57 0.43 0.56 0.37 0.28 0.41 0.43 0.60 0.58
NiO 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.03 0.01
V203 0.03 0.04 0.00 0.04 0.00 0.05 0.01 0.03 0.04 0.00 0.00 0.04
Cl 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 101.68 100.12 101.53 100.86 98.98 100.56 101.09 100.86 101.83 98.98 99.27 100.63
Mg2+** 90149.79 | 94227.22 | 91862.79 | 88014.57 | 82465.40 | 80927.32 | 92978.66 | 91760.25 | 94378.01 | 82465.40 | 80185.42 | 88551.39
Fe2+** 850506.17 |1109310.76 | 847185.51 | 911869.36 |1002841.83 |1017923.20 | 849883.55 | 831896.59 | 838122.85 | 1002841.83 | 1131452.44 | 935944.20
Mg+ 9.58 7.83 9.78 8.80 7.60 7.36 9.86 9.93 10.12 7.60 6.62 8.64
Wo 31.33 21.88 30.63 29.58 27.56 29.54 30.77 31.01 31.16 27.56 31.49 29.09
Ens 36.30 45.35 37.32 37.15 37.51 34.84 37.27 37.09 37.15 37.51 35.24 37.47
Fer 32.95 41.81 32.90 35.44 39.35 38.87 32.68 32.42 32.00 39.35 34.23 36.04
4 Ca

Si 1.80 1.79 1.81 1.80 1.80 1.77 1.79 1.81 1.79 1.80 1.85 1.79
Ti 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01
Al 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.02
Fe2 0.70 0.90 0.70 0.75 0.84 0.84 0.70 0.69 0.69 0.84 0.71 0.77
Mg 0.76 0.78 0.77 0.74 0.71 0.68 0.78 0.78 0.79 0.71 0.71 0.75
Ca 0.66 0.47 0.65 0.63 0.59 0.64 0.66 0.66 0.67 0.59 0.65 0.62
Na 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.

Form.

Site T

SIiT 1.80 1.79 1.81 1.80 1.80 1.77 1.79 1.81 1.79 1.80 1.85 1.79
Al (n) 0.20 0.21 0.19 0.20 0.20 0.23 0.21 0.19 0.21 0.20 0.15 0.21
Al 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.02
AT 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.02 0.02
Fe3 (n) 0.17 0.20 0.16 0.18 0.17 0.21 0.18 0.17 0.19 0.17 0.13 0.19
Fe3 0.70 0.90 0.70 0.75 0.84 0.84 0.70 0.69 0.69 0.84 0.71 0.77
Fe3T 0.17 0.20 0.16 0.18 0.17 0.21 0.18 0.17 0.19 0.17 0.13 0.19
Fe (rest) 0.53 0.71 0.53 0.57 0.66 0.63 0.52 0.52 0.50 0.66 0.58 0.58
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1

Fe 3 (M1) 0.53 0.71 0.53 0.57 0.66 0.63 0.52 0.52 0.50 0.66 0.58 0.58
Ti (M1) 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02
Mg 0.76 0.78 0.77 0.74 0.71 0.68 0.78 0.78 0.79 0.71 0.71 0.75
Mg (n) 0.44 0.27 0.44 0.39 0.31 0.33 0.46 0.46 0.48 0.31 0.38 0.39
Mg (M1) 0.44 0.27 0.44 0.39 0.31 0.33 0.46 0.46 0.48 0.31 0.38 0.39
Mg (rest) 0.31 0.52 0.33 0.35 0.40 0.35 0.32 0.31 0.31 0.40 0.33 0.36
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2

Mg (M2) 0.31 0.52 0.33 0.35 0.40 0.35 0.32 0.31 0.31 0.40 0.33 0.36
Ca (M2) 0.66 0.47 0.65 0.63 0.59 0.64 0.66 0.66 0.67 0.59 0.65 0.62
Na (M2) 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.02
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Sample MS38 MS38 MS38 MS50 MS50 MS50 MS50 MS_50 MS51A MS51A MS51A MS51A
m/f m m m f f f f f f f m m
Position X X X X X X X X X X X X
Local Jaquirana | Jaquirana | Jaquirana | Cambar4 | Cambara | Cambard | Cambard | Cambard | Cambara | Cambara | Cambara | Cambara
SiO, 52.11 52.92 52.05 52.58 51.10 53.84 52.24 50.76 52.73 52.49 50.19 51.13
TiO; 0.63 0.34 0.58 0.42 1.11 0.61 0.41 0.56 0.34 0.21 0.57 0.82
Al;O3 1.58 1.71 1.67 1.69 3.97 1.39 1.38 1.70 0.86 0.75 1.33 1.40
FeO* 12.47 11.16 11.58 12.29 12.12 12.98 15.73 12.78 17.22 17.02 14.30 12.30
FezOsm) 14.01 12.54 13.01 13.81 13.61 14.59 17.67 12.14 19.35 19.13 16.06 13.82
MgO 14.42 14.87 13.93 14.10 14.07 14.54 12.75 13.64 22.78 22.78 12.81 14.78
CaO 16.62 17.61 17.08 17.36 17.12 15.53 15.71 16.97 3.33 3.53 16.87 17.39
Na,O 0.40 0.20 0.92 0.24 0.27 0.94 0.34 0.24 0.02 0.07 0.35 0.26
K20 0.03 0.03 0.00 0.04 0.07 0.06 0.09 0.05 0.02 0.01 0.03 0.02
Cr20;3 0.03 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.05 0.00 0.02 0.00
MnO 0.55 0.46 0.34 0.57 0.58 0.42 0.66 0.55 0.62 0.61 0.60 0.34
NiO 0.03 0.06 0.01 0.03 0.00 0.01 0.00 0.03 0.02 0.04 0.01 0.05
V203 0.04 0.08 0.06 0.03 0.09 0.03 0.06 0.05 0.07 0.05 0.01 0.07
Cl 0.00 0.02 0.00 0.01 0.01 0.02 0.00 0.00 0.01 0.00 0.02 0.00
Total 100.48 100.82 99.65 100.92 102.01 101.98 101.31 97.33 100.20 99.66 98.86 100.07
Mg2+** 86971.08 89685.35 84015.55 85059.03 84853.96 87712.98 76916.24 82278.42 | 137414.19 | 137390.06 | 77254.01 89148.53
Fe2+** 969496.79 | 867524.60 | 900316.20 | 955453.13 | 941755.37 | 1009137.27 | 1222559.39 | 993246.72 |1338644.42 | 1323286.33 | 1111247.82 | 956006.57
Mg#*** 8.23 9.37 8.54 8.17 8.27 8.00 5.92 7.65 9.31 9.41 6.50 8.53
Wo 28.39 30.43 30.09 29.65 29.55 26.54 25.74 30.91 5.11 5.42 28.23 29.21
Ens 37.63 37.01 36.19 36.11 36.37 39.44 36.09 35.87 82.62 81.80 34.56 37.16
Fer 37.35 33.82 35.78 36.83 36.67 38.90 45.19 34.52 46.30 45.88 41.95 36.24
4 Ca

Si 1.78 1.81 1.79 1.79 1.75 1.80 1.74 1.82 1.70 1.70 1.72 1.75
Ti 0.02 0.01 0.02 0.01 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.02
Al 0.02 0.02 0.02 0.02 0.06 0.02 0.02 0.03 0.01 0.01 0.02 0.02
Fe2 0.80 0.72 0.75 0.79 0.78 0.81 0.99 0.73 1.04 1.04 0.92 0.79
Mg 0.73 0.76 0.72 0.72 0.72 0.72 0.63 0.73 1.10 1.10 0.66 0.75
Ca 0.61 0.65 0.63 0.63 0.63 0.56 0.56 0.65 0.12 0.12 0.62 0.64
Na 0.03 0.01 0.06 0.02 0.02 0.06 0.02 0.02 0.00 0.00 0.02 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Struc.
Form.
Site T
SIiT 1.78 1.81 1.79 1.79 1.75 1.80 1.74 1.82 1.70 1.70 1.72 1.75
Al (n) 0.22 0.19 0.21 0.21 0.25 0.20 0.26 0.18 0.30 0.30 0.28 0.25
Al 0.02 0.02 0.02 0.02 0.06 0.02 0.02 0.03 0.01 0.01 0.02 0.02
AT 0.02 0.02 0.02 0.02 0.06 0.02 0.02 0.03 0.01 0.01 0.02 0.02
Fe3 (n) 0.20 0.16 0.18 0.18 0.19 0.18 0.24 0.16 0.29 0.29 0.26 0.23
Fe3 0.80 0.72 0.75 0.79 0.78 0.81 0.99 0.73 1.04 1.04 0.92 0.79
Fe3T 0.20 0.16 0.18 0.18 0.19 0.18 0.24 0.16 0.29 0.29 0.26 0.23
Fe (rest) 0.60 0.55 0.57 0.60 0.58 0.63 0.75 0.57 0.76 0.75 0.66 0.56
2.00
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Site M1
Fe 3 (M1) 0.60 0.55 0.57 0.60 0.58 0.63 0.75 0.57 0.76 0.75 0.66 0.56
Ti (M1) 0.02 0.01 0.02 0.01 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.02
Cr (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
V (M1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn (M1) 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01
Mg 0.73 0.76 0.72 0.72 0.72 0.72 0.63 0.73 1.10 1.10 0.66 0.75
Mg (n) 0.37 0.42 0.41 0.37 0.37 0.34 0.22 0.40 0.21 0.23 0.30 0.41
Mg (M1) 0.37 0.42 0.41 0.37 0.37 0.34 0.22 0.40 0.21 0.23 0.30 0.41
Mg (rest) 0.36 0.34 0.31 0.35 0.35 0.38 0.41 0.33 0.88 0.87 0.35 0.34
Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Site M2
Mg (M2) 0.36 0.34 0.31 0.35 0.35 0.38 0.41 0.33 0.88 0.87 0.35 0.34
Ca (M2) 0.61 0.65 0.63 0.63 0.63 0.56 0.56 0.65 0.12 0.12 0.62 0.64
Na (M2) 0.03 0.01 0.06 0.02 0.02 0.06 0.02 0.02 0.00 0.00 0.02 0.02
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Sample MS01 MS01 MS01 MS01 MS02A MS02A MS02A MS02A MS02A MSO02A MSO02A MSO02A
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso
m/f f f f f f f f f f f f f
Position X X X X C C c-b c-b b b b b
TiO; 14.73 15.67 15.94 15.54 2.99 6.40 2.67 13.36 0.84 1.27 2.21 2.88
Al;O3 2.04 2.07 1.48 1.82 0.48 0.35 0.41 0.56 1.63 0.34 1.04 0.49
Cr,03 0.13 0.00 0.00 0.05 0.09 0.01 0.04 0.03 0.00 0.15 0.06 0.05
Fe Oz 63.05 71.19 65.48 64.60 81.58 78.49 82.56 70.82 83.17 83.30 80.23 84.50
MnO 0.50 0.71 0.75 0.34 0.09 0.28 0.19 0.28 0.24 0.12 0.22 0.28
NiO 0.03 0.00 0.02 0.00 0.01 0.00 0.05 0.07 0.00 0.09 0.03 0.11
MgO 0.97 0.99 0.57 0.66 0.00 0.04 0.07 0.12 0.08 0.03 0.08 0.13
Total 81.46 90.64 84.25 83.00 85.23 85.57 85.98 85.23 85.96 85.30 83.87 88.43
Ti 17.37 16.53 17.96 17.79 3.19 6.83 2.83 14.51 0.90 1.36 2.42 2.97
Fe?* 56.65 56.08 57.00 57.46 51.48 52.60 51.04 55.96 51.02 50.54 51.27 50.92
Fe®' 33.30 34.61 32.42 32.07 47.23 44.40 47.82 36.25 48.64 48.93 47.77 47.90
40

Ti 0.49 0.47 0.51 0.51 0.09 0.20 0.08 0.43 0.03 0.04 0.07 0.09
Al 0.11 0.10 0.07 0.09 0.02 0.02 0.02 0.03 0.08 0.02 0.05 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe®* 0.92 0.97 0.90 0.89 1.78 1.58 1.81 1.11 1.87 1.90 1.80 1.80
Fe®" 1.40 1.38 1.45 1.45 1.09 1.19 1.07 1.41 1.01 1.03 1.06 1.07
Mn 0.02 0.02 0.03 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.06 0.06 0.04 0.04 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe2+) 0.04 0.04 0.02 0.03 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01
Fe2/(Fe2++Fe*") 0.61 0.59 0.62 0.62 0.38 0.43 0.37 0.56 0.35 0.35 0.37 0.37
AI/(AI+Fe3++Cr) 0.10 0.09 0.08 0.09 0.01 0.01 0.01 0.02 0.04 0.01 0.03 0.01
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Sample MS03a MS03a MS03a MS03a MS03a MS04 MS04 MS11b MS11b MS11b MS11b MS11b
Séao Séao Séo Séo Séo
Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso Marcos Marcos Marcos Marcos Marcos
m/f f f f f f m m f f f f
Position X X X X X X X c C C c-b c-b
TiO; 5.52 14.03 11.76 7.83 9.61 13.59 16.26 8.46 9.23 6.38 9.08 9.20
Al;O3 1.59 1.93 1.35 2.29 1.66 1.12 0.87 3.12 2.78 1.81 2.71 2.95
Cr,03 0.05 0.12 0.00 0.03 0.05 0.00 0.02 0.10 0.14 0.20 0.12 0.06
Fe,O0g3r) 83.24 72.28 75.79 78.62 76.80 74.68 71.56 75.87 77.34 83.12 77.79 76.27
MnO 0.35 0.61 0.71 0.99 0.42 0.44 1.89 0.51 0.52 0.28 0.51 0.50
NiO 0.00 0.00 0.04 0.01 0.03 0.02 0.00 0.00 0.12 0.03 0.00 0.00
MgO 0.20 0.52 0.35 0.25 0.33 0.00 0.07 0.66 0.62 0.15 0.56 0.64
Total 92.25 90.63 91.43 91.28 90.01 91.03 91.93 88.72 90.74 91.98 90.77 89.62
Ti 5.63 14.86 12.25 8.22 10.11 14.07 16.97 9.11 9.69 6.46 9.50 9.79
Fe®* 52.59 56.15 54.65 53.45 54.25 56.20 55.93 54.19 54.18 53.22 54.26 54.40
Fe* 44,99 35.79 39.18 42.80 40.90 36.30 34.42 41.54 41.22 43.94 41.25 40.94
40
Ti 0.16 0.42 0.35 0.23 0.29 0.41 0.49 0.25 0.27 0.19 0.27 0.27
Al 0.07 0.09 0.06 0.11 0.08 0.05 0.04 0.15 0.13 0.08 0.13 0.14
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Fe®' 1.60 1.06 1.23 1.42 1.34 1.12 0.98 1.34 1.32 1.54 1.33 1.31
Fe®" 1.14 1.37 1.31 1.19 1.26 1.40 1.42 1.20 1.22 1.17 1.22 1.22
Mn 0.01 0.02 0.02 0.03 0.01 0.01 0.06 0.02 0.02 0.01 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.03 0.02 0.01 0.02 0.00 0.00 0.04 0.04 0.01 0.03 0.04
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe2+) 0.01 0.02 0.02 0.01 0.02 0.00 0.00 0.03 0.03 0.01 0.03 0.03
Fe2/(Fe**+Fe®") 0.42 0.56 0.52 0.45 0.48 0.55 0.59 0.47 0.48 0.43 0.48 0.48
AI/(AI+Fe3*+Cr) 0.04 0.08 0.05 0.07 0.06 0.05 0.04 0.10 0.09 0.05 0.09 0.10
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Sample MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b MS11b
Séo Séo Séo Séo Séo Séao Séao Séao Séo Séo Séo Séo
Local Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos
m/f f f f f f f f f f f f f
Position b b b b b b X X X X X X
TiO, 9.74 8.98 8.67 9.33 25.56 5.82 0.88 8.42 8.91 10.02 11.96 11.32
Al;O3 2.90 291 2.62 2.75 2.69 1.55 2.01 0.84 2.72 2.82 2.67 3.06
Cr,03 0.05 0.13 0.11 0.13 0.24 0.08 0.20 0.10 0.21 0.18 0.00 0.00
Fe,O0g3r) 77.45 74.11 74.05 77.07 60.78 80.71 84.76 68.50 77.87 73.59 75.69 73.25
MnO 0.48 0.56 1.24 0.37 0.16 0.52 0.42 0.35 0.33 0.56 0.32 0.51
NiO 0.00 0.00 0.06 0.00 0.04 0.03 0.05 0.11 0.03 0.06 0.00 0.00
MgO 0.74 0.62 0.36 0.50 0.33 0.23 0.19 0.33 0.60 0.99 0.64 0.67
Total 91.35 87.31 87.12 90.15 89.79 88.94 88.51 78.64 90.65 88.23 92.09 89.69
Ti 10.16 9.83 9.53 9.82 27.44 6.09 0.92 9.95 9.33 10.91 12.45 12.21
Fe®* 54.37 54.41 53.80 54.65 64.19 52.55 50.95 53.61 54.30 54.15 55.53 55.46
Fe®' 40.74 40.90 41.71 40.65 13.62 44.81 48.70 41.67 41.29 40.53 38.11 38.35
40
Ti 0.29 0.28 0.27 0.28 0.78 0.18 0.03 0.29 0.26 0.30 0.35 0.34
Al 0.13 0.14 0.13 0.13 0.13 0.07 0.09 0.05 0.13 0.13 0.12 0.14
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Fe®' 1.29 1.31 1.34 1.31 0.31 1.57 1.85 1.37 1.34 1.25 1.17 1.17
Fe? 1.23 1.22 1.20 1.24 1.75 1.14 1.00 1.25 1.22 1.22 1.30 1.28
Mn 0.02 0.02 0.04 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.04 0.04 0.02 0.03 0.02 0.01 0.01 0.02 0.03 0.06 0.04 0.04
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe2+) 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.02 0.03 0.05 0.03 0.03
Fe2/(Fe**+Fe®") 0.49 0.48 0.47 0.48 0.85 0.42 0.35 0.48 0.48 0.49 0.53 0.52
AI/(AI+Fe3*+Cr) 0.09 0.10 0.09 0.09 0.29 0.04 0.05 0.03 0.09 0.10 0.10 0.11
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Sample MS11b MS11b MS11b MS11b MS11b MS11b MS1lc MS1lc MS19B1 MS19B1 MS_19B1 MS19b1
Séo Séo Séo Séo Séo Séo Séo Séo
Local Marcos Marcos Marcos Marcos Marcos Marcos Marcos Marcos Jaquirana | Jaquirana | Jaquirana | Jaquirana
m/f f f f f f f m m m m f f
Position X X X X X X X X X X X X
TiO; 10.70 7.86 9.33 8.60 9.05 2.19 8.21 9.05 13.44 12.49 16.56 11.21
Al;O3 2.64 0.36 2.31 2.84 2.36 0.45 3.23 3.46 1.05 1.17 0.94 2.27
Cr203 0.10 0.13 0.12 0.07 0.08 0.06 1.09 1.01 0.00 0.00 0.01 0.27
FexOsm) 77.94 77.05 72.10 76.34 70.83 80.05 75.06 73.59 71.24 72.81 71.56 73.25
MnO 0.36 0.50 0.46 0.61 0.65 0.59 0.57 0.33 0.61 0.53 0.62 0.45
NiO 0.00 0.02 0.00 0.02 0.04 0.00 0.00 0.09 0.00 0.04 0.00 0.00
MgO 0.67 0.01 0.50 0.38 0.41 0.00 0.39 0.48 0.16 0.17 0.08 0.48
Total 93.21 90.06 85.73 89.71 84.57 88.70 89.30 88.77 86.50 87.21 90.56 88.71
Ti 10.99 8.40 10.43 9.20 10.31 2.40 8.96 9.96 14.51 13.37 17.23 12.10
Fe®* 54.81 53.14 54.56 54.38 54.47 50.68 55.03 55.59 55.93 55.52 57.33 55.39
Fe* 39.79 43.02 40.40 41.29 40.56 48.37 40.75 39.58 36.28 37.52 32.67 38.49
40
Ti 0.31 0.25 0.30 0.26 0.29 0.07 0.25 0.27 0.42 0.39 0.50 0.34
Al 0.12 0.02 0.11 0.13 0.12 0.02 0.15 0.16 0.05 0.06 0.05 0.11
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.01
Fe®* 1.26 1.48 1.29 1.34 1.30 1.83 1.32 1.25 1.10 1.16 0.95 1.20
Fe?* 1.26 1.23 1.25 1.22 1.24 1.05 1.21 1.23 1.39 1.36 1.48 1.30
Mn 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.04 0.00 0.03 0.02 0.03 0.00 0.02 0.03 0.01 0.01 0.00 0.03
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe?*") 0.03 0.00 0.02 0.02 0.02 0.00 0.02 0.02 0.01 0.01 0.00 0.02
Fe2/(Fe**+Fe®") 0.50 0.45 0.49 0.47 0.49 0.36 0.48 0.50 0.56 0.54 0.61 0.52
Al/(Al+Fe* +Cr) 0.09 0.01 0.08 0.09 0.08 0.01 0.10 0.11 0.04 0.05 0.05 0.08
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Sample MS19bl MS19bl MS19B2 MS19b2 MS24b MS24b MS24b MS24b MS24b MS24b MS24b MS24b
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
m/f f f m f f f f f f f f f
Position X X X X X X X X X X X X
TiO, 11.78 13.59 10.54 11.99 11.65 9.42 11.08 10.10 8.95 9.86 11.78 9.96
Al;O3 2.32 1.07 2.28 2.72 2.58 1.92 2.63 2.78 1.44 1.70 2.46 2.09
Cr,03 0.43 0.02 0.00 0.34 0.07 0.21 0.14 0.07 0.11 0.13 0.14 0.12
FezOsm 72.15 72.32 71.78 72.82 76.71 79.78 77.02 76.18 80.13 77.32 76.44 78.96
MnO 0.47 0.82 0.22 0.55 0.28 0.12 0.13 0.25 0.31 0.36 0.30 0.28
NiO 0.00 0.00 0.07 0.00 0.03 0.06 0.00 0.03 0.07 0.00 0.02 0.11
MgO 0.48 0.17 0.14 0.58 0.09 0.04 0.13 0.33 0.21 0.23 0.34 0.24
Total 88.40 88.93 85.03 89.90 92.23 92.32 92.02 90.70 91.93 90.86 92.43 92.65
Ti 12.80 14.46 11.67 12.90 12.02 9.60 11.46 10.65 9.13 10.29 12.17 10.19
Fe?* 55.79 55.74 55.84 55.82 56.21 54.94 56.10 55.38 53.95 54.63 55.82 54.78
Fe* 37.60 36.52 38.28 37.51 37.67 40.48 38.14 39.40 41.78 40.40 37.98 40.31
40

Ti 0.36 0.42 0.33 0.36 0.34 0.28 0.33 0.30 0.27 0.30 0.35 0.29
Al 0.11 0.05 0.11 0.13 0.12 0.09 0.12 0.13 0.07 0.08 0.11 0.10
Cr 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe®* 1.15 1.11 1.22 1.14 1.19 1.35 1.22 1.26 1.40 1.32 1.19 1.31
Fe®" 1.32 1.38 1.32 1.31 1.33 1.27 1.32 1.27 1.24 1.27 1.32 1.27
Mn 0.02 0.03 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.03 0.01 0.01 0.03 0.01 0.00 0.01 0.02 0.01 0.01 0.02 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe®") 0.02 0.01 0.01 0.03 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Fe2/(Fe* +Fe*") 0.53 0.56 0.52 0.54 0.53 0.48 0.52 0.50 0.47 0.49 0.53 0.49
Al/(Al+Fe* +Cr) 0.09 0.04 0.09 0.10 0.09 0.06 0.09 0.09 0.05 0.06 0.09 0.07
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Sample MS24b MS24b MS24b MS24b MS24b MS38 MS38 MS38 MS38 MS38 MS38 MS38
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
m/f f f f f f f f f f f f f
Position X X X X X b c-b c c-b b b c
TiO, 9.94 10.99 13.75 5.95 4.79 13.85 15.34 14.07 14.70 12.33 14.28 15.07
Al;04 2.15 2.26 1.84 2.22 0.89 2.51 2.38 2.43 2.47 2.39 1.88 2.22
Cr,03 0.08 0.10 0.11 0.16 0.07 0.00 0.09 0.08 0.18 0.07 0.13 0.03
Fe Oz 78.06 76.93 75.34 84.12 81.32 71.72 70.78 69.10 68.75 66.04 68.55 67.98
MnO 0.27 0.10 0.36 0.28 0.49 0.46 0.35 0.50 0.60 0.41 0.38 0.63
NiO 0.01 0.00 0.00 0.00 0.09 0.12 0.00 0.01 0.04 0.00 0.00 0.00
MgO 0.20 0.25 0.05 0.00 0.01 1.03 1.09 1.10 1.12 0.81 1.12 1.02
Total 91.59 91.86 92.46 93.50 88.66 89.69 90.02 87.28 87.85 82.04 86.34 86.94
Ti 10.28 11.39 14.10 5.98 5.03 14.80 16.31 15.48 16.13 14.37 15.78 16.62
Fe®* 55.01 55.67 56.73 53.51 52.02 55.62 56.42 55.83 56.07 55.89 55.71 56.25
Fe®* 40.01 38.64 35.71 43.88 45.86 36.41 34.40 35.68 34.92 36.42 35.59 34.34
40

Ti 0.30 0.33 0.41 0.17 0.15 0.41 0.46 0.43 0.45 0.40 0.45 0.47
Al 0.10 0.11 0.09 0.10 0.04 0.12 0.11 0.12 0.12 0.12 0.09 0.11
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe®* 1.31 1.24 1.09 1.55 1.66 1.05 0.97 1.02 0.98 1.07 1.01 0.96
Fe®" 1.27 1.31 1.39 1.16 1.13 1.33 1.38 1.35 1.36 1.34 1.36 1.38
Mn 0.01 0.00 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.02
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.01 0.01 0.00 0.00 0.00 0.06 0.06 0.07 0.07 0.05 0.07 0.06
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe2+) 0.01 0.01 0.00 0.00 0.00 0.04 0.04 0.05 0.05 0.04 0.05 0.04
Fe2/(Fe**+Fe®") 0.49 0.51 0.56 0.43 0.40 0.56 0.59 0.57 0.58 0.56 0.57 0.59
AI/(AI+Fe3++Cr) 0.07 0.08 0.07 0.06 0.03 0.10 0.10 0.10 0.11 0.10 0.08 0.10
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Sample MS38 MS38 MS38 MS38 MS38 MS38 MS50 MS50 MS50 MS50 MS50 MS50
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Cambard | Cambard | Cambar4d | Cambara | Cambara | Cambara
m/f f f f f f f f f f f m m
Position b b c-b C c-b b X X X X X X
TiO; 16.85 18.46 14.98 15.28 14.70 14.73 15.83 15.86 15.99 14.75 3.87 11.42
Al;O3 2.13 1.77 1.97 2.34 2.13 2.21 1.90 1.89 1.85 2.23 0.77 3.15
Cr;03 0.15 0.22 0.02 0.04 0.14 0.10 0.07 0.14 0.05 0.19 0.17 0.27
FexOsm) 65.63 63.18 67.29 71.89 72.14 69.45 67.85 68.98 67.88 71.49 78.99 74.65
MnO 0.98 1.08 0.49 0.41 0.58 0.49 0.70 0.66 0.75 0.57 0.83 0.36
NiO 0.04 0.00 0.00 0.00 0.07 0.06 0.00 0.00 0.06 0.00 0.00 0.02
MgO 1.03 0.95 1.15 1.03 0.96 1.01 0.32 0.33 0.30 0.48 0.05 0.92
Total 86.81 85.65 85.89 90.99 90.71 88.05 86.66 87.86 86.88 91.02 87.02 91.66
Ti 18.76 20.81 16.68 16.05 15.49 16.02 17.34 17.14 17.49 15.65 4.22 12.10
Fe®* 56.84 57.72 55.98 56.28 55.82 56.09 57.58 57.51 57.51 56.87 51.35 55.30
Fe* 31.91 29.01 34.59 34.75 35.68 34.99 32.31 32.56 32.26 34.42 46.91 38.59
40

Ti 0.52 0.58 0.47 0.45 0.44 0.45 0.50 0.49 0.50 0.44 0.12 0.34
Al 0.10 0.09 0.10 0.11 0.10 0.11 0.09 0.09 0.09 0.11 0.04 0.15
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Fe®* 0.84 0.74 0.96 0.99 1.02 0.99 0.91 0.92 0.91 1.00 1.71 1.17
Fe?* 1.42 1.49 1.38 1.38 1.36 1.37 1.45 1.45 1.45 1.40 1.09 1.27
Mn 0.03 0.04 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.06 0.06 0.07 0.06 0.06 0.06 0.02 0.02 0.02 0.03 0.00 0.05
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe®") 0.04 0.04 0.05 0.04 0.04 0.04 0.01 0.01 0.01 0.02 0.00 0.04
FeZ/(Fe2++Fe3+) 0.63 0.67 0.59 0.58 0.57 0.58 0.61 0.61 0.62 0.58 0.39 0.52
Al/(Al+Fe* +Cr) 0.11 0.11 0.09 0.10 0.09 0.10 0.09 0.09 0.09 0.09 0.02 0.11




Sample MS50 PSJ02a PSJ02a PSJ02a PSJ02a PSJ02a PSJ0O4 PSJ04 PSJ06 PSJ06 PSJ06
Local Cambara | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
m/f m f f f f f f f f f f
Position X X X X X X X X X X X
TiO, 17.07 12.76 11.49 6.31 11.80 11.29 11.34 0.46 3.95 1.28 1.04
Al;O3 2.36 2.59 2.64 0.89 2.67 2.10 2.92 1.01 0.50 0.60 2.16
Cr,03 0.17 0.18 0.17 0.10 0.12 0.09 0.13 0.00 0.00 0.13 0.15
FezOsm 69.36 73.89 74.90 77.22 73.67 72.16 72.36 25.11 86.40 87.31 87.66
MnO 0.57 0.31 0.42 0.34 0.40 0.74 0.42 0.85 0.07 0.14 0.11
NiO 0.05 0.00 0.05 0.00 0.07 0.04 0.02 0.02 0.00 0.01 0.03
MgO 111 0.48 0.52 0.51 0.53 0.52 1.36 15.62 0.02 0.07 0.18
Total 91.76 90.99 91.14 86.95 90.14 88.53 89.68 96.97 91.92 90.73 92.26
Ti 18.12 13.45 12.12 6.85 12.59 12.33 12.36 1.63 3.95 1.30 1.05
Fe?* 57.02 56.30 55.51 52.15 55.70 54.90 54.38 -135.98 51.73 50.68 51.36
Fe* 32.27 36.62 38.34 44.85 37.84 38.86 39.40 239.88 46.64 48.82 48.23
40

Ti 0.51 0.38 0.34 0.20 0.36 0.35 0.34 0.02 0.12 0.04 0.03
Al 0.11 0.12 0.12 0.04 0.13 0.10 0.14 0.08 0.02 0.03 0.10
Cr 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe®* 0.87 1.11 1.19 1.55 1.16 1.20 1.18 1.88 1.74 1.89 1.84
Fe®" 1.42 1.34 1.30 1.15 1.31 1.29 1.25 -0.53 1.11 1.03 1.02
Mn 0.02 0.01 0.01 0.01 0.01 0.03 0.01 0.05 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.07 0.03 0.03 0.03 0.03 0.03 0.08 1.50 0.00 0.00 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg+Fe®") 0.04 0.02 0.02 0.03 0.02 0.02 0.06 1.54 0.00 0.00 0.01
Fe2/(Fe* +Fe*") 0.62 0.55 0.52 0.43 0.53 0.52 0.51 -0.39 0.39 0.35 0.36
Al/(Al+Fe* +Cr) 0.11 0.10 0.09 0.03 0.10 0.08 0.10 0.04 0.01 0.01 0.05
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Sample MS01 MSO01 MS01 MS01 MS_03a MS_03a MS11b MS11b MS19B1 MS19B1 MS19B1 MS19B1
Séo Séo

Local Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso | Mato Perso Marcos Marcos Jaguirana | Jaquirana | Jaquirana | Jaquirana
SiO; 72.36 75.28 76.96 73.85 77.68 64.67 73.57 71.79 80.09 76.87 71.00 81.35
TiO, 0.34 0.38 0.39 1.01 0.15 0.89 0.15 0.40 1.78 0.97 0.10 0.37
Al,03 13.20 11.55 11.63 11.49 10.92 14.97 13.37 13.16 6.47 10.71 18.20 10.41
Fex0sm) 0.85 0.95 1.23 1.01 1.15 3.97 0.38 1.43 3.32 2.45 0.77 1.57
MnO 0.00 0.00 0.03 0.14 0.04 0.03 0.00 0.00 0.05 0.00 0.27 0.08
MgO 0.09 0.10 0.02 0.03 0.03 0.25 0.00 0.07 0.04 0.00 0.18 0.06
CaO 0.30 0.47 0.27 0.25 2.55 4.47 2.03 1.47 1.91 0.85 5.99 0.37
Na,O 3.00 3.13 2.74 2.62 2.84 4.49 3.33 3.53 1.19 2.51 5.02 2.09
K20 7.77 5.65 6.57 6.65 3.44 2.93 5.46 5.59 3.94 5.97 0.65 6.45
Total 97.90 97.51 99.84 97.05 98.87 96.78 98.30 97.43 98.78 100.33 102.17 102.75
K20/Na,O 2.59 1.81 2.40 2.54 1.21 0.65 1.64 1.58 3.32 2.38 0.13 3.09
Sample MS19B1 MS19B1 MS19B2 MS19B2 MS19B2 MS19B2 MS19B2 MS38 MS38 MS38 MS38 MS38
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
SiO; 80.34 75.64 79.09 77.60 66.16 79.91 75.93 80.13 78.77 68.23 79.45 80.53
TiO; 0.09 0.10 0.84 0.94 0.16 0.98 0.53 0.31 0.35 0.88 1.25 0.65
Al,03 11.36 12.69 11.61 11.80 16.97 10.38 11.94 8.65 10.88 15.07 11.12 9.57
FexOsm) 0.26 1.10 1.25 1.47 1.45 1.56 1.07 3.84 0.47 0.60 1.25 1.09
MnO 0.00 0.10 0.02 0.04 0.04 0.06 0.00 0.02 0.03 0.00 0.03 0.04
MgO 0.00 0.08 0.05 0.02 0.25 0.04 0.03 0.13 0.03 0.53 0.04 0.05
CaO 0.16 0.59 1.04 0.64 3.62 1.03 0.84 0.22 0.18 0.40 0.18 0.30
Na,O 2.64 2.72 3.64 3.00 5.42 2.98 2.57 2.14 2.28 3.09 2.66 2.43
K20 7.10 8.19 4.34 6.07 1.55 4.23 7.10 5.04 6.66 7.89 6.29 4.93
Total 101.94 101.20 101.87 101.58 95.60 101.17 100.01 100.47 99.64 96.67 102.25 99.59
K20/Na,O 2.69 3.01 1.19 2.02 0.29 1.42 2.76 2.35 2.92 2.56 2.37 2.03
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Sample MS38 PSJ4 PSJ4 PSJ4 PSJ4 PSJ4 PSJ4 PSJ06 PSJ06 PSJ06 PSJ06 PSJ02A
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana
SiO; 77.49 84.55 82.44 79.24 72.62 80.56 70.83 70.13 71.20 74.72 79.43 84.29
TiO, 0.79 0.29 0.00 0.60 0.24 0.32 0.02 0.35 0.11 0.17 0.85 0.51
Al;O3 11.51 7.69 8.35 10.88 14.19 9.73 15.35 12.49 12.18 9.90 9.95 7.00
FexOsm 1.04 0.46 0.25 0.69 0.39 0.47 0.89 2.89 2.96 3.89 2.49 2.55
MnO 0.12 0.03 0.00 0.08 0.01 0.00 0.00 0.05 0.18 0.11 0.16 0.00
MgO 0.03 0.00 0.04 0.02 0.00 0.02 0.08 0.87 0.89 0.99 0.03 0.01
CaO 0.28 0.27 0.19 0.44 0.22 0.19 3.77 3.18 3.18 2.85 2.47 0.17
Na,O 2.91 1.73 1.94 2.39 3.09 2.14 3.96 3.60 3.50 2.74 3.74 1.70
K20 6.64 4.55 5.16 6.49 8.97 5.77 2.35 3.76 3.90 3.33 0.51 4.14
Total 100.80 99.58 98.36 100.83 99.71 99.21 97.23 97.31 98.10 98.69 99.64 100.37
K20/Na,O 2.28 2.63 2.66 2.71 2.91 2.70 0.59 1.04 1.11 1.21 0.14 2.43
Sample PSJ02A PSJ02A PSJ02A PSJ02A MS 19B1 MS50 MS50 MS50
Local Jaquirana | Jaquirana | Jaquirana | Jaquirana | Jaquirana | Cambard | Cambara | Cambara
SiO, 65.39 73.24 74.21 84.29 79.94 81.39 86.13 69.91
TiO, 0.47 0.43 0.41 0.51 0.10 0.60 0.27 0.00
Al;O3 17.52 14.03 13.60 7.00 9.38 9.57 5.74 17.21
FexO0s3m 1.69 0.61 0.69 2.55 0.92 2.37 3.98 0.25
MnO 0.08 0.04 0.00 0.00 0.00 0.05 0.05 0.04
MgO 0.38 0.02 0.03 0.01 0.00 0.03 0.21 0.02
CaO 3.31 2.06 2.10 0.17 0.46 0.28 0.23 0.39
Na,O 4.83 4.26 4.05 1.70 2.35 2.20 1.28 3.76
K20 4.16 3.89 3.83 4.14 5.25 5.72 2.97 10.38
Total 97.82 98.57 98.91 100.37 98.42 102.19 100.86 101.96
K20/Na,O 0.86 0.91 0.95 2.43 2.23 2.60 2.32 2.76




77

APPENDIX B — Whole-rock geochemical analyses results obtained by ICP-ES and LA-ICP-MS for major, trace and
rare earth elements.

Area Mato Perso

Sample MS-01 MS-03A MS-04 MS-05B MP-01 NR-01 CR-3 SV-5
lat (S)*  6781199.7 6780192.8 6779911.2 6778913.3 6781552.33 6785954.9 6775685.1 6781130.5
long (E) 467814.1 468152.7 468150.4 469494.5 470341.51 458020.62 474984.79  470250.7

elevation 653.0 679.0 639.0 661.0 354.0 602.0 564.0 598.0
SiO, 67.32 65.30 67.18 67.23 67.68 66.01 67.56 69.95
Al,O3 12.66 13.11 12.88 12.74 12.35 12.93 12.53 12.1
Fe,O4 6.23 6.30 6.02 6.12 7.21 6.32 6.1 5.62
MgO 1.33 1.29 1.27 1.26 0.85 1.33 1.01 0.87
CaO 3.28 2.96 3.12 3.23 2.46 3.2 2.63 2.47
Na,O 2.95 2.90 2.77 2.96 2.67 2.92 2.66 2.52
K20 3.78 3.94 4.00 3.80 4.16 3.78 3.94 4.24
TiO, 0.92 0.95 0.89 0.93 0.97 0.94 0.88 0.83
P20s 0.27 0.28 0.26 0.27 0.26 0.24 0.25 0.24
MnO 0.11 0.11 0.11 0.10 0.13 0.11 0.1 0.1
Cr,05 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Sum 99.84 99.82 99.84 99.84 99.86 99.85 99.86 99.86

LOlI 0.9 2.6 13 11 1 2 2.1 0.8
Ba 575 647 613 578 720 683 651 696
Ni <20 <20 <20 <20 <20 <20 <20 <20
Co 12.6 12.4 10.1 10.9 11.9 12.6 10.9 131
Cs 6.5 9.2 6.5 7.2 55 7.8 4.6 6.6
Ga 16.8 18.8 16.3 18.1 154 155 151 151
Hf 6.5 6.9 6.4 6.7 7.1 6.4 6.9 6.2
Nb 20.1 19.7 20.4 19.7 19 19.1 19.4 19.1
Rb 161.1 170.4 163.3 160.5 159.9 158.3 166.8 1745
Sr 150.2 151.6 146.0 141.4 137.3 150.9 135.5 127.7
Ta 1.7 1.6 15 1.6 1.3 15 1.7 1.4
Th 12.4 13.2 13.9 131 14.4 13.6 14.3 13.7
U 4.6 4.3 5.1 5.0 3.9 4.8 4.9 5.2
Zr 243.8 247.1 245.3 236.1 260.2 242.3 243.7 236
Y 33.7 37.3 35.3 31.7 47.8 48.5 45.9 52.7
La 40.6 41.7 42.6 38.7 50.3 49.4 49.6 44.1
Ce 80.1 82.4 87.2 78.9 98.7 94.5 92.2 85
Pr 9.46 9.93 9.92 9.32 12.14 11.29 11.98 10.8
Nd 35.8 39.2 37.9 36.5 46.8 43.2 49.4 45
Sm 7.52 7.94 7.96 7.59 9.37 8.73 9.42 9.42
Eu 1.57 1.55 1.48 1.42 1.75 1.65 1.93 1.97
Gd 7.11 7.72 7.36 6.72 9.17 8.84 9.6 10.55
Tb 1.06 1.19 1.10 1.04 1.5 1.37 1.52 1.63
Dy 6.63 7.15 6.74 6.41 9.22 7.78 8.77 9.95
Ho 131 1.39 1.25 1.23 1.85 1.67 1.81 2.12
Er 3.72 3.90 3.34 3.39 5.32 4.77 5.23 6.09
m 0.53 0.59 0.49 0.50 0.76 0.67 0.72 0.87
Yb 3.44 3.68 3.32 3.32 4.88 4.34 452 5.56
Lu 0.51 0.60 0.51 0.50 0.72 0.61 0.67 0.8

SumREE 199.36 208.94 211.17 195.54 252.48 238.82 247.37 233.86
Zr/Nb 12.1 12.5 12.0 12.0 13.69 12.69 12.56 12.36
Zr/Th 19.66 18.72 17.65 18.02 18.07 17.82 17.04 17.23
Nb/Y 0.60 0.53 0.58 0.62 0.40 0.39 0.42 0.36
ZrlY 7.23 6.62 6.95 7.45 5.44 5.00 531 4.48

D (ap)*  16238.46 16238.46 16888.00 15637.04  16238.46  17591.67 16888.00 17591.67
T°C (ap) 1070.29  1015.03  1061.08  1073.04 1080.13 1023.79  1071.44  1130.69
n (dry)** 5.7 6.28 5.87 5.7 5.68 6.19 5.89 5.47

n (0.5) 4.68 5.12 4.81 4.68 4.67 5.06 4.83 4.52

n (1.3) 3.98 4.35 4.09 3.97 3.97 4.30 4.11 3.84




Area Jaquirana-Cambaréa do Sul

Sample MS-19A MS-22 MS-22E MS-22D MS-24A MS-24B MS-29A MS-32C MS-38 MS-50 MS-67 PSJ-003 PSJ-006
lat (S)*  6798957.4 6810422.1 6810422.1 6810422.1 6809398.1 6809398.1 6804625.9 6805796.2 6805226.8 6790890.7 6783937.7 6810422.1 6810422.1
long (E) 553601.8 555766.8 555766.8 555766.8 556465.6 556465.6 562439.1 560526.6 562014.1 581524.9 594908.2 555766.8 555766.8

elevation 923.0 882.0 882.0 882.0 932.0 932.0 940.0 901.0 934.0 1054.0 1002.0 943.0 950.0
SiO; 65.80 64.78 65.47 67.80 68.18 67.35 66.32 67.38 66.04 66.30 65.64 67.87 66.00
Al;03 12.72 13.75 12.95 12.53 12.05 12.37 12.90 12.55 12.85 13.04 13.40 12.17 12.63
Fe>O3 6.68 6.83 6.41 6.06 6.05 6.04 6.18 6.37 6.35 6.50 6.16 6.53 5.87
MgO 1.65 0.91 1.52 1.37 1.31 1.32 1.60 1.41 1.59 1.22 1.50 1.31 1.24
CaOo 3.14 1.02 3.41 2.90 2.83 2.85 2.99 3.07 3.02 2.63 2.09 2.90 3.28
Na.O 2.80 2.09 2.90 2.89 2.89 2.87 2.76 2.83 2.77 2.84 2.56 2.78 3.27
K20 3.95 4.86 4.00 3.98 3.80 4.13 4.06 4.04 4.14 4.26 3.91 3.78 3.10
TiO, 0.95 1.01 0.95 0.92 0.89 0.92 0.95 0.96 0.94 0.94 0.94 0.90 0.88
P20s 0.29 0.25 0.27 0.25 0.26 0.26 0.27 0.27 0.29 0.27 0.26 0.25 0.25
MnO 0.12 0.09 0.11 0.11 0.09 0.10 0.10 0.11 0.11 0.09 0.10 0.10 0.11
Cr203 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 0.002 <0.002 <0.002 0.006 0.003
Sum 99.84 99.84 99.83 99.84 99.85 99.84 99.84 99.83 99.84 99.79 99.84 99.82 99.82
LOI 1.7 4.2 1.8 1.0 1.4 1.6 1.6 0.8 1.7 1.6 3.2 1.2 3.2

Ba 621 767 584 562 546 613 583 568 576 948 748 563 592
Ni <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 2.4

Co 11.7 11.2 12.2 11.4 10.6 11.6 11.9 11.9 12.7 19.4 12.1 11.1 10.9
Cs 8.5 4.6 5.9 5.6 5.6 4.2 7.1 7.6 6.3 10.2 11.3 5.9 8.7

Ga 16.7 17.7 17.6 155 15.8 15.1 155 17.2 16.8 16.1 16.4 16.7 17.0
Hf 6.6 7.4 6.6 6.8 6.3 6.7 7.1 6.8 7.0 7.1 7.2 5.8 6.6

Nb 21.3 22.0 20.0 19.1 19.1 19.9 20.3 21.2 21.7 21.1 21.0 17.1 18.9
Rb 172.1 186.5 163.0 152.7 153.2 155.8 167.7 161.4 168.4 187.7 173.9 150.6 163.5
Sr 139.0 80.8 145.9 153.8 135.0 163.4 132.2 144.1 134.2 133.9 103.5 128.8 148.8
Ta 1.7 1.9 1.4 1.3 1.5 1.6 1.6 1.6 1.8 1.6 1.6 1.5 1.6

Th 13.4 14.6 13.8 12.3 13.0 12.9 13.8 14.0 13.1 13.9 13.7 12.4 13.6
] 4.6 4.9 4.6 3.9 3.6 4.1 45 4.6 4.3 4.3 4.9 3.7 4.9

Zr 250.4 269.7 245.7 234.3 239.2 246.6 250.8 255.1 251.2 255.4 261.6 222.1 242.2
Y 35.7 29.0 34.5 34.0 33.4 36.1 35.8 35.2 35.7 116.0 42.9 39.8 35.7
La 41.0 429 40.2 39.1 38.7 40.7 40.6 41.9 41.4 83.6 47.6 40.3 40.6
Ce 81.7 80.6 83.8 79.0 78.5 82.3 80.4 83.5 84.7 155.6 90.7 75.6 83.9
Pr 9.50 9.86 9.83 9.25 9.25 9.48 9.76 9.67 9.82 23.88 11.48 9.60 9.90
Nd 37.9 37.1 38.0 35.0 36.2 37.4 36.8 37.5 38.0 108.0 44.1 35.9 37.9
Sm 7.65 7.63 7.63 7.45 7.29 7.45 7.65 7.86 7.77 24.57 8.88 7.28 7.41

Eu 1.57 1.41 1.54 1.41 1.44 1.43 1.56 1.49 1.52 5.60 1.88 1.47 1.46




Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
SumREE
Zr/Nb
Zr/Th
Nb/Y
ZrlY
D (ap)*
T°C (ap)
n (dry)*
n (0.5)
n (1.3)

7.53
1.14
6.65
1.29
3.59
0.53
3.70
0.53
204.28
11.76
18.69
0.60
7.01
15078.57
1038.70

5.90
4.82
4.09

7.06
1.03
6.09
1.10
3.10
0.47
3.11
0.45
201.91
12.26
18.47
0.76
9.30
15637.04
1005.77
6.63
5.40
4.58

7.56
1.08
6.80
1.25
3.67
0.51
3.40
0.55
205.82
12.29
17.80
0.58
7.12
15078.57
1029.60
6.01
4.91
4.17

7.15
1.05
6.41
1.22
341
0.52
3.34
0.48
194.79
12.27
19.05
0.56
6.89
15637.04
1088.70
5.56
4.57
3.88

6.99
1.05
6.42
1.14
3.45
0.53
3.37
0.50
194.83
12.52
18.40
0.57
7.16
16238.46
1093.81
5.56
4.58
3.89

7.34
111
6.44
1.28
3.75
0.50
3.44
0.51
203.13
12.39
19.12
0.55
6.83
16238.46
1059.07
5.87
4.82
4.10

7.50
1.08
6.93
1.24
3.70
0.57
3.35
0.50
201.64
12.35
18.17
0.57
7.01
16888.00
1109.58
5.23
4.29
3.63

7.99
1.11
6.84
1.28
3.75
0.54
3.54
0.55
207.52
12.03
18.22
0.60
7.25
15637.04
1053.27
5.88
4.83
4.11

7.53
111
6.60
1.27
3.86
0.55
3.45
0.52
208.10
11.58
19.18
0.61
7.04
15078.57
1068.47

5.62
4.60
3.90

27.85
3.94
25.00
4.69
14.04
2.08
14.39
2.20
495.44
12.10
18.37
0.18
2.20
15637.04
1068.65
5.69
4.66
3.95

8.76
1.32
8.11
1.47
4.28
0.61
4.05
0.56
233.80
12.46
19.09
0.49
6.10
15078.57
1072.05
5.73
4.68
3.97

17.77
1.12
6.76
1.38
3.84
0.55
3.46
0.53

195.56
12.99
17.91

0.43
5.58

16888.00
1079.88

5.67
4.64
3.93

7.47
1.09
6.64
1.27
3.64
0.55
3.12
0.51

205.46
12.81
17.81

0.53
6.78

16888.00
1028.93

6.18
5.05
4.29

*UTM 22J; **viscosities for dry, 0.5 and 1.3 H,O wt.%
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Area S&o Marcos
Sample GA-03V GA-03P GA-04 GA-07 GA-10 GA-11 GA-12 GA-13 GA-16 GA-34 GA-35 GA-37
lat (S)* 6795474.0 6795474.0 6795526.0 6795476.0 6795360.0 6795721.0 6795245.0 6794956.0 6795622.0 6796246.0 6796310.0 6795204.0
long (E) 489079.0 489079.0 487754.0 488839.0 491862.0 488531.0 492231.0 492287.0 488643.0 494773.0 494631.0 494494.0
elevation 658.0 658.0 710.0 665.0 732.0 747.0 753.0 768.0 624.0 896.0 851.0 767.0
SiO, 62.6 68.88 66.91 68.96 66.51 66.88 67.07 67.01 67.24 64.99 67.66 65.25
Al,O3 14.53 12.13 13.1 11.95 12.87 12.74 13.05 12.76 12.74 13.14 12.92 12.87
Fe,O3 6.71 5.99 5.87 6 5.93 5.84 5.9 5.84 6.24 7.24 6.03 6.32
MgO 1.48 1.21 0.92 1.13 1.22 1.31 0.95 1.31 1 1.52 1.15 1.36
CaO 3.31 2.96 2.14 2.76 3.1 2.94 25 3.03 25 3.48 3.02 3.48
Na,O 3.34 2.72 2.54 2.59 2.86 2.84 2.8 2.87 2.63 3.15 3.05 3.55
K,0O 4,58 3.99 4.19 4.46 4.3 4.02 4.09 4,14 4.54 3.57 3.68 2.94
TiO, 1 0.87 0.9 0.85 0.89 0.91 0.92 0.9 0.92 1.06 0.96 0.95
P,Os 0.29 0.26 0.26 0.25 0.27 0.28 0.27 0.28 0.27 0.29 0.26 0.27
MnO 0.13 0.1 0.07 0.1 0.11 0.09 0.11 0.09 0.11 0.15 0.09 0.11
Cr,03 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Sum 99.79 99.84 99.82 99.85 99.83 99.83 99.83 99.82 99.83 99.81 99.81 99.83
LOI 1.8 0.70 2.90 0.80 1.80 2.00 2.20 1.60 1.70 1.20 1.00 2.70
Ba 721 631 669 565 702 634 718 661 628 715 596 553
Ni 4.8 3 2.2 3.2 2.3 2.3 2 2 3.2 2.8 2.1 1.4
Co 13.8 11.3 10.2 11.5 11.3 10.4 10.2 10.9 11.8 15.2 13.3 12.2
Cs 7.8 7.9 6.6 6.8 6.3 6.2 7.3 7.5 7.8 6.4 7.2 8.3
Ga 19.2 16.8 17.6 15.6 17.3 16.7 17.5 17.3 17.1 18.1 16.3 16.6
Hf 7.2 6.4 6.9 5.9 7 6.9 6.8 7 6.9 6.5 6.3 6.2
Nb 23.1 20.7 22.7 20 21.4 22.4 22.9 21.8 22.1 21.1 20.5 20.3
Rb 197.2 178.5 187.9 181.9 177.5 165.6 172.3 177.6 185 149.7 157.2 149.3
Sr 154.5 144.2 125.1 130.9 147.7 141.2 137.8 152.5 133 150 143.1 147
Ta 1.8 1.7 1.7 1.5 1.6 1.7 1.5 1.6 1.6 1.4 1.5 1.5
Th 16.1 13.9 15.1 12.8 14 13.9 14.2 14.5 14.1 13.1 12.6 13.2
U 4.6 4.6 4.7 4.6 45 5 4.9 4.6 4.6 4.2 4.4 4.5
Zr 259.6 224.2 248 218.6 233.5 233.6 242.9 240.9 238.4 234.3 225.1 222
Y 65.6 455 65.9 34.6 41.1 36.9 49.5 36.6 34.2 42.9 109.5 34.1
La 48.1 39.9 49.9 36.6 39.8 39.5 39.3 41.1 38.1 39.9 47.6 36.2
Ce 94.1 84.2 110.6 81 85.7 85 82.9 89.9 85.1 86.9 106.3 80.6
Pr 11.91 9.65 12.95 9.15 9.8 9.75 9.75 10.24 9.63 9.67 13.49 9.09
Nd 46.8 37.7 52 35.5 40.2 38.2 37.2 39.4 37.4 36.8 58.9 35
Sm 9.56 7.51 10.34 7.08 7.75 7.6 7.59 7.86 7.28 7.76 12.93 7.2
Eu 1.88 1.44 2.03 1.42 1.54 1.47 1.54 1.5 1.43 1.61 2.98 1.41
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Gd
Th
Dy
Ho
Er
Tm
Yb
Lu
SumREE
Zr/Nb
Zr/Th
Nb/Y
ZrlY
D (ap)*
T°C (ap)
n (dry)*
n (0.5)
n(1.3)

10.43
1.72
10.01
2.13
6.29
0.91
571
0.88
250.43
11.24
16.12
0.35
3.96
14558.62
1021.07
5.81
4.71
3.97

7.3
1.17
6.39
1.38
3.79
0.54
3.42
0.51

204.90
10.83
16.13

0.45
4.93
16238.46
1079.59
5.43
4.48
3.81

10.57
1.72
9.84
2.04

59
0.86
5.42
0.79

274.96

10.93

16.42
0.34
3.76

16238.46
1059.07
6.09
4.99
4.23

6.52
1.08
6.08
12
341
0.51
3.3
0.48
193.33
10.93
17.08
0.58
6.32
16888.00
1109.58
5.80
4.78
4.07

7.35
1.18
6.59
1.36
3.88
0.57
3.6
0.54
209.86
10.91
16.68
0.52
5.68
15637.04
1053.27
5.90
4.84
411

7.05
1.15
6.41
1.29
3.65
0.55
3.58
0.51
205.71
10.43
16.81
0.61
6.33
15078.57
1068.47
5.79
4.74
4.03

7.81
1.25
6.9
1.52
4.24
0.61
3.76
0.58
204.95
10.61
17.11
0.46
491
15637.04
1068.65
5.89
4.83
4.10

7.12
1.17
6.7
1.28
3.6
0.55
3.48
0.53
214.43
11.05
16.61
0.60
6.58
15078.57
1072.05
5.73
4.70
3.99

6.61
1.09
6.22
1.2
3.2
0.5
3.15
0.47
201.38
10.79
16.91
0.65
6.97
15637.04
1073.32
5.79
4.75
4.04

7.59
1.26
7.16
1.45
4.05
0.6
3.76
0.57
209.08
11.10
17.89
0.49
5.46
14558.62
1021.07
5.97
4.86
4.00

154
2.58
15.45
3.32
9.65
1.46
9.48
1.42
300.96
10.98
17.87
0.19
2.06
16238.46
1079.59
5.69
4.67
3.97

6.69
1.11
6.33
1.21
3.41
0.51
3.36
0.51
192.63
10.94
16.82
0.60
6.51
15637.04
1018.67
6.12
4.99
4.23

*UTM 22J; **viscosities for dry, 0.5 and 1.3 H,O wt.%
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APPENDIX C — Mass balance (Stomer and Nichols, 1978) results obtained in the software Petrograph.

Mato Perso
TiSt Lo (MP-02) Lf(MS-01) Plag Cpx n:é';g ff[a-c A0 Af  residual (AO-Af)
SiO; 56.30 68.10 54.49 52.06 0 43.137 11.801 11.614 0.187
TiO2 1.72 0.93 0.09 0,55 1047 2252 -0.79 -0.615 -0.175
Al,O3 13.59 12.80 27.52 1.67 142 14.23 -0.785 -0.662 -0.123
FeOot 13.10 6.30 1.09 12.04 87.21 21.295 -6.801 -6.974 0.173
MnO 0.17 0.11 0.02 0.47 0.57 0.27 -0.062 -0.074 0.012
MgO 3.42 1.34 0.13 14.79 0.33 483 -2.075 -1.621 -0.455
CaO 6.68 3.31 11.79 18.15 0 11.524 -3.371 -3.817 0.446
Na,O 2.47 2.98 45 0.25 0 2275 0.51 0.33 0.18
K20 2.27 3.82 037 0.01 0 0.186 1554 1.692 -0.139
P20s 0.25 0.27 0 0 0 0 0.019 0.127 -0.108
gres® 0.5803

subtracted phases (100%) 48.77 31.81 19.42
fractionated total (%) 46.52

Plag= plagioclase; cpx= clinopyroxene; Ti-mag= titanomagnetite
Lo=initial liquid; Lf= final liquid; F= crystallized fraction in the parental magma;
AO= observed difference between the magmas ; AO= calculated difference between the magmas
&res2= sum of the squares of residuals.

T80 Lo (MP-02) Lf(MS-03a) Plag Cpx mT;g M A0 AF residual (A0-Af)
SiO, 56.30 67.22 54.49 52.06 0 43.221 10.92 10.823 0.097
TiO, 1.72 0.98 0.09 055 1047 2.236 -0.743 -0.567 -0.175
Al;O3 13.59 13.49 2752 167 1.42 13.496 -0.096 0 -0.096
FeO 13.10 6.48 1.09 12.04 87.21 21.385 -6.618 -6.719 0.101
MnO 0.17 011 0.02 047 057 0.283 -0.06 -0.076 0.017
MgO 3.42 1.32 0.13 1479 033 5289 -2.093 -1.786 -0.307
CaO 6.68 3.04 11.79 18.15 0 11.759 -3.642 -3.928 0.286
Na,O 2.47 298 45 0.25 0 2155 0,511 0.375 0.137
K20 2.27 405 0.37 0.01 0 0176 1.786 1.75 0.036
P2Os 0.25 0.29 0 0 0 0 0.034 013 -0.096

Eres” 0.2651
subtracted phases (100%) 4593 3495 19.12

fractionated total (%)

45.09
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Test

Ti-

XL-

3 Lo (MP-02) Lf(MS-04) Plag Cpx mag frac AO Af residual (AO-Af)
SiO; 56.30 68.20 54.49 52.06 0 43.109 11.901 11.734 0.167
TiO 1.72 0.90 0.09 055 10.47 2.258 -0.817 -0.633 -0.184
Al,O3 13.59 13.07 27.52 1.67 1.42 13.982 -0.516 -0.423 -0.092
FeO 13.10 6.11 1.09 12.04 87.21 21.407 -6.992 -7.152 0.161
MnO 0.17 0.11 0.02 047 057 0.274 -0.061 -0.076 0.015
MgO 3.42 1.28 0.13 1479 0.33 497 -2.132 -1.721 -0.41
Cao 6.68 3.16 11.79 18.15 0 11.584 -3.522 -3.936 0.414
Na,O 2.47 281 45 0.25 0 2234 0.338 027 0.068
K20 2.27 4.06 0.37 0.01 0 0.183 1.791 1.813 -0.023
P.0s 0.25 0.26 0 0 0 0 0.009 0.123 -0.114
Eres” 0.4542

subtracted phases (100%) 47.81 32.76 19.42
fractionated total (%) 46.76
T8t Lo (MP-02) Lf(Ms-05b) Plag Cpx ngg M A0 AF residual (A0-Af)
SiO, 56.30 68.15 54.49 52.06 0 43.113 11.855 11.672 0.183
TiO 1.72 094 0.09 055 1047 2.257 -0.778 -0.612 -0.165
Al,O3 13.59 12.91 2752 1.67 1.42 14.099 -0.676 -0.551 -0.125
FeOo 13.10 6.20 1.09 12.04 87.21 21.368 -6.899 -7.067 0.168
MnO 0.17 0.10 0.02 047 057 0.272 -0.072 -0.08 0.008
MgO 3.42 1.27 0.13 1479 0.33 4.901 -2.144 -1.689 -0.454
CaO 6.68 3.27 11.79 18.15 0 11.553 -3.415 -3.858 0.444
Na,O 2.47 3.00 45 025 0 2.253 0.527 0.349 0.178
K20 2.27 385 0.37 0.01 0 0.185 1.582 1.709 -0.127
P,0s 0.25 0.27 0 0 0 0 0.019 0.128 -0.108
Eres” 0.5677

subtracted phases (100%) 48.27 32.3 19.44

fractionated total (%)

46.61
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S&o Marcos
Testl Lo (Av.*) Lf(GA-O3v) Plag Cpx Ti-mag XL-frac A0 Af residual (AO-Af)
SiO; 53.83 63.89 54.87 51.14 0 47.344 10.062 10.273 -0.211
TiO, 1.36 1.02 0 071 10.3 1.416 -0.345 -0.246 -0.099
Al,Os 14.03 14.83 27.32 2.05 2.75 13.148 0.792 1.044 -0.252
FeOo 12.86 6.84 1.08 14.72 85.86 16.315 -6.019 -5.875 -0.144
MnO 0.19 0.13 0.03 0.58 0.55 0.336 -0.057 -0.126 0.069
MgO 4,94 15.10 0.12 13.7 0.53 6.381 -3.439 -3.023 -0.416
CaO 8.89 3.37 1151 16.84 0 12.728 -5.516 -5.802 0.286
Na,O 2.45 340 471 0.26 0 2.17 0953 0.769 0.183
K20 1.21 467 0.36 0.01 0 0.162 3461 2.801 0.66
P,0s 0.19 0.29 0 0 0 0 0.109 0.184 -0.075
Eres® 0.8732
subtracted phases (100%) 43.62 45.78 10.6
fractionated total (%) 62.06
*average of samples from Lima et al. (2012)
Test2 Lo (Av.*) Lf(GA-03p) Plag Cpx Ti-mag XL-frac A0 Af residual (AO-Af)
SiO; 53.83 69.49 54.87 51.14 0 47.234 15663 15.53 0.134
TiO, 1.36 0.88 0 0.71 10.3 1.437 -0.488 -0.39 -0.098
Al;O3 14.03 12.23 27.32 2.05 275 1452 -1.8 -1.591 -0.209
FeOuo 12.86 6.04 1.08 14.72 8586 16.011 -6.825 -6.952 0.128
MnO 0.19 0.10 0.03 0.58 0.55 0.305 -0.089 -0.143 0.054
MgO 4.94 1.22 012 137 0.53 5,566 -3.728 -3.031 -0.697
Ca0o 8.89 2.98 11.51 16.84 0 12.337 -5.908 -6.522 0.614
Na,O 2.45 274 471 0.26 0 2409 0.288 0.234 0.054
K20 1.21 4,02 036 0.01 0 0181 2.812 2.682 0.13
P20s 0.19 0.26 0 0 0 0 0.075 0.183 -0.108
Eres® 0.9848
subtracted phases (100%) 49.03 39.76 11.21
fractionated total (%) 69.75
Test3 Lo (Av.*) Lf(GA-04) Plag Cpx Ti-mag XL-frac A0 Af residual (AO-Af)
SiO; 53.83 69.05 54.87 51.14 0 47.372 15.215 15.109 0.107
TiO; 1.36 0.93 0 0.71 10.3 1.411 -0.437 -0.336 -0.101
Al05 14.03 1351 27.32 2.05 275 14.039 -0.52 -0.362 -0.158
FeOqt 12.86 6.05 1.08 14.72 85.86 15978 -6.811 -6.914 0.103
MnO 0.19 0.72 0.03 0.58 0.55 0.316 -0.118 -0.17 0.052
MgO 4.94 0.95 0.12 13.7 053 5.877 -4 -3.434 -0.565
Cao 8.89 2.20 1151 16.84 0 12507 -6.686 -7.177 0.491
Na,O 2.45 262 471 0.26 0 2326 0.165 0.206 -0.041
K20 1.21 432 036 0.01 0 0174 3.11 2.892 0.218
P,0s 0.19 0.27 0 0 0 0 0.081 0.187 -0.106
gres” 0.681
subtracted phases (100%) 47.13 42.06 10.8
fractionated total (%) 69.69
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Test4 Lo (Av.*) Lf(GA-07) Plag Cpx Ti-mag XL-frac A0 Af residual (AO-Af)
SiO, 53.83 69.62 54.87 51.14 0 47.31 15.786 15.689 0.097
TiO, 1.36 0.86 0 071 103 1.422 -0.507 -0.397 -0.111
Al,O3 14.03 12.06 27.32 2.05 2.75 14567 -1.974 -1.76 -0.215
FeOuo 12.86 6.05 1.08 14.72 85.86 15.889 -6.811 -6.914 0.103
MnO 0.19 0.10 0.03 0.58 0.55 0.304 -0.089 -0.143 0.054
MgO 4.94 114 0.2 137 053 5558 -3.808 -3.106 -0.702
CaO 8.89 2.78 1151 16.84 0 1235 -6.108 -6.725 0.617
Na,O 2.45 261 471 0.26 0 2418 0.158 0.139 0.019
K20 1.21 450 0.36 0.01 0 0181 3.289 3.039 0.25
P205 0.19 0.25 0 0 0 0 0.065 0.177 -0.112
Eres® 10.296
subtracted phases (100%) 49.22 39.71 11.08
fractionated total (%) 70.32
Test5 Lo (Av.*) Lf(GA-10) Plag Cpx Ti-mag XL-frac AOQ Af residual (AO-Af)
SiO; 53.83 67.82 54.87 51.14 0 47.183 13.991 13.953 0.038
TiO, 1.36 0.91 0 071 10.3 1.446 -0.458 -0.364 -0.094
Al,O3 14.03 13.12 27.32 2.05 275 14.134 -0.914 -0.682 -0.232
FeOo 12.86 6.04 1.08 1472 85.86 16.21 -6.821 -6.869 0.048
MnO 0.19 0.11 0.03 0.58 0.55 0.314 -0.078 -0.136 0.059
MgO 4.94 1.24 012 137 0.53 5.776 -3.705 -3.063 -0.642
CaO 8.89 3.16 1151 16.84 0 12421 -5.733 -6.259 0.525
Na,O 2.45 291 471 0.26 0 2341 0.46 0.389 0.071
K20 1.21 438 0.36 0.01 0 0.175 3.171 2.845 0.325
P20s 0.19 0.28 0 0 0 0 0.088 0.186 -0.098
Eres® 0.8788
subtracted phases (100%) 475 41.3 11.2
fractionated total (%) 67.59

85



Jaquirana-Cambaréa

TiSt Lo (SP-03%) Lf(MS-19A) San** Plag Cpx Ti-mag XL-frac AO Af  residual (AO-Af)
SiO, 54.2 67.07 61.03 56.54 52.33 0 49.488 12.874 12.871 0.003
TiO, 1.53 0.97 05 0.09 053 14.07 1.657 -0.562 -0.504 -0.058
Al,O3 14.74 12.96 16.15 26.31 1.6 2.31 15.091 -1.774 -1.555 -0.219
FeOuot 11.7 6.80 0.88 1.1 13.22 8253 13.492 -4.891 -4.891 0
MnO 0.17 012 654 0.01 0.48 0.5 0.369 -0.048 -0.181 0.133
MgO 4.54 168 0.21 0.07 1454 059 515 -2.858 -2.538 -0.32
CcaO 8.77 320 059 9.75 16.97 0 11.073 -5569 -5.761 0.192
Na,O 2.71 285 2.05 577 0.29 0 3.204 0.144 -0.256 0.4
K20 1.41 4.02 12.05 0.37 0.03 0 0.476 2617 2.599 0.018
P05 0.23 0.29 0 0 0 0 0 0.066 0.216 -0.151
Tres? 0.3914
subtracted phases (100%) 2.22 53 34.71 10.06
fractionated total (%) 73.19
*sample from Piccirilo et al. (1988)
**sanidine
T‘;St Lo (SP-03%) Lf(MS-22) San* Plag Cpx Ti-mag XL-frac AO Af  residual (A0-Af)
SiO, 54.2 67.76 61.03 56.54 52.33 0 49.647 13.569 13.53 0.039
TiO, 1.53 1.05 05 0.09 053 1407 1569 -0.473 -0.382 -0.091
Al,O3 14.74 1438 16.15 26.31 1.6 231 14.747 -0.356 -0.271 -0.085
FeO 11.7 714 0.88 1.1 1322 8253 13.308 -4.555 -4.601 0.046
MnO 0.17 094 654 0.01 048 0.5 0.245 -0.076 -0.113 0.037
MgO 4.54 095 021 0.07 1454 059 556 -3.588 -3.441 -0.147
CaO 8.77 1.06 0.59 9.75 16.97 0 11.533 -7.703 -7.814 0.111
Na,O 2.71 218 2.05 577 0.29 0 3.161 -0.524 -0.728 0.204
K20 1.41 5.08 12.05 0.37 0.03 0 0229 3674 3.625 0.049
P20s 0.23 0.26 0 0 0 0 0 0.032 0.195 -0.164
Eres’ 0.1255
subtracted phases (100%) 0.17 52.84 37.59 9.4
fractionated total (%) 74.66
T§St Lo (SP-03*) Lf(MS-24) San.** Plag Cpx Ti-mag XL-frac A0 Af residual (AO-Af)
SiO, 54.2 69.32 61.03 56.54 52.33 0 49.598 15.124 15.13 -0.006
TiO, 1.53 090 05 009 053 14.07 1658 -0.625 -0.578 -0.047
Al,O3 14.74 12.25 16.15 26.31 1.6 231 15.169 -2.488 -2.237 -0.251
FeOuot 11.7 6.15 0.88 1.1 13.22 8253 13.371 -5549 -5538 -0.011
MnO 0.17 091 654 0.01 0.48 0.5 0.465 -0.078 -0.286 0.208
MgO 4.54 1.33 021 0.07 1454 059 5.017 -3.208 -2.826 -0.382
CaO 8.77 287 059 9.75 16.97 0 10.866 -5.893 -6.127 0.235
Na,O 2.71 293 205 577 0.29 0 3199 0228 -0.2 0.428
K20 1.41 3.86 12.05 0.37 0.03 0 0.657 2454 2.459 -0.006
P20s 0.23 0.26 0 0 0 0 0 0.034 0.203 -0.168
Eres’ 0.5212
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subtracted phases (100%) 3.75 52.42 33.77 10.06
fractionated total (%) 76.7
T‘ft Lo (SP-03%) Lf(MS-29) San** Plag Cpx Ti-mag XL-frac A0 Af  residual (AO-Af)
SiO; 54.2 67.58 61.03 56.54 52.33 0 49.376 13.384 13.377 0.007
TiO, 1.53 0.96 05 0.09 053 1407 1681 -0.562 -0.523 -0.039
Al,O3 14.74 13.14 16.15 2631 1.6 231 15.03 -1.594 -1.384 -0.21
FeOu 11.7 6.29 0.88 1.1 13.22 8253 13.651 -5.402 -5.402 0
MnO 0.17 0.10 6.54 0.01 0.48 0.5 0.357 -0.068 -0.188 0.12
MgO 4.54 1.63 021 0.07 1454 059 5175 -291 -2.604 -0.306
CaO 8.77 3.04 059 9.75 16.97 0 11.087 -5.723 -5.907 0.184
Na,O 2.71 281 2.05 577 0.29 0 3.193 0.103 -0.28 0.382
K20 1.41 413 12.05 0.37 0.03 0 0451 2727 2709 0.019
P20s 0.23 0.28 0 0 0 0 0 0.045 0.202 -0.157
Eres’ 0.3581
subtracted phases (100%) 2.02 52.88 34.88 10.23
fractionated total (%) 73.47
T‘;St Lo (SP-03%) Lf(MS-38) San** Plag Cpx Ti-mag XL-frac AO Af  residual (AO-Af)
SiO; 54.2 67.31 61.03 56.54 52.33 0 49.389 13.119 13.115 0.004
TiO; 1.53 0.95 05 0.09 053 1407 1673 -0.572 -0.523 -0.049
Al,O3 14.74 13.09 16.15 26.31 1.6 2.31 15.051 -1.641 -1.428 -0.213
FeOo 11.7 6.47 0.88 1.1 13.22 8253 13.619 -5.227 -5.227 0
MnO 0.17 0.11 6.54 0.01 0.48 0.5 0.341 -0.058 -0.167 0.109
MgO 4.54 1.62 021 0.07 1454 059 5.184 -2.919 -2.607 -0.313
Cao 8.77 3.07 059 9.75 16.97 0 11.121 -5.692 -5.882 0.191
Na,O 2.71 2.82 205 577 0.29 0 3.202 0.114 -0.277 0.39
K20 1.41 422 12.05 0.37 0.03 0 0421 281 2779 0.031
P20s 0.23 0.30 0 0 0 0 0 0.066 0.216 -0.151
Eres” 0.37
subtracted phases (100%) 1.76 53.11 34.95 10.18
fractionated total (%) 73.15
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Compound pahoehoe - Torres Formation

Testl Lo(av.*) Lf(MS-01) Plag Cpx Ti-mag XL-frac AO Af residual (AO-Af)
SiO, 51.48 68.10 54.49 52.06 0 49.072 16.62 16.07 0.551
TiO 1.11 0.93 0.09 055 1047 1.122 -0.189 -0.161 -0.028
Al,O3 14.83 12.80 27.52 1.67 142 14291 -2.024 -1.253 -0.771
FeOu 1.13 6.30 1.09 12.04 87.21 12.716 -5.002 -5.416 0.413
MnO 0.17 0.11 0.02 0.47 0.57 0.258 -0.063 -0.124 0.061
MgO 7.93 1.34 0.13 14.79 0.33 6.459 -6.593 -4.318 -2.274
CaO 10.05 3.31 11.79 18.15 0 13585 -6.736 -8.669 1.933
Na,O 1.89 298 45 0.25 0 2308 1.086 0.571 0.516
K20 1.04 3.82 0.37 0.01 0 0.188 2.776 3.07 -0.294
P20s 0.15 0.27 0 0 0 0 0.124 0.231 -0.106
Eres’ 103.467
subtracted phases (100%) 48.9 43.08 8.02
fractionated total (%) 84.44
*average of samples from Rossetti et al.
(2014)
Test2 Lo(av.*) Lf(MS-03a) Plag Cpx Ti-mag XL-frac AO Af residual (AO-Af)
SiO, 51.48 67.22 54.49 52.06 0 49.085 15.739 15.169 0.571
TiO, 1.11 097 0.09 055 1047 112 -0.142 -0.118 -0.023
Al05 14.83 13.49 2752 167 142 14.157 -1.335 -0.553 -0.782
FeOu 1.13 6.48 1.09 12.04 87.21 12737 -4.819 -5.228 0.409
MnO 0.17 0.11 0.02 047 0.57 0.26 -0.061 -0.123 0.062
MgO 7.93 1.32 0.13 14.79 0.33 6.542 -6.61 -4.361 -2.25
CaO 10.05 3.04 11.79 18.15 0 13.626 -7.007 -8.848 1.841
Na,O 1.89 298 45 0.25 0 2286 1.088 0.585 0.503
K20 1.04 405 0.37 0.01 0 0.186 3.008 3.236 -0.228
P,0s 0.15 0.28 0 0 0 0 0.139 0.241 -0.102
Eres® 98.717
subtracted phases (100%) 48.38 43.65 7.97
fractionated total (%) 83.63
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Ponded pahoehoe - Torres Formation

Testl Lo(av?) Lf(GA04) Plag Cpx | o a0 A res'dZ?)' (A0-
SiO; 56.69 69.05 54.87 51.14 0 47.036 12.36 11.919 0.441
TiO 1.38 0.92 0 071 103 1.474 -0.451 -0.295 -0.156
Al,O3 14.33 13,51 27.32 2.05 2.75 14.973 -0.811 -0.787 -0.024
FeOo 11.12 6.05 1.08 14.72 85.86 16.136 -5.071 -5.456 0.385
MnO 0.15 0.72 0.03 0.58 055 0.295 -0.082 -0.121 0.039
MgO 3.95 094 0.2 13.7 0.53 5257 -3.004 -2.332 -0.672
CaO 6.86 2.20 11.51 16.84 0 12.156 -4.658 -5.386 0.728
Na,O 2.77 262 471 0.26 0 2486 -0.149 0.073 -0.222
K20 2.45 432 0.36 0.01 0 0.187 1.873 224 -0.367
P20s 0.27 0.27 0 0 0 0 -0.006 0.145 -0.151
Eres” 15.578

subtracted phases (100%) 50.8 37.47 11.73

fractionated

total (%) 54.14

*average of samples from Rossetti et al. (2014)

Test 2 LOO(%'P' Lf (MS-01) Plag Cpx ”g'g a0 A reSidZ?)' (A0-
SiO, 56.69 68.10 54.49 52.06 0 46.064 11.413 10.983 0.429
TiO 1.38 093 0.09 0.55 1047 1.695 -0.449 -0.381 -0.069
Al,O3 14.33 12.80 27.52 1.67 1.42 15556 -1.523 -1.37 -0.153
FeOxt 11.12 6.30 1.09 12.04 87.21 16.691 -4.826 -5.177 0.351
MnO 0.15 0.11 0.02 0.47 057 0.242 -0.043 -0.065 0.022
MgO 3.95 1.34 0.3 14.79 0.33 4.864 -2.608 -1.754 -0.854
CaO 6.86 3.31 11.79 18.15 0 12.179 -3.548 -4.416 0.868
Na,O 2.77 298 45 025 0 2504 0.214 0.239 -0.026
K20 2.45 3.82 0.37 0.01 0 0.205 1.373 1.803 -0.431
P20s 0.27 0.27 0 0 0 0 -0.001 0.136 -0.137

Eres’ 20.239
subtracted phases (100%) 53.85 32.12 14.03
fractionated total (%) 49.83
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SiO; 56.69 67.22 54.49 52.06 0 46.196 10.532 10.174 0.358
TiO, 1.38 0.97 0.09 055 10.47 1.669 -0.402 -0.335 -0.068
Al,O3 14.33 13.49 27.52 1.67 1.42 14944 -0.834 -0.701 -0.133
FeOio 11.12 6.48 1.09 12.04 87.21 16.676 -4.643 -4.931 0.288
MnO 0.15 0.11 0.02 0.47 057 0.252 -0.041 -0.067 0.026
MgO 3.95 1.32 0.13 14.79 0.33 5.264 -2.626 -1.905 -0.721
CaO 6.86 3.04 11.79 18.15 0 12.396 -3.819 -4.523 0.704
Na,O 2.77 298 45 0.25 0 2404 0215 0.281 -0.066
K20 2.45 4,05 0.37 0.01 0 0.197 1.605 1.867 -0.263
P20s 0.27 0.28 0 0 0 0 0.014 0.139 -0.126
Eres’ 1.339

subtracted phases (100%) 51.48 34.85 13.67
fractionated total (%) 48.39




APPENDIX D — Open-system fractional crystallization modelling (O’Hara, 1977) results. D;=total partition coefficient for any element x contained into i-j mineral phases;
C’/Co=concentration of element in the residual liquido f the fractionation cycle, in steady state/concentration of element in the parental magma ; C=initial concentration of
element in the parental liquid ; 1-0.1=concentration of element in each degree of fractionation

D C’lIc, C° 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Rb  0.07 4.69 90.1 90.10 99.38 110.89 12555 14491 171.70 211.31 276.15 402.68 767.37

Sr 233 011 209.5 209.50 182.07 155.63 130.27 106.09 83.22 61.82 42.14 24.56 9.75
Ba 0.30 3.21 480 480.00 516.90 56152 616.79 687.39 781.39 914.10 1118.99 1488.05 2422.37

Pb 038 279 32 320 3.42 3.67 3.99 4.39 4.91 5.64 6.73 8.65 13.27
Zr 022 3.63 211.4 21140 229.40 251.35 278.78 31419 361.92 430.31 537.90 736.71 1261.25
Hf 025 3.48 58 5.80 6.28 6.86 7.58 8.51 9.76 1154 1433 1943  32.70
No 056 2.08 155 1550  16.24  17.10 1813 1941 2103 2320 2633 3147  42.70
Ta 031 3.15 0.9 0.90 0.97 1.05 1.15 1.28 1.45 1.69 2.07 2.73 4.41

Th 006 4.79 9.1 9.0 10.05  11.23 1274 1473 1749 2159 2832 4150  79.79
La 076 150 345 3450 3540 3643  37.64  39.08  40.86  43.14 4628  51.09  60.51
Eu 211 0.16 172 1.72 1.53 1.34 1.16 0.98 0.80 0.62 0.45 0.29 0.13

Yo 245 0.09 3.54 3.54 3.04 2.56 2.11 1.69 1.30 0.94 0.62 0.34 0.13

Lu 124 0.67 0.58 0.58 0.57 0.55 0.53 0.51 0.49 0.47 0.43 0.39 0.33




CONSIDERACOES FINAIS

A presente tese caracterizou trés areas relevantes no contexto do vulcanismo
acido do Grupo Serra Geral no Rio Grande do Sul. O reconhecimento de lavas e
condutos associados ja havia sido proposto para a area de Sao Marcos, no entanto
foram agregados o distrito de Flores da Cunha, Mato Perso, e a vasta area dos

municipios de Jaquirana e Cambara do Sul.

No primeiro artigo, “Structures and lithofacies of inferred silicic conduits in the
Parana-Etendeka LIP, southernmost Brazil’, foram reconhecidas litofacies que
caracterizam condutos alimentadores, como brechas nas porgoes externas e vitrofiros
bandados e dobrados nas porcoes internas. Nas lavas foram reconhecidas texturas
coerentes, padroes de vesiculacdo em sistema fechado e foliagdo horizontal. As
estruturas regionais de direcao NE-, como o lineamento formado pelo leito do rio das
Antas, limitam estruturas de menor porte, de direcio NW-, onde ocorrem os
afloramentos de condutos. Os afloramentos de condutos, com 15-25 m, juntamente com
os bandamentos subverticais, estdo dispostos majoritariamente de acordo com as
direcoes NE- e NW-.

O mapeamento geoldgico na regiao de Mato Perso, contido no artigo “The Mato
Perso Conduit System: evidence of silicic magma transport in the southern Parand-
Etendeka LIP”, revelou que: (1) as rochas bandadas e brechadas dos condutos ocorrem
dominantemente entre duas estruturas de direcio NW-; (2) Derrames de lavas
oxidadas, de cor vermelha, estdo sotopostos aos derrames de lavas nao-oxidadas, de cor
cinza; (3) Estruturas similares a diques, com ~4 m de espessura e diques de ~1,5 m de

espessura compoem o sistema de alimentacao.

A caracterizagdo do fluxo magmatico, presente no artigo “Magmatic flow
patterns in silicic feeder conduits and lava flows from Parana-Etendeka LIP, Southern
Brazil: AMS fabric, magma transport properties and implications for emplacement”,
sugere que as partes internas dos condutos e das lavas s3o os locais onde a fabrica
magnética tem o maior potencial de estar paralela ao fluxo magmatico, pois a menor
quantidade de vesiculas e de fragmentos possibilitou a manutencao fluxo original do
magma, sob baixas viscosidades. Ja nas porcoes externas dos condutos, o dobramento
complexo e a obstrugao do fluxo por fragmentos altamente vesiculares deve ser a causa
do espalhamento das direcoes dos eixos de susceptibilidade. O fluxo nos condutos foi

sub-horizontal, mas com algumas das bandas verticais mostrando fluxo vertical. Nas



lavas o fluxo foi dominantemente horizontal. A direcao do fluxo tanto para porcoes de

alimentacao quanto para fluxos de lavas é prevalente nas direcoes NE-SW e NW-SE.

No ultimo artigo, “Storage and emplacement of low-Ti silicic volcanics in the
southern Parana-Etendeka LIP: extensional tectonics controlling the ~134 Ma silicic volcanism
in the early stages of Gondwana break-up”, a caracterizacao da quimica mineral em cada
area indicou que em Mato Perso e Sao Marcos os plagioclasios sao calcicos (An>50) e os
piroxénios levemente menos férricos que em Jaquirana-Cambarad do Sul, onde os
plagioclasios sao sédicos (An<50) e ocorrem com microfenocristais de sanidina. A
matriz vitrea mostra composicoes similares em todas as areas, além de trends de
cristalizacao fracionada quando comparada com as analises de rocha-total. A razao
Zr/Nb é menor nas amostras de Sao Marcos, sendo sua variacdo atribuida a
heterogeneidade composicional das fontes derivadas do manto e das rochas
assimiladas. Célculos de balanco de massa e curvas de assimilacao e cristalizacao sao
modelados pelo fracionamento de 40-50% de andesitos basalticos e cristalizacao de
uma assembleia mineral com proporcoes similares as observadas em lamina. O
modelamento de razoes de elementos-traco sugere a assimilacao de 20-80% de granitos
peraluminosos e ortognaisses com 40-80% de fracionamento. Temperaturas da ordem
de 1000°C, contetidos de H,O entre 0,5 e 1,3% e viscosidades entre 10°e 103 Pa s foram

calculadas como parametros pré- e sin-eruptivos.

Ao final deste artigo, ¢ montado um modelo para a ascensdao do magma acido de
alta temperatura, baixa viscosidade e baixo conteudo de volateis. Um cenério tectonico
evidente para a época (~134 Ma) é o de extensdo crustal e desmembramento
continental, portanto, sustentando que a reativacao de falhas pretéritas por sistemas
transtrativos de larga escala, com movimentacao nas direcoes NW-SE e NE-SW tenham
controlado a ascensao do magma. O modelo final proposto sugere que os movimentos
constritivos da crosta continental em resposta a tectonica Andina e as consequentes
anomalias do manto superior geraram ampla fusao no limite manto-crosta. A fusado
envolveu fontes mantélicas, mas a assimilacdo de crosta continental foi inevitavel,
devido as altas temperaturas mantidas. A eficiéncia de transporte deste reservatorio foi
ampliada devido a extensao progressiva da crosta, fazendo com que o caminho até a
superficie tenha se tornado cada vez mais curto e as taxas de efusao mais altas. Assim, o

transporte de lava até a superficie tornou-se proporcionalmente mais eficiente.



	Structures and lithofacies of inferred silicic conduits in the Paraná-�Etendeka LIP, southernmost Brazil
	1. Introduction
	1.1. Geological setting, stratigraphy and structural framework

	2. Field and petrographic features of inferred conduits and subaerial-related lavas
	2.1. Mato Perso area
	2.2. São Marcos area
	2.3. Jaquirana-Cambará area

	3. Whole-rock chemical composition
	4. Structural elements
	5. Discussion
	5.1. Structure of inferred conduits, lithofacies relative chronology and crystal contents
	5.2. Banding origin
	5.3. Fragmentation: breccias, pyroclastic textures and fracturing
	5.4. Conduit-related subaerial lava flows
	5.5. Importance of the regional structures
	5.6. Whole rock composition
	5.7. Evaluation of alternative models for the described areas
	5.7.1. Internal portion of silicic lava flows
	5.7.2. Thermal erosion of underlying silicic lava flows


	6. Concluding remarks
	Acknowledgements
	References


