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RESUMO

O Distrito Mineiro de Artigas, no Uruguai, compreende uma das maiores jazidas de
ametista ¢ agata de que se tem conhecimento e é comparavel as jazidas da regido do Alto
Uruguai, préximas ao municipio de Ametista do Sul, Brasil. A mineralizacdo ocorre em
geodos parcialmente preenchidos por dgata, quartzo incolor, ametista e + calcita, que
ocorrem nesta seqii€ncia, da borda para o centro das cavidades. As rochas hospedeiras da
mineralizacdo sdo basaltos andesiticos da Formag@o Arapey, equivalente a Formacédo Serra
Geral, no Brasil.

Na area de estudo ocorre uma seqiiéncia de seis derrames, de composicao entre
basalto e andesito. As estruturas de resfriamento sdo dos tipos I e II, que diferem pela
auséncia e presenca de disjun¢@o colunar, respectivamente, na por¢ao interna do derrame.
Destes seis derrames dois sao do tipo I (macigo na zona central) e portadores de minério.

Com base em observagdes de campo de estruturas ripteis associadas as zonas
mineralizadas, foi elaborado um modelo epigenético para a mineralizacdo de ametista em
geodos em basalto. Neste modelo, os geodos sdo formados apds a solidificagdo da lava, por
deformacdo ou dissolugdo do basalto, depois de alterado para argilominerais do grupo da
esmectita pela interacdo com fluidos hidrotermais.

O preenchimento ocorre ap6s a abertura e pelo mesmo fluido que abriu a cavidade.
O fluido é meteorico, de baixa salinidade e tem composi¢do proxima a de agua pura. A
temperatura do fluido ¢ < 200°C, com base na mineralogia de alteracdo da rocha
hospedeira. A temperatura de cristalizacdo dos minerais no interior dos geodos nao
ultrapassa 70°C. Esta temperatura foi calculada com base nos coeficientes de partigdo do
oxigénio entre quartzo e agua e entre calcita e 4gua para um fluido com assinatura
isotopica de 30 de -5 %o. A intensa alteragdo hidrotermal nas rochas portadoras do
minério e nos derrames, no ambito do Distrito Mineiro de Artigas, corrobora para eventos
epigenéticos relacionados com a mineralizagdo. Isétopos de &°'S nas encaixantes do
minério indicam percolacdo de fluido em grande escala, e assinatura isotopica compativel
com as unidades sedimentares subjacentes ao pacote vulcanico.

A integracdo dos dados obtidos sugere que os geodos de ametista foram formados
apos a solidificagdo da lava e os minerais que preenchem os geodos cristalizadados por um
fluido de origem meteorica.

Palavras-chave: alteragdo hidrotermal, minério epigenético, Artigas, isotopos estaveis, inclusoes fluidas,

quimica mineral.



ABSTRACT

The Artigas Mining District, in Uruguay, is a world-class amethyst deposit, and is
comparable with those in Alto Uruguai region, Brazil (Ametista do Sul). The
mineralization occurs as geodes partially filled by agate, colorless quartz and amethyst, +
calcite, which occur in this sequence from the rim to the inner part of the cavities. The host
rocks are andesitic basalts from the Arapey Formation. The study area comprises a
sequence of six lava flows, including basaltic to andesitic composition. The cooling
structure of the flows is type I and type II; those are differentiated by the inner part of the
flow. Type II has columnar joints, whereas type I is massive. Two out of six flows are
mineralized and structured as type I flows.

Based on field observations of brittle failures associated with the geode zone, an
epigenetic model is elaborated for the mineralization of amethyst in geodes hosted by
basalts. In this model, the geodes are formed after the flow solidifies. The cavities are
formed by deformation or dissolution, after the basalt was altered to clay minerals
(smectite group) by hydrothermal fluids. The filling occurred after the cavity was formed
by the same fluid. The fluid is close to pure water in composition, of meteoric origin, with
low salinity. The temperature is <200°C, based on alteration mineralogy in the host rock.
The crystallization temperature is <70°C. The temperature is calculated based on
fractionation coefficient of oxygen isotopes between quartz and water and between calcite
and water. The value of 8'*0 of the mineralized fluid is assumed to be -5 %o. The intensive
alteration in the host rocks and in lava flows within the mining district, favors the
epigenetic hypothesis related to the mineralization processes. &°'S isotopes on the host
rock, agree with large scale hydrothermal fluid percolation.

The data obtained suggest that the amethyst geodes were formed after the lava
solidified and was filled by meteoric hydrothermal fluids.

Key-words: hydrothermal alteration, epigenetic ore, Artigas, stable isotopes, fluid inclusions, minerals

chemistry
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ESTRUTURA E ORGANIZACAO DA TESE

O entendimento da evolucdo quimica, isotopica e hidrotermal da mineralizagdo de
ametista em geodos de basalto do Distrito Mineiro de Artigas no Uruguai ¢ o tema desta
tese. O Capitulo 1 trata da caracterizacdo do problema e objetivos do estudo, localizag@o
da area piloto e descricdo dos métodos analiticos empregados.

O Capitulo 2 aborda a geologia e os tipos quimicos da Bacia do Parana, com
énfase na Formacdo Serra Geral (Fm. Arapey, no Uruguai) onde estdo alojados os
depositos de ametista em geodos.

A descricdo detalhada e o atual estado da arte das hipoOteses aventadas para a
formagdo dos depdsitos de ametista em geodos em basalto estdo no Capitulo 3. Neste
capitulo também s3o mostradas as principais feigdes e evidéncias que levaram a proposi¢ao
desta hipotese de trabalho.

No Capitulo 4, o artigo - Epigenetic formation of giant amethyst-bearing
geodes from Artigas, Uruguay, southern Parana basaltic province — contempla a
hipotese epigenética para a abertura e preenchimento dos geodos em basaltos, tema
principal desta tese de doutorado. O artigo em questdo foi submetido ao periddico Journal
of Volcanology and Geothermal Research.

No Capitulo 5 a caracterizagdo com base em isotopos estaveis (O, C, S) na
mineralizacdo a agata e ametista dos geodos e também na rocha portadora do minério ¢ o
tema do artigo intitulado Delimitation of origin and filling of giant amethyst geodes in
Parana basalts from Artigas, Uruguay, based on fluid inclusions, oxygen, carbon and

sulphur isotopes, submetido & Mineralium Deposita.

O Capitulo 6 aborda as diferengas na estrutura ¢ na mineralogia de derrames
mineralizados e ndo mineralizados do Distrito Mineiro de Artigas e esta organizado na
forma do artigo Structures, textures and alteration processes in basalt flows of the
Parana Basin, Arapey Formation, at Artigas (Uruguay), with and without amethyst

geodes, submetido ao Journal of South America Earth Sciences.

Consideracdes finais e conclusdes sobre o processo epigenético para a
mineralizacdo a ametista e 4gata em depdsitos tipo geodo em basalto sdo parte integrante

do Capitulo 7.

As referéncias bibliograficas citadas no corpo principal da tese (capitulos 1, 2, 3 e
7) estdo listadas em ordem alfabética nas referéncias. As referéncias que constam nos
artigos (capitulos 4, 5 e 6) estao organizadas ao final de cada um. A lista de figuras

contempla as ilustragdes referentes aos capitulos 1,2, 3 ¢ 7.
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CAPITULO 1

INTRODUCAO



1.1 APRESENTACAO

Geodos preenchidos por ametista e agata ocorrem disseminados nas rochas vulcanicas
da Fm. Serra Geral. Esta unidade ocupa uma area de aproximadamente 1.400.000 km? em
territorios brasileiro, uruguaio, argentino e paraguaio. Existem dois distritos mineiros de
grande importancia econdmica, que sdo reconhecidos pela qualidade das gemas e pecas de
colecdo e pelo volume de material explorado. Estes dois distritos estdo localizados
proximos ao municipio de Ametista do Sul, no noroeste do estado do Rio Grande do Sul e
do Departamentode Artigas, no nordeste do Uruguai (Fig. 1). Estes distritos ocupam uma
area de aproximadamente 30-40 km® onde ocorrem jazidas com geodos mineralizados a
ametista e agata. Outro distrito mineiro importante ¢ o de Salto do Jacui, onde sdo
explorados geodos preenchidos por agata. Ocorréncias de jazidas de ametista e agata em
geodo em basalto foram historicamente exploradas na regido de Idar-Oberstein na
Alemanha. Foram os imigrantes alemaes desta regido que primeiramente vieram ao Brasil
em busca desta riqueza, pois ja possuiam o conhecimento de explora¢do e ja haviam

exaurido as reservas economicamente exploraveis de 1a.
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Figura 1 — (A) Localizagdo da Bacia do Paranid na América do Sul (em cinza) e (B) esbogo geologico da
porcdo sul da Bacia do Parana com a localizagdo dos depdsitos de ametista e agata: Artigas (Uruguai),
Ametista do Sul e Salto do Jacui (Brasil) (modificado de Gilg et al., 2003).
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A mineraliza¢do de ametista ¢ agata preenchendo geodos em basaltos tem sua génese
historicamente relacionada ao processo de desgaseificagdo e colaescéncia de fases gasosas
durante o estdgio magmatico. Diversos pesquisadores atuaram na regido de Ametista do
Sul, principalmente, na busca de esclarecer os processos ¢ as condigdes de cristalizagdao
dos minerais de silica no interior das cavidades. Destacam-se dentre varios: Gomes (1996),
Scopel et al. (1998), Juchem (1999), Gilg et al. (2003), Fischer (2004) ¢ Proust & Fontaine
(2007a,b). Feigdes observadas durante os trabalhos de campo para definir a linha de
pesquisa a ser desenvolvida nesta tese de doutoramento apontam para processos
epigenéticos relacionados a fluidos hidrotermais de baixa temperatura (<150°C)
envolvidos na abertura e no preenchimento das cavidades denominadas de geodos. A area
de trabalho desta pesquisa ¢ o Distrito Mineiro de Artigas, porém as evidéncias de
processos epigenéticos foram reconhecidas em trabalhos de campo também nas regides de
Ametista do Sul (Brasil) e de Idar-Oberstein (Alemanha).

Este trabalho correlaciona as regides de alteragdo hidrotermal nas rochas vulcanicas
mineralizadas do Distrito Mineiro de Artigas e relacionam este processo com as areas
mineralizadas a ametista e 4gata em geodos como formadas posteriormente ao

resfriamento dos derrames portadores e em estagio epigenético.

1.2 - LOCALIZACAO DA AREA E VIAS DE ACESSO

A 4area de estudo estd situada na por¢do noroeste do Uruguai, proéximo ao
Departamento de Artigas. O Departamento de Artigas faz fronteira com o Brasil pelo
municipio de Quarai, onde o limite entre os paises ¢ demarcado pelo Rio Quarai. A partir
de Artigas, as vias de acesso a area sdo pela Ruta 30, a aproximadamente 30 km para
sudeste, e por estradas secundarias (Fig. 2) que levam a regido das minas na colada
Catalan e na colada Cordillera. “Colada” ¢ o termo em espanhol para derrame e sera

utilizado neste trabalho.
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Figura 2 — Localizagdo das duas areas estudadas nas coladas Calatalan e Cordillera (elipse). Vias de acesso
principal e secundaria da regido do Distrito Mineiro de Artigas (Uruguai). A — A’: perfil representativo do
empilhamento estratigrafico proposto na figura 4, Capitulo 2.

1.3- OBJETIVOS

O objetivo principal desta tese € o entendimento dos controles geoldgicos, geoquimicos
e isotopicos das mineralizagdes de geodos com ametista, ocorrentes na regido de Artigas,
Uruguai. Também ¢ objetivo desta tese entender a relagdo entre os processos de alteragdo
hidrotermal com as rochas portadoras do minério. Geoquimica de rocha total e isotopica e
inclusdes fluidas contribuem para o entendimento dos processos e condi¢cdes atuantes

durante a abertura e o preenchimento dos geodos com ametista e agata.
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1.4 - METODOLOGIA
Neste item sera descrita a sucessdo de etapas de trabalho e dos métodos analiticos

empregados para a resolu¢do dos problemas.

1.4.1 — Levantamento Bibliografico

Compilagdo e levantamento dos dados publicados sobre as mineralizagdes a ametista
em geodo, além de literatura sobre estrutura e mecanismos de resfriamento, bem como da
formagdo dos niveis vesiculares e aspectos gerais de derrames de grandes provincias

basalticas conhecidas.

1.4.2 — Trabalho de campo

Nesta etapa foram visitados alguns garimpos estudados por outros pesquisadores na
regido de Ametista do Sul com o objetivo de reconhecer as feigdes ja descritas na literatura
para aplicar tal conhecimento na regido de Artigas. A Mina do Museu “Ametista Parque”
foi um dos pontos principais, pois as galerias estdo limpas, iluminadas e o trabalho de
exploragdo ja foi cessado, além de a galeria ter sido rebaixada a um nivel mais baixo do
que as galerias de garimpos ativos e por este motivo estarem expostas feicdes ndo antes
descritas.

No Distrito Mineiro de Artigas os trabalhos de campo contemplaram mapeamento para
reconhecimento do numero e estrutura dos derrames. Este mapeamento resultou na
identificacdo de seis derrames, sendo dois mineralizados e quatro ndo mineralizados.
Amostras de rocha para analise geoquimica foram coletadas com base nas diferencas de
altitude da regido, ja que a topografia da area ¢ aproximadamente plana e os derrames estao
na posicdo horizontal a subhorizontal. As condi¢oes de afloramento ndo sdo muito
favoraveis a coleta sistematica de todas as zonas de topo, centro e base dos derrames.

Em Idar-Oberstein na Alemanha, foram realizadas duas visitas a uma mina que hoje
funciona como Museu. Esse local era uma antiga mina de exploragdo de geodos com agata
e ametista e hoje faz parte da Deutsches-Edelsteinstraffe (Rua das Pedras Preciosas da
Alemanha), local turistico em Idar-Oberstein onde estdo abertas para visitacao as antigas
minas ¢ também o museu de gemologia, o Deutsches Edelsteinmuseum (Museu Alemao de
Pedras Preciosas). Neste museu, estdo expostos geodos de ametista e agata extraidos das
minas da regido. Nestes geodos foram reconhecidas feicdes comparaveis as que ocorrem
de Artigas. Outro local visitado foi a Juchem Quarry. Esta local ¢ atualmente uma

pedreira, mas que ja foi uma mina explorada para extracao de geodos com ametista e agata.
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La foi observada uma seqiiéncia de dois derrames, onde se podem reconhecer as estruturas
de resfriamento e observar alguns pequenos geodos in situ. Na feira de minerais que ocorre

em frente a predreira, s3o expostos e comercializados geodos extraidos da pedreira.

1.4.3 — Analise quimica de rocha total

Foram coletadas 44 amostras de rocha para andlise quimica, com o intuito de
determinar os tipos de rocha e também auxiliar na separacdo dos derrames no Distrito
Mineiro de Artigas e arredores. As analises foram obtidas junto ao ACME Analytical
Laboratories, no Canadd. O método para analise dos elementos utiliza 0,200 g de amostra
em pastilhas fundidas por LiBO, e analisadas por ICP-ES (maiores) e por ICP-MS
(menores). Analises para elementos trago utilizam 0,5 g de amostras, lixiviadas com 3,0 ml

de 2-2-2 HCI-HNO;-H,0 a 95°C por uma hora. A analise foi feita por ICP-MS.

1.4.4 — Analise petrografica
A petrografia otica feita em microscopio de luz transmitida e refletida auxiliou no

reconhecimento de fei¢des a serem observadas em detalhe na microssonda eletronica.

1.4.5 — Microssonda Eletronica

Analises quantitativas foram feitas utilizando microssonda eletronica - EPM
Cameca SX-100 (wavelenght Dispersive X-ray Spectroscopy — WDS) na Universitit
Stuttgart. Foram feitas 42 1aminas delgadas polidas que contemplam as amostras de todos
os derrames identificados na area de estudo. Uma amostra da rocha portadora dos geodos
do Museu Ametista Parque, em Ametista do Sul, e uma amostra da Mina do Museu, em
Idar-Oberstein foram estudadas e analisadas para fins de comparacdo com a area de
Artigas. A rotina de trabalho para analise dos silicatos ( plagioclasio e piroxénio) utilizou
15 kV de aceleragcdo da corrente, corrente do feixe de 15 nA e didmetro de 1 um. Para
analise dos argilominerais, zeolitas e material intersticial a corrente foi de 10 nA e
diametro do feixe de 4 pm. O célculo de féormula para plagioclasio, zeolitas e argilomierais
foram feitos utilizando o software CalcMin® elaborado pela Universitit Stuttgart e para
confecgio dos graficos o EXCEL®. Para o piroxénio foi utilizado o softiware MINPET®
para calculo da formula e confecgdo dos graficos de composigdo e classificagao.

Imagens de backscaterring electron (BSE) foram obtidas em todas as amostras
analisadas para auxiliar na localizacdo dos pontos analisados e para caractzerizagdo das

texturas das rochas.
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1.4.6 — Petro-fisica

Ensaios de petro-fisica foram feitos em uma amostra coletada em contato com um
geodo nas minas do Sr. Riani (Fig. 2), na colada Catalan em Artigas. Os ensaios constam
de teste de porosidade, permeabilidade e densidade. A porosidade ¢ testada por fluxo de
gas que passa através do corpo de prova da amostra. A permeabilidade ¢ testada em meio
saturado em agua.

A amostra selecionada para estes ensaios continha aproximadamente 60% do seu
volume composto por argilominerais do grupo das esmectitas e indica condigdes avancadas

de argilizacao.

1.4.7 — Difragdo de raios-X

A mineralogia secundaria e de alterag@o foi estudada por difratometria de raios-x na
Universitdt Stuttgart. O equipamento utilizado foi o Difratometro Bruker-AXS DS
Advance” equipado com tubo de Cu e monocromador de grafite, que utiliza radiagdo Co
Ka, voltagem de 40 kV e corrente de 40 nA. Foram obtidos difratogramas de rocha total e
da fracdo argila (<2um) separadas por centrifugacdo. As amostras foram analisadas na
forma natural e saturadas com etileno glicol. Amostras calcinadas foram expostas a

temperatura de 300°C.

1.4.8 — Inclusoes fluidas

A petrografia e microtermometria das inclusdes fluidas em cristais de quartzo incolor e

ametista foram feitas no Laboratorio de Inclusdes Fluidas da Universidade do Rio dos Sinos

(UNISINOS), em Sido Leopoldo. Nove amostras dos dois garimpos estudados foram

selecionadas para confecc@o de laminas bi-polidas, porém somente uma delas tinha inclusoes

fluidas com tamanho e tipo apropriados para os estudos de microtermometria. Platina Chaix

Meca de aquecimento-resfriamento, calibrada com CO, e o ponto triplo da H,O, além de

padroes MERK com temperaturas de fusdo conhecidas (306 e 398°C) foram utilizados para a

obtencdo de dados microtermométricos. A precisdao das medidas ¢ de aproximadamente 0.2°C,

e a acuracidade ¢ de +0.5°C, para temperaturas até 135°C, enquanto que para temperaturas de

até 398°C ¢ de 12°C. A salinidade foi determinada utilizando a equacdo de estado de Bodnar

(2003).
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1.4.9 — Microespectroscopia Raman

Um espectrometro multicanal Raman foi utilizado no Instituto de Fisica da
Universidade Federal do Rio Grande do Sul (UFRGS). O equipamento utiliza feixe de laser
de He-Ne de 30 mW. A deteccdo utiliza refrigeracdo por nitrogénio CCD, modelo LN/CCD-
100EB com chip EEV 1340x100 e controlador ST 133. O sistema de detecgao esta acoplado a
espectografo/monocromador SP500i (Acton Research) e grade de 600-g/mm. O feixe de laser
tem diametro de 10 pm e ¢ obtido usando uma objetiva acromatica de 50X acoplada a um
microscopio otico HD25 Zeiss Axiotech. Um filtro holografico bandpass ¢ utilizado para
filtrar linhas de plasma indesejaveis e a fluorescéncia proveniente das fontes do laser e um

filtro entalhado (Kaiser Optics) para atenuar a linha de Rayleigh.

1.4.10 — Analises isotopicas

Analises de is6topos de oxigénio em agata, quartzo incolor e ametista e de oxigénio e
carbono em calcita foram feitas na Universitit Tiibingen. Para a composicao isotopica do
oxigénio na agata foi utilizado o método convencional de extragdo de oxigénio, com uso do
reagente BrFs, tal qual o método de Clayton & Mayeda (1963). Aproximadamente de 7,0 mg
de amostra foram utilizados para a extragdo de oxigénio e conversdo para CO,. A seguir as
amostras foram introduzidas em no vaso de reacdo de Ni em fluxo de N; seco, e bombeadas
por pelo menos duas horas antes da adigdo de BrFs. A reagdo foi feita a 550 °C por
aproximadamente 16-18 horas. As medidas foram feitas usando espectrometro de massa de
razdes isotopicas Finnigan MAT 252. A composigdo isotopica do oxigénio estd expressa em
8, relativa ao padrio V-SMOW em permil (%o). A precisio dos valores de 8'°0 é melhor do
que 0,2 %o, quando comparada aos valores aceitaveis de '8, pela NBS-28, de 9,64 %o. Para
ametista e quartzo incolor a composi¢io isotopica de oxigénio (‘°0, 'O, '®0) foi medida
utilizando os métodos descritos por Sharp (1990) e Rumble & Hoering (1994) onde esta
descrito com mais detalhe por Kasemann et al. (2001). Entre 0,5 a 2,0 mg de amostra sdo
colocadas em um pequeno recipiente ¢ bombeadas em vacuo de 10 - 6 mbar. Apds ocorre
prefluorinacdo das amostras na cdmara durante a noite, onde sdo aquecidas utilizando CO,-
laser numa pressdao de 50 mbars de F, puro. O excesso de F, é separado do O, produzido pela
conversdo para Cl, utilizando KCl a 150°C. O O, extraido ¢ coletado em uma peneira
molecular (13X) e posteriormente expandido e analisado utilizando o espectrometro de massa
de razdes isotdpicas Finnigan MAT 252. A composicao isotdpica do oxigénio ¢ dada em o e

expressa em relagdo ao V-SMOW em permil (%o). Réplicas de analises dos padrdes usados
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(NBS-28 quartzo e UWG-2 granada; Valley et. al., 1995) t€ém geralmente uma precisdo de +
0,1 %o para 8'°0. A acuracidade dos valores de 80 ¢ comumente melhor do que 0,2%o
quando comparadas aos valores aceitdveis de NBS-28 de 9,64 %o e UWG-2 de 5,8%0. A
composi¢do isotdpica de carbono e oxigénio em cristais de calcita foram medidas utilizando
Gasbench II conectada ao espectrometro Finnigan MAT 252. As razdes isotopicas das
amostras foram calibradas utilizando NBS18 (613 C = -5,00; 580 = -2,96 %o, em relagdo ao
VPDB) e NBS19 (5"°C = 1,95; 8'%0 = -2,20%o, em relagdo ao VPDB). A reprodutibilidade
externa das medidas ¢ melhor do que + 0.1 %o para 8C e £ 0.1 %o para o o)

Reprodutibilidade externa para a concentragao de carbonato ¢ melhor do que + 5%.

Foram determinadas as razdes isotopicas de enxofre em amostras de basaltos
andesiticos hospedeiros dos geodos dos dois derrames mineralizados a ametista, em
Artigas. O enxofre foi extraido de amostras pulverizadas tratadas com solu¢do Thode
(mistura de HCI, HI e H3PO,; Thode et al., 1961) em vidros especialmente confeccionados
para esta fung@o. O enxofre ¢ liberado na forma de H,S e transferido sob condicoes
constantes de N-super, fluindo para uma vasilha com solugdo de acetato de Cd e
capturado como CdS. A razdo isotopica ¢ medida pela técnica de fluxo continuo por um
espectrometro de massas (Optima, Micromass UK) acoplado on-line com um analisador de
elementos CSN. Em torno de 150 pg de CdS misturadas em proporgdes estequiométricas
com V;0s sdo colocadas em pequenas capsulas que entram em combustido na coluna de
reacdo do analisador de elementos em ambiente enriquecido em oxigénio. Nos elementos
analisados os produtos de reacdo com o gas, sdo carreados por fluxo de He e separados
pela coluna do cromatoégrafo de gas antes do SO, purificado ser transferido para o
espectrometro de massas. Durante as medi¢des as razdes isotopicas das amostras de gas
sdo comparadas a uma referéncia com razdo isotopica conhecida. De todo modo, a
composi¢do isotopica do oxigénio na amostra ¢ a do SO, sdo diferentes, nesta técnica os
resultados devem ser calibrados em comparagdo a amostra ccom a razdo isotdpica
conhecida obtida pelo mesmo método. A calibragdo utilize o padrdo IAEA S-1, S-2 ¢ S-3,
com os resultados obtidos com um desvio em %o relativo ao V-CDT. Cada valor obtido ¢ a
media de tré€s medidas independentes, com precisdo de 0,2 %o.

A concentragdo total de enxofre no basalto hospedeiro foi obtida por espectrometria
de infravermelho ndo dispersivo utilizando analisador de elementos para carbono-enxofre

CSA-5003 (Leybold). O limite de deteccdo ¢ em torno de 50 pg/kg.



CAPITULO 2

CONTEXTO GEOLOGICO
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2.1 - GEOLOGIA REGIONAL

A area de estudo estd inserida na por¢do sul da Bacia do Parand. A bacia em
questdo ¢ parte integrante da Bacia Parana-Etendeka que evoluiu entre o Cambriano-
Ordoviciano, nos dominios do supercontinente Gondwana. Neste periodo houve
decréscimo dos esforgos atuantes nas regides de borda e conseqiiente resfriamento crustal,
dando inicio a subsidéncia e deposicdo dos sedimentos. Esta unidade evoluiu até o
Cretaceo e se desenvolveu ao longo de condi¢des climaticas contrastantes (Zalan et al.,
1990; Milani, 1997; Marsh et al., 2001).

Seis superseqiiéncias delimitadas por discordancias regionais sdo relacionadas por
Milani (1997) (Fig. 3). Ciclos de transgressdo e regressdo marinha marcam trés destas
supersequéncias, sendo as demais trés o registro de periodos de deposi¢do continental com
magmatismo associado (Milani & Zalan, 1999). As superseqii€ncias sdo:

1- Superseqiiéncia Rio Ivai — de idade ordoviciano-siluriana, como registro de um
hemi-ciclo transgressivo evoluindo a uma fase marinha e esta representada por espessos
pacotes de arenitos arcoseanos e quartziticos (Fm. Alto Gargas) seguidos de diamictitos
(Fm. Iapo) e arenitos e folhelhos micaceos fossiliferos (Fm. Vila Maria);

2- Superseqiiéncia Parana - registra um hemi-ciclo transgressivo durante o
Devoniano, marcada por pacotes de arenito ricos em caolinita (Fm. Furnas) seguidos pela
deposicdo de arenitos em ambiente deltaico e folhelhos fossiliferos depositados em
ambiente marinho, geradores de hidrocarbonetos (Fm. Ponta Grossa);

3- Superseqiiéncia Gondwana I - depositada ao longo do Carbonifero-Terciario,
esta superseqiiéncia marca um periodo de intensas modificagdes climaticas, que acarretou
na deposicdo de um espesso (2.500 m) pacote sedimentar, que inclui unidades glaciais
representadas por diamictitos, arenitos turbiditicos com varvitos e tillitos associados (Gr.
Itararé e Fm. Aquidauana), unidades depositadas em ambiente marinho raso com
influéncia deltaica, portadoras dos arenitos e carvdes (Fm. Rio Bonito), folhelhos e siltitos
(Fm. Palermo) e folhelhos betuminosos, margas, carbonatos e evaporitos (Fm. Irati). Red-
beds encerram esta superseqiiéncia no final do Mesozdico (Fm. Rio do Rasto);

4- Superseqiiéncia Gondwana II - desenvolvida durante o Triassico em condig¢des
climaticas tendendo a aridez crescente ¢ representada também por red beds fossiliferos
fluviais e lacustres, (Fm. Santa Maria);

5- Superseqiiéncia Gondwana III - durante o Jurassico, em ambiente desértico

dominado por dunas, depositaram-se imensos campos de dunas de arenitos eo6licos (Fm.
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Botucatu). Na transi¢do entre o Jurdssico e o Cretaceo ocorreu a ruptura do Gondwana
associada a intensa atividade magmatica registrada pelos derrames basalticos (Fm. Serra
Geral);

6- Superseqiiéncia Bauru — final do Cretaceo ¢ final dos eventos deposicionais da Bacia
do Parana. Depositados em ambientes flivio-lacustre e edlico onde foram depositados
pacotes de arenitos conglomeraticos, associados com siltitos, argilitos e calcérios (Gr.

Bauru).

Associadas a esta sequéncia neocretdcica, hd eventos de magmatismo alcalino
registrados no atual estado de Santa Catarina e Goids. Ocorrem também depdsitos arenosos
de idade Tercidria, que sdo representados na porcdo norte da bacia pela Formagdo

Cachoeirinha, e na por¢ao sul pela Formacgao Tupanciretd (Milani, 1997).

Ma| Escala Unidades estratigraficas

Cenozobico
Gr. Bauru

65 Q&'---

Cretaceo

142

Jurassico
206

Tridssico

SOEm.
‘.'Sanga
do Cabral

S
|

Permiano

290

Carbonifero

Devoniano

Siluriano

443

Basalto F—
Trés Lagoas Alto Gargas

Ordoviciano

—|Z|m

495

Cambriano

Figura 3 - Estratigrafia da Bacia do Parana mostrando (modificado de Milani & Zalan, 1999).
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Atualmente a Provincia Basaltica Parana-Etedenka é representada por duas porgdes
isoladas, sendo parte situada na América do Sul e a outra parte na Namibia. A area
ocupada ¢ de aproximadamente 1.700.000 km?. A maior parte ocupa uma éarea de
1.200.000 km* na América do Sul, predominantemente no Centro-Sul do Brasil, mas
também partes do Uruguai, Paraguai e Argentina. A bacia tem atualmente geometria
alongada segundo dire¢do NNE-SSW e se estende por cerca de 1.750 km de comprimento
com largura média de 900 km.

Representando o ciclo-final da Superseqiiéncia Gondwana III, a Fm. Serra Geral
possui as rochas encaixantes da mineralizagcdo de ametista em geodos alojados em basaltos
andesiticos da regido de Artigas, bem como em basaltos da regido do Alto Uruguai, onde
os principais garimpos estdo localizados em Ametista do Sul e arredores. O distrito mineiro
de Salto do Jacui ¢ outra localidade importante de mineralizacdo de agata em geodos. Os
processos envolvidos na formacdo dos geodos sdo discutidos por Strieder & Heemann
(2006).

As rochas vulcénicas e intrusivas sdo o registro de um importante periodo de
atividade ignea registrado entre 137-127 Ma sob influéncia de esforgos tectonicos de
direcdo N-NE, N-NO e E-O. O sistema intrusivo de diques e sills (e.g., Arco da Ponta
Grossa) tem direcdo principal de N45°-65°W (Zalan et al., 1990). As vulcanicas da
Formacdo Serra Geral representam a fase final do desenvolvimento da Bacia do Parand e a
ruptura desta bacia durante a abertura do Atlantico sul. A ruptura do Gondwana ¢
associada com a instalagdo de uma pluma mantélica, a de Tristdo da Cunha, abaixo do
supercontinente (Morgan, 1971; Richards et al., 1989; White & McKenzie, 1989; Ernest &
Buchan, 2001). Entretanto a existéncia ¢ atuagdo da pluma continuam em debate (Marques
et al., 1999; Comin-Chiaramonti ef al., 2004).

O vulcanismo Serra Geral ¢ representado atualmente por um pacote de rochas com
um volume superior a 800.000 km® e com espessuras que variam de poucos metros e
atingem 1.700 m no depocentro da bacia. Dentre as rochas vulcanicas ocorrem
predominantemente basaltos e basaltos andesiticos (>95 vol.%) e riodacitos a riolitos (~ 4
vol.%) (Bellieni et al., 1984).Grandes extensdes cobertas por rochas vulcénicas de
composi¢cdo basaltica formam as Provincias de Basalto de Platd, onde as mais importantes
sdo: Karro, Parand, Decan, Columbia River, Traps Siberianos, dentre outras.

Diferentes tipos magmaticos sdo reconhecidos na Formacdo Serra Geral e foram
definidos dois grupos quimicos distintos. O objetivo desta separagdo ¢ tentar diferenciar as

fontes e os processos de formagdo dos magmas (Peate et al., 1992; Hawkesworth et al.,
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1992; Peate & Hawkesworth, 1996). Os dois grupos s@o as rochas baixo-Ti, que incluem as
séries magmaticas denominadas Gramado, Esmeralda e Ribeira e as rochas alto-Ti, que
contemplam as séries Pitanga, Paranapanema e Urubici. A ocorréncia dos grupos
magmaticos obedece a posigdes geograficas distintas, sendo as rochas do grupo alto-Ti
predominantes na por¢do norte da bacia e as do grupo baixo-Ti na porcdo sul. O
empilhamento estratigrafico comum s3o as rochas do grupo baixo-Ti estarem subjacentes
as rochas alto-Ti. No Uruguai, ocorre uma inversdo da estratigrafia entre os derrames da
Formagdo Serra Geral em comparacdo com o restante da bacia. Turner et al. (1999) ao
obterem andlises quimicas de trés furos de sondagem para pesquisa de diamantes no
Uruguai reconheceram que rochas alto-Ti do tipo Paranapanema estdo abaixo das rochas
baixo-Ti do tipo Gramado e¢ Esmeralda, sugerindo que os tipos magmaticos ndo sdo
cronoestratigraficos para toda a extensdo da bacia e de que a erupcdo simultinea de
diferentes tipos magmaticos reflete a distribui¢do sub-crustal distinta das fontes do magma

na litosfera.

2.2 - GEOLOGIA LOCAL

O conhecimento geoldgico do distrito mineiro de Artigas é restrito. Poucos
trabalhos foram elaborados com a énfase nesta regido. Bossi & Ferrando (2001)
apresentam na Carta Geologica do Uruguai (1:500.000) uma breve resenha da geologia na
area denominada Distrito Gemologico de Los Catalanes (area equivalente a denominada
nesta tese de Distrito Mineiro de Artigas). No trabalho citado, sdo descritos cinco derrames
de lava, sendo dois portadores de geodos com ametista. Disperati et al. (2001) também
reconhecem para a area cinco derrames de lava. Nesta tese de doutorado, seis derrames
foram reconhecidos e mapeados, desde as cotas altimétricas mais baixas da area (~ 120m)
até as porgdes mais elevadas (Cordillera de Belén, ~ 320m). Distintas interpretagdes
estratigraficas ocorrem, ndo s6 no nimero de derrames, bem como nos derrames que estao

mineralizados (Tabela 1).

Tabela 1 — Estratigrafia proposta por Bossi & Ferrnado (2001) e por Disperati et al. (2001) para o Distrito
Gemologico de Los Catalanes.

Bossi & Ferrando (2001)  Disperati et al. (2001)
Base Colada 2 Colada I

Colada 3 (com extracdo)  Colada II (com extragio)

Colada 4 Colada III (com extragao)

Colada 5 (com extracdo?) Colada IV
Topo ~Colada 6 Colada V
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A formagdo Arapey também ¢ pouco estudada. Esta formagdo ¢ equivalente a
Formagdo Botucatu no Brasil. Os tUnicos registro de cartografia desta unidade sdo da
década de 60 e inicio da década de 70, em mapeamento 1:100.000, feito pela Catedra de
Geologia de la Facultad de Agronomia. Bossi & Navarro (1988) descrevem as estruturas
intraderrame associadas descritas pelo projeto de mapeamento citado acima. No topo dos
derrames e em contato com os sedimentos intertrapicos, foram descritas as seguintes
estruturas e feicdes: brechas igneas com cimento de arenito; basalto vesicular alterado
intempericamente; basalto vesicular alterdvel e resistente aos processos de alteragdo
intempéricos; brechas igneas com diques e fildes de arenito descendentes e nivel geddico
com calcedonia, quartzo ¢ ametista.

Na fase I do projeto intitulado Agatas y Amatistas, elaborado pelo DINAMIGE
(Techera et al., 2007), seis derrames basalticos foram reconhecidos e estdo estruturados
horizontalmente. A cartografia apresentada por este projeto ¢ um pouco distinta da
proposta nesta tese de doutorado. O mapa geologico estd na figura 4 ¢ a estratigrafia

representada na tabela 2.

Perfil PA-Gg 42 - 43
O 76315

PA-Art - 2
() Cantera Catalan
O

..
_
()
Q Pono e 4

®

Figura 4 — Mapa Geoldgico para o Distrito Gemologico Los Catalanes (Techera ef al., 2007) com os pontos
de amostragem deste estudo. O derrame 1 desta tese foi descrito nos pontos do Perfil PA-Gq 42-43 (NW).

Nesta tese, os derrames de numero 2 a 6, descritos por Techera et al. (2007)

coincidem com os derrames propostos para esta tese, com pequenas diferengas de
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contorno. O derrame de nimero 1 para esta Tese estd na porgdo norte ¢ aflora nas cotas
altimétricas mais baixas, proximo a Artigas. O derrame 1 para Techera et al. (2007) fica na
parte oeste do distrito mineiro e ocupa as cotas entre 220 e 270. Neste caso, o derrame 1 de
Techera et al. (2007) ndo esta posicionado estratigraficamente abaixo dos derrames 2, 3, 4,
5 e 6. Para a estratigrafia proposta para esta area, os derrames estdo empilhados (perfil A-

A’ da fig. 2), sendo o derrame 1 nas cotas mais baixas ¢ o 6 nas cotas mais altas (Cordillera

de Belén).

Tabela 2 — Estratigrafia proposta por Techera et al. (2007) para o Distrito Gemoldgico Los Catalanes.

Colada Cota Geodos Zonas de Perfil superior
afloramento e
morfologia
6 >300/280 Nio Cordillera de Belén g2 hivel macio
(Sw da area);
. basal
corilleras y
“cascos” em
cumbres de cerros.
5 ~ La Bolsa-Meneses, Niveis pontuais
=300/280 Nao Cuchilla de Belén; com arenito;
« P 1an(3,a altos e Vesicular/brechoide
cascos” em cerros .
pouco desenvolvido
4 <240 Sim Zona da Cordillera Nivel vesicular
(colada Cordillera de, Belén e sul da brechoéide
area, extensos P
para este estudo) Nivel com geodos
planaltos
(2m)
3 <200 Sim Cursos do Catalan Niveis, blocos e
Grande, Chico, fildes de arenito
Secq/vales b lqnos Nivel vesicular
baixos da bacia .
. . , brechoide com
inferior de Catalan .
desenvolvimento
Grande. .,
variavel
2 <170 Sim Cu.rsos do Catalan ~ Niveis por}tuals de
, Chico, Seco, Vales arenito
(colada Catalan dos cursos d’deua
para este estudo) £ Nivel vesicular
brechoide pouco
desenvilvido ou
ausente
Nivel com geodos
(1-8 m)
1 220-270 Nio Zona S.-Se. e E do Niveis de arenito
Distrito
.. Macro-brecha
Gemologico Los erio
Catalanes superior
Planos com

superficies rugosas
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Na regido do distrito mineiro de Artigas afloram basaltos andesiticos, de carater
toleitico do grupo baixo-Ti. Seis derrames foram separados com base em trabalhos de
campo e em andlise quimica obtida em rocha total (Fig. 5). A geoquimica ¢ uma
ferramenta importante, pois as condi¢des de afloramento sdo desfavoraveis. Aspectos da
geoquimica serdo discutidos no Capitulo VII. As espessuras dos derrames foram estimadas
em aproximadamente 9 a 50 m, dispostos em unidades tabulares horizontais a
subhorizontais. Dentre os seis derrames, dois sdo os portadores de geodos com ametista.
Neste trabalho os derrames portadores foram denominados de colada Catalan (derrame
portador inferior —2) e colada Cordillera (derrame portador superior — 4). O termo colada é

derrame de lava em espanhol e ¢ usado para manter a linguagem dos mineradores na regiao
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Figura 5 — Empilhamento esquematico dos seis derrames reconhecidos no Distrito Mineiro de Artigas com a
distribuicdo dos elementos maiores (a) e tragos (b).

A estrutura dos derrames na regido de Artigas é comparavel as estruturas descritas

por Gomes (1996) para a regido de Ametista do Sul - Frederico Westphalen. Duas

estruturas distintas sdo descritas: derrames do tipo I e do tipo II. Os derrames estruturados

conforme o tipo I tem espessuras entre 9 ¢ 30 m. Os niveis vesiculares de topo e de base

estdo presentes e na porgdo central ha uma zona maciga e livre de vesiculas (Fig. 6a). Os

derrames do tipo II sdo mais espessos que os do tipo . as espessuras estimadas estdo em

torno de 30 a 60 m. Também ocorrem os niveis vesiculares de base e de topo. A por¢do

central distingue os dois tipos de derrames, pois os do tipo II desenvolvem estruturas de

resfriamento do tipo disjuncdo vertical e entablamento (Fig. 6b). Nestes derrames do tipo II

a espessura do nivel vesicular de topo € proporcional a espessura do derrame. A diferenga
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de espessura também gera diferencgas significativas no tamanho de grao, tendo os do tipo II
granulometria mais grossa (0,5 mm) que os do tipo I (<0,1 mm).

O tipo de estrutura desenvolvida na por¢do interior dos derrames dos tipos I e 11
imprime distinto grau de permeabilidade, sendo os do tipo II permeaveis e os do tipo |
impermeaveis ou pouco permedveis. Esta caracteristica ¢ importante para o
desenvolvimento dos processos de alteragdo e fraturamento hidraulico relacionados ao

processo epigenético de formagao dos geodos, sugerido nesta tese.
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Figura 6 — Estrutura interna dos derrames no Distrito Mineiro de Ametista do Sul (a) e (b) e de Artigas (b) e
(c). (a) estrutura de derrame do tipo I, descrito por Gomes (1996); (b) derrame estruturado pelo tipo II,
também descrito por Gomes (1996) segundo descrisoes preliminares de Long and Wood (1986); (c)
derrame tipo I com a estrutura maciga e sem geodos logo apds o resfriamento, como proposto nesta tese.

De acordo com Gomes (1996), os derrames mineralizados do tipo I em Ametista do
Sul, possuem um nivel macrovesicular, que sdo os geodos. A autora sugere que os geodos
sdo formados pela coalescéncia de fases fluidas exsolvidas do magma. Na concepcao desta
tese de doutorado, de que os geodos sdo resultados de processos epigenéticos, os derrames
do tipo I sdo aqui interpretados com tendo a zona central maciga e livre de geodos apos o
resfriamento (Fig. 6¢).

A colada Catalan tem espessura aproximada de 30 m, tendo o nivel mineralizado
em torno de 10 m. A porgdo superior deste derrame ¢é alterada e tem disjungdo horizontal
bem definida, marcando a por¢do superior do derrame (Fig. 7). Os geodos explorados nos
garimpos desta colada sdo na maioria das vezes alojados na horizontal, sendo mais
compridos do que altos, tendendo a formato oblato. Estes geodos por vezes alcancam 5 m

de comprimento por aproximadamente 2 m de altura (Fig. 7b). E comum nesta colada a
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formag@o dos geodos nas fraturas subhorizontais, que ocorrem nos derrames mineralizados

no distrito mineiro.

Figura 7 — Colada Catalan. (A) vista geral do garimpo de Fernando Barrios. A entrada das galerias tem
aproximadamente 4 m de altura, (B) geodo de aproximadamente 5 m de comprimento, exposto nas Lojas
Lodi em Soledade e retirado de garimpo da colada Catalan em Artigas (Foto Pedro L. Juchem). O geodo
estava originalmente na mina na posi¢ao horizontal e foi montado, para venda, na posi¢do vertical. Note os
blocos de rocha cobertos por quartzo esverdeado (var. Prasiolita).

A colada Cordillera, tem espessura de 9 m e nivel mineralizado de 2 m (Fig. 8). Os
geodos nesta colada tendem a ter formato prolato, tipo “capelinha”, tal qual ocorre em
Ametista do Sul. Os geodos em ambos os derrames estdo alojados na porgdo central do
derrame, que possui estrutura macica. A colada Cordillera aflora muito bem nas minas.
Neste derrame puderam ser amostrados, sistematicamente, todos os niveis estruturais: zona
vesicular de topo e de base e o nivel macigo com os geodos. O zoneamento dos minerais de
alteracdo pdde ser observado. Foi constatado que a presenca de esmectita ocorre em todos
os niveis do derrame, enquanto que a celadonita ocorre somente nas porgdes mais
alteradas, ou seja, na zona dos geodos e na zona vesicular de topo. A presenca de
celadonita ¢ um guia prospectivo para presenga de geodos mineralizados a ametista, tanto

em Artigas, como no Alto Uruguai (Gomes, 1996; Scopel, 1997).
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Figura 8 — Frente de minerac¢do na colada Cordillera. Acima da colada Cordillera estda o derrame estéril
nimero 5, estruturado pelo tipo II que desenvolve disjungdo colunar e entablamentos bem definidos. A
entrada das galerias tem em média 2m de altura.

As diferencas existentes entre os dois derrames mineralizados constam da
intensidade da alteracdo hidrotermal. A colada Catalan estda mais alterada para
argilominerais do grupo da esmectita do que a colada Cordillera. Esta caracteristica pode
ser o reflexo do maior fluxo de fluidos que percolaram por este derrame. O modelo
epigenético contempla o fluxo de fluidos hidrotermais em grande escala e durante um
longo periodo de tempo, pelo menos durante a erup¢ao dos quatro primeiros derrames da
area, pois nestes sdo reconhecidos, nos padrdes de difracdo de raios-x, um contetido

significativo de argilominerais, conforme discutido no Capitulo VII.



CAPITULO 3

JAZIDAS DE GEODOS DE AMETISTA EM BASALTO:

GENESE, ESTRUTURA, FONTE DO FLUIDO E TEMPERATURA



32

3.1 -INTRODUCAO

A génese dos geodos preenchidos por ametista e agata na Formacao Serra Geral é
historicamente relacionada com a exsolucdo e colescéncia de fases fluidas durante estagio
magmatico.

A idéia inicial descrita por Leinz (1949) e Franco (1952), ¢ na verdade uma
sugestdo de como foram formadas as cavidades em basaltos amigdaloidais. A descri¢do do
processo descrito por estes autores se aplica as zonas vesiculares de topo e de base dos
derrames basalticos da Formagdo Serra Geral. Posteriormente, Szubert et al. (1978) e
Correa et al. (1994) assumem que o processo descrito por Leinz (1949) e Franco (1952) ¢ o
mesmo para a formagdo dos geodos com ametista em basalto. Inimeros pesquisadores
atuaram na regido de Ametista do Sul com o intuito de buscar feigdes e caracterizar o
minério na busca do entendimento do modelo de exsolugdo proposto. Meunier et al.
(1988), Scopel et al. (1998) e Juchem (1999) utilizam este modelo de base para suas
pesquisas. Gilg et al. (2003) também utilizam a idéia de exsolucdo de fases gasosas para a
abertura das cavidades e diferem quanto a fonte dos fluidos, propondo um modelo genético
em dois estagios. Proust & Fontaine (2007a) sugerem que magmas supersaturados em agua
podem formar, por exsolugdo e coalescéncia de fases fluidas e imisciveis, cavidades de
grandes proporcoes, em temperaturas da ordem de 1150°C, sem necessidade de aporte
externo de fluido.

No Uruguai, a proximidade das jazidas de ametista com o arenito da Formacgéo
Tacuaremb6 (equivalente a Fm. Botucatu) levou pesquisadores a sugerir que houve
assimilagdo, fusdo e dissolugdo da areia pela lava e que esta ¢ a fonte de silica para a
mineralizacdo dos geodos com ametista (Bossi & Caggiano, 1974). Um modelo
semelhante foi proposto por Strieder & Heemann (2006) que estudaram os depdsitos de
agata em Salto do Jacui e reconheceram como unidade hospedeira da mineralizagdo um
basalto vesicular intrusivo. A fonte de silica sdo xenolitos de arenito das unidades
intertraps da formacdo Botucatu que fundiram em contato com essa unidade intrusiva e
rica em volateis.

Duarte et al. (2005) apresentaram uma proposta de mineralizagdo epigenética, com
a abertura ¢ o preenchimento das cavidades ocorrendo apos a solidificagdo da lava. Esta
tese ¢ defendida neste trabalho e serd apresentada neste capitulo.

A hipoétese aceita por inumeros pesquisadores ¢ a origem dos grandes geodos em

basaltos por coalescéncia de bolhas de gas durante a cristalizacdo e resfriamento da lava,
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portanto em temperaturas da ordem de 1150°C. Essa hipotese sera avaliada neste capitulo,
que tem o objetivo de expOr o conhecimento atual sobre os processos envolvidos na

formag@o e no preenchimento dos grandes geodos em basalto.

3.2 — GENESE DOS DEPOSITOS DE GEODOS COM AMETISTA EM BASALTOS

Até o inicio dos trabalhos desta tese em 2004, as duas principais hipoteses
relacionadas a formagao dos grandes geodos em basalto eram as seguintes:
1. Formagdo das cavidades por coalescéncia de fases fluidas (1150°C);

2. Incorporagdo de areia pelo magma,;

Os primeiros relatos da existéncia de cavidades em basalto, contendo ametista e
calcedonia, sdo atribuidos a Oliveira (1889; apud Franco, 1952), sendo este trabalho
meramente descritivo, sem aventar hipoteses sobre a génese das cavidades. Em 1939,
Maack ao estudar basaltos amigdaloidais no sul do Brasil e seus minerais de
preenchimento cita a ocorréncia de ametista, quartzo hialino, calcedonia, agata e zeolitas
(apud Franco, 1952).

Leinz (1949) estudou em detalhe os basaltos da regido de Trés Forquilhas, no Rio
Grande do Sul e sugeriu que a estrutura dos derrames ¢ constituida de uma zona com
diaclase horizontal seguida por uma zona de 5 a 10 m de espessura rica em amigdalas. As
amigdalas sdo normalmente elipticas e possuem o eixo menor no sentido vertical, estdo ora
vazias, ora preenchidas por zeolitas. O autor descreve duas partes fundamentais para a
estrutura dos derrames: uma zona vitrea na base formada pelo resfriamento rapido e uma
zona superior amigdaloidal, formada pelo enriquecimento em gases sob alta pressao (Fig.

9). Neste processo se formam as amigdalas, ricas em minerais secundarios.

Z | 5m vesicular

T t T e 10m diaclases horizontais

[ F ‘ B
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|
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—— =t =
= 0
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Figura 9 — Esquema das estruturas de um derrame basaltico de acordo com o perfil elaborado por Leinz
(1949).
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Outros autores favoraveis a idéia de exsolugdo de fases volateis para a formagdo
das cavidades foram Correa ef al. (1994) que apontam as cavidades como o resultado da
exsolucdo de fases gasosas liberadas durante a descompressdo do magma basaltico e
aprisionadas durante o resfriamento da rocha. Como tal processo estaria relacionado a
razdo fase gasosa/magma, a espessura do horizonte vesicular ¢ sugerida por estes autores
como indicadora de potencialidade de o derrame conter ou ndo conter geodos. A fonte do
material silicoso que preenche os geodos ndo foi discutida pelos autores.

Recentemente Proust & Fontaine (2007a) sugerem que magmas supersaturados em
agua teriam volume de volateis suficiente para formar os geodos. Na verdade nunca houve,
até o estudo apresentado por estes autores, uma publicacdo de que a coalescéncia de fases
fluidas exsolvidas durante estagio magmatico era de fato responsavel pela abertura das
cavidades mineralizadas com ametista e agata. Anteriormente a este estudo, diversos
autores sugerem este processo como responsavel pela formagdo das cavidades e entendem
sempre o processo de abertura e de preenchimento como distintos em natureza e em tempo
(Correa et al., 1984; Juchem, 1999; Gilg et al., 2003; Scopel et al., 1998; Gomes et al.,
2005).

Proust & Fontaine (2007a) tém como base da pesquisa a vesicularidade dos
derrames portadores de geodos com ametista em Ametista do Sul (Brasil). O magma em
questdo ¢ supersaturado em agua e que por si s6 foi suficiente para formar os geodos. Pelo
que ¢ apresentado pelos referidos autores, os volateis podem migrar e coalescer dentro do
magma apos a extrusao para formar as vesiculas e os geodos até que a temperatura alcance
1150 °C, considerada pelos autores como o limite para ascensio e coalescéncia das bolhas
de gas. Os geodos ao se formarem estdo parcialmente preenchidos por vapor d’agua e CO..
O derrame Triz, local do estudo, esta situado a 2 km a leste de Ametista do Sul e tem 30 m
de espessura, com tempo de solidificacdo estimado em 12 anos. A zona dos geodos teria
sido formada de 3 a 4 anos apos a extrusdo do magma. Por este modelo, os autores
entendem que a superficie livre superior do derrame, que apresenta a mais alta taxa de
solidificagdo, funciona como barreira para as bolhas ascendentes, permitindo que a
coalescéncia destas forme a zona vesicular com as maiores bolhas no topo do derrame.

O modelo em dois estagios proposto por Gilg et al. (2003) situa a formagdo dos
geodos no estagio inicial, magmatico. As cavidades sdo denominadas de protogeodos e
formadas pela coalescéncia de uma fase imiscivel, de menor densidade e viscosidade,
exsolvida do magma. O preenchimento ocorre em estagio tardio, de temperatura muito

mais baixa. A novidade deste modelo ¢ o aporte de fluido proveniente dos arenitos da
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Formagdo Botucatu como agente mineralizante. O fluido deposita no interior das cavidades
uma seqiiéncia de minerais, iniciando por celadonita, dgata, quartzo incolor e ametista, e
por vezes calcita e gipsita. O fluido ¢ aquoso, de origem metedrica e 0s minerais sdo
cristalizados em temperaturas inferiores a 100 °C. A fonte de silica é sugerida como sendo
as porg¢des vitreas intersticiais ou a silica teria sido lixiviada das rochas sedimentares da
Bacia do Parand, principalmente dos arenitos da Formagdo Botucatu. As diferengas entre
este modelo para os demais s@o: a fonte externa para o fluido mineralizante excluindo a
contribuicdo de fluidos magmaticos residuais e o fator “tempo”, que distancia a formacao
das cavidades do seu preenchimento. Inicialmente acreditava-se que os minerais que
preenchem as cavidades eram formados por solugdes residuais do magma que ficaram
aprisionadas (Franco, 1952). As cavidades s3o preenchidas normalmente por
argilominerais e minerais de silica.

Na regido de Ametista do Sul, ¢ posstvel observar a alteracdo das rochas
mineralizadas para argilominerais, principalmente celadonita. A presenca dessa
mineralogia secundaria levou Scopel (1990) a sugerir que processos hidrotermais atuaram
na regido e estdo relacionados com o preenchimento das cavidades pré-formadas em
estagio magmatico, em proposta semelhante aquela publicada posteriormente por Proust &
Fontaine (2007a). O evento hidrotermal afetou extensivamente a pilha de rochas vulcanicas
da Bacia do Parana (Scopel, 1990). No modelo proposto, o fluido reage com as fases
primarias (vidro e olivina), incorpora elementos quimicos e cristaliza as fases secundarias
nos espacos vazios pré-existentes, os geodos e as vesiculas. A composi¢do isotopica de
8'"°C na calcita sugere que o fluido tem origem meteérica. A mesma autora, descreveu em
estudos posteriores (Scopel, 1997; Scopel et al., 1998) que a formagdo e o preenchimento
dos geodos ocorreram pela exsolucdo de gas em magma supersaturado em 4agua,
descartando a colaboracdo de fluidos externos ao sistema magmatico. O modelo proposto
por ¢ semelhante ao publicado por Proust & Fontaine (2007a). A exsolucdo das fases
gasosas do magma foi causada pela despressurizagdo. O rapido resfriamento no contato
entre 0 magma quente com as bolhas de gas preservou os espagos vazios dentro da rocha,
formando cavidades tubulares, alongadas na vertical ou subvertical (Proust & Fontaine,
2007a). Neste ambito os geodos bifurcados representariam entdo a coalescéncia incompleta
de bolhas de gas (Scopel, 1997).

O preenchimento das cavidades como resultado da alteracdo hidrotermal causada
por fluidos magmaticos tardios foi publicada por Proust & Fontaine (2007b). Neste estudo,

0 mesmo magma supersaturado em agua que formou as cavidades na mina do Triz, utilizou
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somente 7% do volume disponivel desse fluido para a formacgao das vesiculas e geodos. Os
93% do volume de agua restante, lixiviou e reagiu com a por¢do vitrea intersticial e
depositou os minerais de silica no interior dos geodos. Os autores sugerem que as
cavidades foram formadas até que a temperatura alcance os 1000°C e que foram
preenchidos em temperaturas da ordem de 250°C. Com a queda da temperatura de 1000°C
para 250°C ocorre resfriamento da rocha que causa descompressdo do fluido rico em agua
dentro do geodo, gerando gradientes de pressdo e quimico. Estes gradientes favorecem o
fluxo de fluido residual e diferenciado dos locais com porosidade dictitaxitica para dentro
do geodo, e neste processo gera o halo de alteracdo ao redor das cavidades.

Dados de balanco de massa (Scopel, 1997; Florisbal ef al., 2005; Proust & Fontaine
2007a) identificaram que ocorreu perda de SiO, (da ordem de 7 a 9 g por 100 g) durante o
hidrotermalismo e também houve incremento no contetido de agua. Esses fatores levaram a
conclusdo de que fluidos hidrotermais magmaticos tardios preencheram as vesiculas no
topo dos derrames e também os geodos na zona central dos derrames portadores de
ametista.

A geracdo de um magma baséltico supersaturado em volateis ¢ aventada por Du
Toit (1907, apud Juchem 1999) pela passagem da lava sobre um substrato saturado em
agua. Esta interacdo entre a lava e a 4gua levaria a incorporag@o de volateis que viriam a
produzir acumulagdes de gas (coalescéncia) e que poderiam se estender ao longo da lava
em fusdo em direcdo ao topo do derrame. A presenca de um substrato saturado em agua em
ambiente desértico estd relacionada com ambiente de interduna. Esta idéia ¢ de fato
original e criativa, porém ndo se aplica ao que se descreve nos Distritos Mineiros em
Ametista do Sul e também de Artigas. O fato de que ha nestes dois distritos um
empilhamento de mais de um derrame mineralizado, implica que ao longo do tempo,
ocorra em uma mesma regido geografica, a existéncia deste substrato ao longo dos anos de
atividade vulcanica.

No lado uruguaio da bacia, a formag@o dos geodos com ametista no Distrito de
Artigas foi relacionada com a incorporacdo pela lava de areia ndo consolidada e a
concomitante transformagdo dos grios de quartzo presentes nesta areia em calceddnia,
quartzo incolor e ametista (Bossi & Caggiano, 1974). Nesta regido de Artigas, 92% das
rochas sdo basaltos da Formagdo Arapey (equivalente a Fm. Serra Geral) e estdo
sobrepostos aos arenitos da Formacdo Tacuarembd (equivalente a Fm. Botucatu). A
seguinte seqiiéncia de processos € citada para a formagdo e preenchimento dos geodos:

1) Incorporacdo de areia pela lava enquanto esta ainda estava fluida;
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2) Transformacao do quartzo da areia em calcedonia, quartzo e ametista.

Bossi & Caggiano (1974) descrevem que a entrada de areia no sistema ocorre com
a incorporacdo dos graos de areia do sistema desértico ativo durante a erup¢do das lavas.
Essa entrada de areia pdde ser feita pela por¢do de topo de derrame, onde a areia preencheu
as zonas de brecha, ou entdo pela porcdo de base do derrame, com a areia sendo
incorporada pelo fluxo de lava. Para a transformacdo da areia em calcedonia, quartzo
incolor e ametista. A 4agua dissolvida no magma basaltico pode solubilizar a silica se a
pressdo for suficiente, formando solugdes ricas em silica que tendem a ascender e formar
as cavidades que serdo preenchidas tdo logo a temperatura diminua. Os autores reportam a
Holland (1967; apud Bossi & Caggiano, 1974) para afirmar que em condi¢des de alta
temperatura e pressdo, a agua liberada pelo magma seria capaz de dissolver grandes
quantidades de silica. Os guias prospectivos sugeridos por Bossi & Caggiano (1974) sao
derrames que contenham uma significativa presen¢a de brecha no topo com veios ou fildes

de areia.

3.3~ ALTERACAO HIDROTERMAL

O hidrotermalismo associado as aos depjazidas de ametista em geodos em basalto
pode ser observado nos distritos mineiros de Ametista do Sul e Artigas. Em Ametista do
Sul existem estudos sobre a acdo de fluidos apds o estagio magmatico. O entendimento da
acao dos fluidos tardios magmaticos versus fluidos externos ¢ dificil de ser estabelecido.

A presenga de argilominerais e zeolitas em sequéncias vulcanicas ¢ comumente
associada com eventos de alteragdo hidrotermal ou reagdes de baixo grau metamorfico
durante o soterramento da seqiiéncia. Argilominerais sdo formados pela interacdo entre as
fases primarias e a mesostase com fluidos, sejam eles magmaticos, hidrotermais ou
metamorficos. Na Formagdo Serra Geral, o registro de fases minerais de alteragdo ¢
observado tanto nos primeiros derrames da seqiiéncia vulcanica como nas por¢des mais
superiores da pilha. A alteragdo hidrotermal relacionada com as mineralizagdes a ametista
em basaltos da regido do Alto Uruguai, e mesmo em basaltos ndo mineralizados foi alvo de
pesquisa de Scopel (1990, 1997), Gomes (1996), Gomes et al. (2000) e Schenato et al.
(2003).

Em Ametista do Sul os produtos de alteragdo hidrotermal estdo associados aos
geodos e a veios preenchidos por argilominerais, zeolitas, calcita e silica, na forma de
quartzo, opala e calcedonia (Scopel, 1990). Os veios t€ém preenchimento, da borda para o

centro: de ferri-montmorilonita, heulandita e interestratificados saponita/clorita. A
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paragénese esmectita + interestratificado saponita/clorita ¢ caracteristica de zonas
geotermais, e ¢é estavel entre 200 e 270 °C. A presenga de zeolitas em ambientes
geotermais em basaltos toleiticos sio formadas em temperaturas acima dos 100 °C
(Kristmannsdottir, 1976).

A mineralogia secundaria relacionada a veios para a regido de Ametista do Sul
indica quatro estdgios com temperaturas distintas para a estabilizacdo da paragénese
hidrotermal (Scopel, 1990):

e interestratificados saponita/clorita indicam temperatura de formacgdo entre
200 e 270 °C;

e Fe saponitas e Ferri-montmorilonitas sdo formadas em temperatura entre
100 e 200 °C;

e Celadonita e zeolitas em torno de 100 °C;

e A calcita indica percolagdo de fluidos de baixa temperatura, entre 46 ¢ 58
°C.

O decréscimo da temperatura de estabilizagdo da paragénese indica a atenuacao da
temperatura durante os processos de alteracdo da mineralogia primaria do basalto. Em
alguns casos o comportamento ¢ contrario, com aumento da temperatura nas fases finais
(Gustavson, 2006). Neste caso, o preenchimento ¢ relacionado a eventos de baixo grau
metamorfico.

Scopel (1997) continuou o enfoque do estudo de alteragdo hidrotermal relacionado
aos derrames mineralizados a ametista em Ametista do Sul e afirma que os argilominerais
sdo os produtos de alteragdo mais comuns, enquanto zeolitas, quartzo e calcita sdo de
ocorréncia restrita. A mineralogia de alteragao ocorre como preenchimento de vesiculas, de
geodos e também substituindo alguns dos minerais primarios ¢ a mesostase intersticial. O
estudo de derrames mineralizados por Scopel (1997) e Gomes et al. (2000) distinguem a
mineralogia secundaria para cada nivel estrutural do derrame:

1. Basalto macico — neste nivel a augita ¢ o plagioclasio estdo pouco alterados, 10%
das olivinas estdo alteradas para esmectita trioctaédrica e interestratificados clorita-
saponita (interestratificado irregular) com 20% de camadas expansiveis. A
mesostase estd alterada para a mesma mineralogia;

2. Basalto com vesiculas finas — correspondentes ao nivel vesicular de base e também
a base do nivel vesicular do topo. O plagioclésio esta intacto enquanto a augita esta
alterada nos planos de clivagem. A olivina e a mesostase tém como produto de

alteracdo uma mistura de saponita, interestratificado clorita-saponita ¢ celadonita.
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A diferencga entre este nivel e o nivel macigo é ter mais camadas expansiveis (40%)
no interestratificado clorita-saponita e também mistura de celadonita-nontronita
preenchendo vesiculas milimétricas;

3. Basalto com vesiculas grandes — zona que corresponde ao topo do nivel vesicular
de topo. Alteracdo intensa do piroxénio para interestratificado clorita-saponita e
esmectita trioctaédrica. A olivina estd completamente alterada para esmectita
trioctaédrica, interestratificado clorita-saponita, com 80% de saponita, e celadonita.
Nos espacos intergranulares ¢ descrita a mesma mineralogia. Nas vesiculas foram
identificadas duas situagdes distintas de preenchimneto, sendo da borda para o
centro: (1) celadonita, seguida de nontronita e quartzo e (2) mistura de nontronita e
celadonita, seguida de montmorilonita e zeolita calcica;

4. Geodos com ametista - da zona externa para a interna separam-se 4 zonas: parede
externa (Imm de espessura) composta por saponita + celadonita; seguida de uma
fina camada de cor branca que ¢ intercalagdo de calcita, quartzo microcristalino,
calcedonia e argilominerais; auréola de calcedonia com aproximadamente 2 cm de

espessura e na zona interna quartzo incolor passando para ametista.

A contribui¢do de fluidos metedricos na alteragdo inicial da rocha seria pouco
provavel, pois a 4gua magmatica que passa a condi¢des de supersaturacdo na superficie
permaneceria dissolvida no magma e reagiria com a rocha promovendo a alteragdo dos
minerais primarios e também proporcionando a precipitagdo de algumas fases minerais nos
espacos intersticiais, sendo o restante desta agua magmatica exsolvida e trapeada na forma
de vesiculas e geodos (Scopel, 1997). Um dos argumentos para que o unico fluido presente
seja magmatico ¢ a ndo homogeneizacdo das fases de alteracdo presentes na rocha e nas
vesiculas. Conforme sugerido por Scopel (1997) - se durante o processo de alteracdo
tivesse ocorrido entrada de fluido metedrico o material de alteracdo da rocha e das
vesiculas nos diferentes niveis seria o mesmo. Porém deve-se observar que a
permeabilidade e a porosidade da rocha sdo heterogéneas, o que pode favorecer o fluxo de
fluido em determinados locais.

Um estudo sob o ponto de vista de metamorfismo de baixo grau em basaltos
(Gustavson, 2006) demonstra que o preenchimento por minerais distintos em vesiculas de
um mesmo derrame pode ser correlacionado com as dimensdes das vesiculas e assim, ndo
descartar a participacdo de fluidos hidrotermais externos ao sistema associados as

mineralizacdes a ametista. Vesiculas de pequenas dimensdes tendem a ser preenchidas
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pelos produtos de alteragdo iniciais, sendo completamente preenchidas, enquanto que
vesiculas com dimensdes um pouco maiores mostram preenchimento mais completo, com
fases minerais posteriores, de mais alta temperatura, segundo esta autora. Por este ponto de
vista, a diferenca entre o preenchimento das vesiculas ¢ uma questdo de tamanho e ndo esta
associado a alteracdo por fluidos magmaticos tardios. Esta hipotese nao descarta a presenca
de fluidos meteoricos atuantes no processo hidrotermal.

O estudo da alteragdo em derrames ndo mineralizados também ¢ descrita por
Gomes et al. (2000). Nos derrames ndo mineralizados do tipo II, os argilominerais sdo
separados conforme seus sitios de ocorréncia:

1. Como alteracdo de minerais primarios: o piroxénio e a olivina estdo alterados para
esmectitas trioctaédricas nos niveis vesiculares. No nivel central macigo, a
alteracdo dos minerais primarios ndo ¢ intensa, o que tornou dificil a identifica¢do
das fases minerais de alteragao;

2. Argilominerais cristalizados nos espacos intersticiais: ocorrem diversos tipos de
preenchimento: (1) somente argilominerais, (2) argilominerais + quartzo, (3)
argilominerais + quartzo + K-feldspato e (4) argilominerais + quartzo + K-feldspato
+ albita. Os argilominerais presentes sdo esmectitas trioctaédricas e
interestratificado clorita-saponita.

3. Preenchendo vesiculas: uma camada pouco espessa recobrindo as paredes das
cavidades preenchidas por quartzo, calcita e zeolitas, sendo que em algumas
somente ocorrem argilominerais do tipo esmectita. A celadonita ocorre somente no
topo do nivel vesicular.

4. Preenchendo fraturas: microfraturas preenchidas por esmectita, fraturas de
resfriamento preenchidas por quartzo e argilominerais, tipo esmectita e
interestratificado clorita-saponita, e secundariamente por calcita, cobre nativo e

anidrita. Nas fraturas tardias socorrem calcita, zeolitas e esmectitas trioctaédricas.

A principal diferenca entre os dois tipos de derrame ¢ a presenga de celadonita. Nos
derrames do tipo II, esmectitas trioctaédricas predominam nos niveis vesiculares e
interestratificados clorita-saponita no nivel central, sugerindo que as esmectitas foram
formadas em condi¢des de resfriamento rapido, enquanto os interestratificados clorita-
saponita cristalizaram sob regime mais lento de resfriamento (Gomes et al., 2000). Nos
derrames do tipo I os sitios de ocorréncia dos argilominerais, com esmectita trioctaédrica e

interestratificado clorita-saponita como alteragdo de minerais primarios e preenchendo os
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espacos intersticiais e celadonita e nontronita preenchendo vesiculas e geodos, ¢
relacionado ao microsistema petrografico da rocha (Gomes et al., 2000).

A idéia apresentada em Gomes et al. (2000) é de que a alteragdo hidrotermal esta
relacionada com o magmatismo, ou mesmo com o estagio pds-magmatico, devido ao fato
de que atribui as diferencas encontradas na mineralogia de alteracdo a taxa de resfriamento
distinta em diferentes niveis do derrame tipo II, principalmente.

Outro caso estudado ¢ da alteracdo hidrotermal em um derrame espesso de 45 m e o
primeiro da pilha vulcanica da Formacdo Serra Geral, proximo a Estancia Velha, Rio
Grande do Sul (Brasil). Este derrame estd em contato com arenitos da Formagao Botucatu
e foi dividido em trés niveis distintos: LVZ (zona vesicular inferior) que ¢ a zona vesicular
da base com 10 a 20 cm de espessura; IMZ (zona maciga central) com 30 m de espessura ¢
auséncia de vesiculas e a UVZ (zona vesicular de topo) com 15 m de espessura e zonacao
de vesiculas maiores ¢ menos abundantes na base, que gradam para vesiculas menores e
mais abundantes no topo (Schenato et al., 2003).

Na zona vesicular inferior (LVZ) a mineralogia de alteracdo ¢ somente esmectita,
do tipo saponita. Este mineral ¢ o produto de alteracdo da mesostase e dos cristais de
olivina. Na zona maciga central (IMZ) somente argilominerais do tipo interestratificados
clorita-saponita ocorrem alterando a mesostase. Na zona vesicular de topo (UVZ), a
saponita ¢ o produto de alteragdo do material da mesostase e a olivina ¢ alterada para
celadonita. Nesta zona o preenchimento das vesiculas ¢ de celadonita, saponita e
interestratificado clorita-saponita, da borda para o centro. O plagioclasio ¢ alterado para
zeolitas, as quais também ocorrem como fase de preenchimento final dos espagos
intersticiais e das vesiculas (Schenato et al., 2003). Os autores atribuem a mineralogia de
alteracdo encontrada nos diferentes niveis e sitios deste derrame espesso a historia de
resfriamento do mesmo, onde na parte central do derrame, por exemplo, com o
resfriamento mais lento da lava, se formam argilominerais do tipo interestratificado clorita-
saponita. A interpretagdo de que os minerais de altera¢do sdo formados durante o estagio
de resfriamento do magma, ¢ a mesma abordada por Gomes et al. (2000). Como também
ocorrem interestratificados do tipo clorita-saponita nas zonas mais permeaveis do derrame,
como na zona vesicular de topo, a alternativa ¢ de que o material de alteracdo seja
resultado de metamorfismo de baixo grau (Schenato et al., 2003). Os autores sugerem
ainda que os argilominerais possam representar os produtos de fases tardi-magmaticas e

ndo a alteragdo de fases minerais ou da fase vitrea pré-existente.
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Os produtos de alteragdo hidrotermal dos basaltos da Formagdo Serra Geral ¢
considerada pelos autores citados, como resultado da reacdo entre as fases minerais
primarias com os fluidos residuais do magmatismo ou por fluidos externos nas zonas mais
permeaveis, como na zona vesicular de topo.

Ha dificuldade em determinar o que seriam os produtos gerados por fluidos da fase
tardi-magmatica e o que seriam os produtos de alteracdo por fluidos hidrotermais externos,
ou mesmo se representam reacdes metamorficas de baixo grau durante soterramento da

seqiiéncia.

3.4 - TEMPERATURA E ORIGEM DO FLUIDO

A temperatura de formacdo dos minerais que preenchem os geodos foi alvo de
inimeras pesquisas que apontam para um amplo intervalo. As estimativas de temperatura
de formagdo para os minerais no interior das cavidades em rochas basalticas sdo baseadas
em calculos que utilizam a assinatura isotopica do minério e também estudos de
microtermometria de inclusdes fluidas.

Para o calculo da temperatura utilizando-se is6topos de oxigénio, ¢ necessario que
se atribua uma assinatura isotopica para o entdo fluido mineralizante. Normalmente, os
estudos de inclusoes fluidas indicam o tipo de fluido presente a época da mineralizagdo,
indicando assim que assinatura isotopica seria esperada para tal. Porém, a temperatura
obtida por este método ¢ uma aproximagdo. A temperatura obtida por microtermometria de
inclusdes fluidas ¢ também uma aproximagdo e normalmente resultam em um amplo
intervalo, devido ao fato de que muitos autores argumentam metaestabilidade do fluido
aquoso nas inclusdes monofasicas, que sdo a maioria neste tipo de minério.

A regido do Distrito Mineiro de Ametista do Sul também serve como base para o
entendimento das mineralizagdes no Distrito Mineiro de Artigas no que diz respeito ao tipo
de fluido. Estudos de microtermometria de inclusdes fluidas em cristais de ametista da
regido do Alto Uruguai (Ametista do Sul) apontam distintas temperaturas para a
cristalizagdo: 120 e 220 °C (Scopel, 1990). As temperaturas mais elevadas foram obtidas
por ensaios microtermométricos em inclusdes fluidas bifasicas, formadas de uma fase
vapor ¢ uma liquida, que indica fluidos de salinidade em torno de 1,4% eq. NaCl e
temperaturas de homogeneizagdo dos fluidos entre 152 e 238 °C (Scopel, 1997).
Temperaturas de homogeneizagido entre 204 ¢ 238 °C sdo obtidas em inclusdes fluidas
pseudo-secundarias, que preenchem fraturas cicatrizadas. O fluido trapeado neste tipo de

situacdo representa uma composi¢ao muito proxima a do fluido original (Roedder, 1984).
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Contraditoriamente, Juchem (1999) estudou as inclusdes fluidas presentes em
cristais de ametista da regido do Alto Uruguai e constatou que sdo predominantes as
inclusdes do tipo monofasicas. As inclusdes fluidas bifasicas do tipo H,O liquido + vapor
sdo muito raras. Ensaios de microtermometria sugerem que o fluido ¢ aquoso, de baixa
salinidade e metaestavel, indicado por comportamento variavel durante os experimentos.

Também para Ametista do Sul, outra autora reconhece o predominio de inclusdes
monofasicas (Fischer, 2004). Para o calculo da salinidade esta autora procedeu com
nucleagdo artificial de bolha de vapor, por estocagem em congelador a -5 °C ou pelo
método de fluxo de gas N, anulando assim a pressdo interna do fluido. Apos esse
procedimento, ensaios de microtermometria foram realizados e a fusdo do gelo foi
observada entre -3,6 ¢ -0,5 °C, indicando também um fluido de baixa salinidade: entre
0,9% e 5,9% eq. NaCl. A autora interpreta que tal salinidade ¢ esperada para fluidos
originados em maior profundidade do que simplesmente fluidos resultantes de infiltracao
de 4gua meteorica. A colaboracdo de fluidos de origem magmatica e também a mistura
deste fluido com um outro de origem metedrica, de temperatura mais baixa ¢ aventada. A
temperatura de homogeneizag¢do ocorreu na fase liquida e os valores para temperatura de
cristalizagdo em torno de 66 °C a 230°C. O predominio de inclusdes monofésicas em
quartzo e ametista ¢ citado por Fischer (2004) como caracteristica de minerais formados
em ambiente de baixa temperatura, entre 40-50°C. Os dados de microtermometria sugerem
que o quartzo e a ametista formados no interior dos geodos cristalizaram em um ambiente
de muito baixa temperatura, submerso em fluido aquoso, com salinidade baixa a moderada.
A autora conclui que um fluido quente reagiu com os basaltos hospedeiros da
mineralizacdo, tornando-se enriquecido em silica, admitindo que provavelmente a mistura
entre um fluido de origem magmatica com a agua meteodrica, desencadeou a deposi¢do dos
minerais de silica no interior dos geodos.

Gilg et al. (2003) também utilizaram estudos de inclusdes fluidas em ametista e
quartzo incolor para a regido de Ametista do Sul. Estes autores reconheceram também o
predominio de inclusdes monofasicas a temperatura ambiente. Os autores discutem que a
salinidade obtida em inclusdes fluidas monofasicas, em auséncia de fase vapor, ndo pode
ser quantificada, devido ao fato de que a primeira e a ultima fusdo ndo dependem somente
da composi¢do do sal e seu conteudo, mas também da pressdo interna da inclusdo (e.g.,
Goldstein & Reynolds, 1994). Porém reportam dados da literatura (Arnold, 1986;
Goldstein & Reynolds, 1994) de que inclusdes monofasicas sdo aprisionadas em ambientes

de baixa temperatura, entre 50 ¢ 80°C. Muito raras inclusdes biféasicas (liquido + vapor )
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foram identificadas. Estas ocorrem em trilhas de inclusdes pseudo-secundarias no quartzo
incolor, com razdo de volume da fase vapor, variada e com feicdes de necking down
(estrangulamento) e ainda ocorrendo juntamente com inclusdes monofasicas liquidas. A
homogeneizag¢do deste tipo de inclusdes ocorreu entre 95 e 98 °C, porém, se a fase vapor
destas inclusoes foi formada durante os fenomenos de necking down, a temperatura obtida
representaria a temperatura maxima de aprisionamento. A fusdo final ocorreu entre -0,9 e -
0,8 °C, similar aos dados obtidos na maioria das inclusdes monofasicas. A salinidade
estimada pelos autores para estas inclusdes ¢ menos de 2% eq. NaCl.

Pelos dados apresentados nos estudos acima relatados pode-se dizer que o fluido
que precipitou os minerais de silica no interior das cavidades era de baixa salinidade e
baixa temperatura (<100 °C). O predominio de inclusdes monofasicas sugere temperaturas
de cristalizagdo bem baixas, excluindo-se o estudo apresentado por Scopel (1997) que
sugere para a formagdo da ametista, temperaturas da ordem de 200 °C.

Definido o fluido com base nos estudos de inclusdes fluidas, o calculo da
temperatura de cristalizagdo ¢ a fonte do fluido mineralizante podem ser obtidos com a
utilizagdo de is6topos estaveis, principalmente o oxigénio. Diversos autores utilizaram esta
técnica em depdsitos de ametista e agata do tipo geodo em basalto em diversas regides.

Fallick ef al. (1985) obtiveram dados de §'0 em silicatos e 8D em 4gua removida
por processo de pirolise (acima de 120 °C) de agatas em rochas vulcanicas Devonianas da
Escocia. Nas 13 amostras analisadas para as rochas Devonianas os valores obtidos para
8'%0 estdo entre 20 e 26%o e 8D entre -60 ¢ -110 %o. Os dados de 8D versus 8'*0 mostram
forte correlacdo. Os autores sugerem que a agua analisada ¢ relacionada aos fluidos finais
atuantes durante a deposi¢do da agata e que no minimo um dos componentes do fluido ¢
metedrico. A temperatura obtida pelos autores para a formagdo da agata foi de 63 °C.

Isotopos de oxigénio em agata e quartzo formados em cavidades em quartzo-
latitos na Namibia, pertencentes & Formagdo Etedenka, foram analisados para obter a
temperatura de formacdo da agata e também a temperatura da alteracdo presente na rocha
hospedeira (Harris, 1989). Os valores encontrados por este autor estdo entre 20,41 %o a
28,87 %o. As temperaturas estimadas utilizando diferentes valores de 'O para o fluido
mineralizante estdo entre 26 °C a 169 °C (Tab. 3). O autor salienta que ha diferenga de
aproximadamente 3 %o, para valores de 8'°O entre quartzo e quartzo microcristalino,
sugerindo que esta diferenca possa estar relacionada a trés diferentes fatores:

1. Fracionamento isotdpico distinto entre quartzo-H,O e quartzo microcristalino-H,O
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2. O quartzo microcristalino teria sido depositado em temperaturas mais baixas do que
0 quartzo;

3. O quartzo microcristalino teria sido cristalizado por fluido aquoso em estado
liquido, enquanto o quartzo por fluido aquoso em estado vapor, visto que agua no
estado liquido ¢ isotopicamente mais pesada do que no estado vapor quando as
duas fases estdo em equilibrio, como por exemplo, durante condensacao ou boiling.

O fator de fracionamento de 3 %o entre H,O em estado liquido e vapor ocorre em
torno de 120 °C, e a co-existéncia entre estas duas fases acima dos 100 °C. Durante a
formagdo da agata, H,O no estado liquido e vapor coexistiam, sugerindo temperatura de
formago superior a 100 °C e sendo esse 0 mecanismo responsavel pela saturagio do fluido

em silica (Harris, 1989).

Tabela 3 — Dados isotdpicos e calculo da temperatura, obtidos por Harris (1989) para agatas da Namibia.

8" O0fuia (%0)  Tmax (°C)  Timin(°C)

-6 67 26
-3 85 39

0 108 53
+6 169 &9

Saunders (1990) discute os resultados obtidos por Harris (1989). Para este autor, o
calculo de temperatura utilizando §"*0 pode mostrar intervalos distintos do real, por
desconhecer os valores de 8'°0 para o fluido na época da mineralizacio. Descreve ainda
que se o intervalo proposto por Harris (1989), que foi estimado entre 26-169 °C, processos
de boiling ndo ocorreriam se a temperatura fosse a menor do range, ¢ mesmo utilizando o
valores de 8'0 para a 4gua meteérica atual da regido, a temperatura estimada estaria entre
39-85 °C. Saunders (1990) afirma ainda que ndo existe evidéncia de boiling, tal como
presenga de brecha nas fases pré-formadas. O autor sugere que o fluido mineralizante se
enriqueceu em silica em profundidade, resultando na nucleacdo de particulas de silica
coloidal enquanto do transporte até as cavidades para precipitar agata. A supersaturagdo
pode ter ocorrido devido a boiling em profundidade, por resfriamento rapido, por reagdo do
fluido aquoso quente com o vidro vulcanico intersticial, ou mesmo combinagdo de mais de
um desses processos, onde, o fluido saturado em silica depositaria silica coloidal dentro
das cavidades, enquanto que o quartzo cristalino precipitaria mais lentamente,

desencadeado pela mistura do fluido hidrotermal com agua meterorica. As diferencas na
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composicao isotodpica apresentada por Harris (1989) demonstram para Saunders (1990) que
a agata e o quartzo das cavidades em Karoo foram precipitados por fluidos com
caracteristicas fisicas e isotdpicas distintas e em tempos distintos.

Scopel (1990) realizou analises de is6topos de C e O em calcitas provenientes de
geodos da regido de Ametista do Sul. As calcitas analisadas representam as fases finais de

preenchimento dos geodos. Os valores de 8"°C e §'*0 estdo na tabela 4.

Tabela 4 — Assinatura isotdpica obtica por Scopel (1990) para calcitas em geodos da regido de Ametista do
Sul.

Amostra | 8"C (%0) | 80 (%o)

3 -13,86 -4,84
17 -6,52 -5,98
20 -6,43 -4,58
4 -5,65 -7,50

Pelos valores de 8"°C obtidos para a calcita a autora assume que o fluido que
depositou essa fase mineral é isotopicamente semelhante a fluidos de origem meteoérica. Os
dados de 80 indicam que esta fase mineral também foi depositada em condiges de
equilibrio em temperaturas entre 46 e¢ 58 °C, atribuindo valores de 8'°O para agua
meteodrica de -6 e -8 %o.

Juchem (1999) obteve resultados de isdtopos de oxigénio em agata, quartzo incolor,
ametista e calcita. Os resultados indicam que os valores de 8'°0 para as fases minerais
silicosas e para os cristais de calcita tardia sdo muito semelhantes. A média dos valores ¢
de: +29,42 %o para agata, +29,53 %o para quartzo incolor; +28,96 %o para ametista e
+26,07 %o para calcita. O autor afirma que os valores de 8'°0 dos minerais de silica sdo
dependentes da temperatura de cristalizagdo ¢ do valor de 8'*0 do fluido mineralizante,
interpretando que a constincia entre os valores obtidos indica que as diferentes fases
silicosas foram cristalizadas em temperaturas semelhantes e por um fluido com %0
constante ¢ em condigdes geoldgicas pouco varidveis, em um ambiente de deposi¢dao
calmo, evidenciado pelo fato de que a agata se formou a partir de um gel e também pelo
fato de que a cristalizagdo de cristais euédricos de ametista requer tal ambiente. Para o
calculo da temperatura o autor utilizou o valor de 80 de -5 %o para o fluido

mineralizante.
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O valor de — 5 %o utilizado para o fluido mineralizante por diversos autores
(Juchem, 1999; Gilg et al., 2003) foi definido por Matsui et al. (1974) para a agua
encontrada em geodos com agata na regido do Salto do Jacui. Os resultados de temperatura
obtidos por Juchem (1999) sdo de: 39,8 °C para a agata; 42,5 °C para o quartzo incolor e
40,8 °C para a ametista. A temperatura de cristalizagdo da calcita, com base no valor médio
de 5'%0 de +26,07 %o (SMOW) e de -5 %o para o fluido mineralizante, ¢ da ordem de 30° C.

Gilg et al. (2003) obtiveram dados isotopicos de 80 e 8°C em calcita de
diferentes depositos da regido do Alto Uruguai, obtendo valores muito semelhantes para
cristais de calcita formada nas fases iniciais e finais do preenchimento dos geodos,
sugerindo que nao houve mudangas significativas na temperatura e na composi¢do do
fluido durante a cristalizagdo. O valor para calculo foi de 8"*Oygmow = -5.0 = 0.5%0 (Matsui
et al., 1974). A temperatura de cristalizagdo pdde ser estimada entre 5 a 20 °C. Se ao valor
isotopico da agua metedrica atual fosse acrescido 5 %o, a temperatura nio ultrapassaria os
50 °C. Para valores de 8" Oysmow = +5.0 a +10 %o, tipico de fluidos magmaticos, a
temperatura obtida seria entre 50 e 100 °C.Os valores obtidos para 8°C em calcitas estdo
entre -18.7 ¢ -2.9 %o (VPDB). Os cristais de calcita do estagio inicial de cristalizagdo sdao
relativamente mais pesados e homogéneos do que os cristais de calcita dos estagios finais.
A assinatura nas fases iniciais ¢ de 8"°C = -4,7 = 1.1 %o. Os cristais tardios apresentam
também valores semelhantes aos das calcitas inicias, mas por vezes mostram valores de
8'°C =-17.9 £ 0.9 %o. Esses valores sdo sugeridos pelos autorescomo mais de uma fonte de
C durante o preenchimento dos geodos. Os valores para 8*Cyppg em torno de -5 %o esta
relacionado possivelmente ao basalto hospedeiro, como fonte de carbono remobilizado do
magma que prevaleceu nos estagios iniciais em todos os depdsitos e também nas fases
finais de alguns depositos, dado que os valores acontecem também em calcitas tardias. Os
valores de 8"*Cyppg para algumas calcitas representantes das fases finais de preenchimento

dos geodos indicam fonte de carbono orgénico reduzido.

3.5 - DEPOSITOS DE GEODOS PREENCHIDOS POR AMETISTA EM BASALTO:
INTRODUCAO AO MODELO EPIGENETICO E FEICOES CARACTERISTICAS

A idéia de processos epigenéticos atuantes na mineralizagdo dos depodsitos de
ametista em geodos alojados em basalto andesitico no Distrito Mineiro de Artigas, foi

parcialmente divulgada por Duarte et al. (2005) e por Duarte & Hartmann (2007 a,b).
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O modelo epigenético contempla a abertura e o preenchimento das cavidades apos a
solidificagdo da lava. O primeiro evento do processo tem carater ruptil e acontece logo
apos a solidificagdo da lava e antes do proximo derrame acontecer, ou seja, ocorre
“derrame a derrame”. As fei¢Oes caracteristicas do processo em estagio riptil sdo fraturas e
brechas hidraulicas, que ocorrem na zona macica mineralizada e também na base dos
geodos. As fraturas hidraulicas sdo mais bem observadas nas galerias do Museu Ametista
Parque (Fig. 10), em Ametista do Sul (Brasil), enquanto as brechas na base dos geodos
(Fig. 11) s3o mais bem observadas nas minas do Distrito Mineiro de Artigas (Uruguai). A
presenga de brechas de basalto envoltas por calcedonia e outros minerais, como zeolita e
calcita, indica que a cavidade foi formada apos solidificagdo da rocha. Brechas hidraulicas
também ocorrem na base de geodos da regido de Idar-Oberstein, na Alemanha, e sdo

mostradas na figura 12 (a, b).

. 10°cm

20 cm

Figura 10 - Fraturas na mina do Museu Ametista Parque, Ametista do Sul. (a) fratura de espagamento
centimétrico preenchida por calcedonia e englobando blocos de basalto (seta); (b) fratura de espagamento
centimétrico preenchida por calcedonia, quartzo incolor e ametista; (c) geodo formado na extremidade de
fratura subhorizontal, que funciona como canal de preenchimento, bloco de basalto na base do geodo (seta);
(d) geodo formado na fratura subhorizontal, com preenchimento de celadonita, calcedonia, quartzo incolor e
ametista, blocos de basalto englobados pela mineralizagio.
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Figura 11 - Brechas hidraulicas na base dos geodos em Artigas. (a) geodo preenchido por ametista, com base
irregular, formada por blocos de basalto (~ 2 m de altura); (b) geodo preenchido por ametista também com
base irregular (~ 1 m de altura, ~ 4 m de comprimento); (c) base de geodo formada por diversos blocos de
basalto angular encobertos por prasiolita (variedade de cor verde), a parte superior foi quebrada; (d) base de
geodo da amostra CT-1, com blocos angulares e arredondados de basalto onde se vé a franja de reag@o de cor
amarelada, entre o cimento (zeolita + calcedonia + calcita) e o basalto. A cor amarelada ¢ devido a presenca
de esmectita; (e) brecha hidraulica na parede de mina na Colada Catalan, envoltos pelo cimento zeolitico.
Esta figura representa o processo intermediario na formagao dos geodos, sem a cavidade estar formada.
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Figura 12 — Fraturas e brechas na base de geodos e estruturas dos derrames em Idar-Oberstein. (a) amostra
exposta no Deutches Edelstein Museum, com brechas e pequeno geodo formado na fratura subhorizontal,
preenchido por calceddnia, dgata de coloracdo rosada e quartzo incolor, o cimento ¢é zeolitico; (b) Juchem
Quarry com dois derrames: tipo I maci¢o na base, onde eram explorados os geodos e o superior do tipo II,
com fraturas verticais pouco desenvolvidas; (c¢) brecha hidraulica na base de geodo extraido da Juchem
Quarry, preenchido por calcedonia e ametista. O cimento € zeolitico.

A ocorréncia de feigcdes epigenéticas em depositos de localidades distintas de
Artigas (Uruguai), como em Ametista do Sul (Brasil) e Idar-Oberstein (Alemanha) levam a
suposi¢do de que os processos genéticos sdo semelhantes para estes depodsitos.

As rochas encaixantes do minério em Ametista do Sul sdo basaltos da Formagao
Serra Geral (Scopel et al., 1998; Juchem, 1999; Gilg et al., 2003; Proust & Fontaine,
2007a, b). Na regido afloram 12 derrames, dentre os quais quatro s@o mineralizados
(Gomes, 1996). A estrutura dos derrames do distrito mineiro de Ametista do Sul é também
reconhecida nas rochas mineralizadas e ndo-mineralizadas de Artigas. As diferencas entre
os derrames do tipo I e II, ja descritas anteriormente (veja Cap. 3), sdo de suma
importancia na elaboracdo e na facilitacdo dos processos epigenéticos atuantes na
mineralizagdo dos derrames.

Em Idar-Oberstein a mesma estrutura do tipo I e I (Gomes, 1996) é observada nas
rochas mineralizadas e ndo-mineralizadas em areas de antigas minas e garimpos (Fig. 12c).

As jazidas economicamente exploraveis estdo exauridas. A mineralizagcdo ¢ hospedada por
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basaltos, que sdo parte de uma bacia vulcano-sedimentar, extensional, de idade
Carbonifero-Permiana (Korsch & Schifer, 1995). A pilha vulcanica tem aproximadamente
600 m de espessura de rochas intrusivas rasas, fluxos de lava, igninbritos e piroclésticas
(Koniger et al., 2002). A composi¢cdo das rochas varia de riodacito a basalto (Schmitt-
Riegraf, 1996). Os derrames sdo formados de uma parte interna macica (tipo I; Gomes,
1996) e zonas vesiculares no topo ¢ na base. Nos derrames ndo-mineralizados a parte
central ¢ formada de juntas e diaclase verticais (tipo II; Gomes, 19996). As rochas
hospedeiras estdo alteradas para esmectita, celadonita e zeolita. Diferentemente de Artigas,
a clorita ¢ fase de alteragdo presente, indicando percolacdo de fluidos hidrotermais de
temperatura mais alta do que em Artigas.

O modelo epigenético aqui proposto ¢ aplicado a derrames do tipo I (Gomes, 1996),
depois de solidificados, e entdo submetidos a fraturamento hidraulico. O fluido ¢ de origem
meteorica, tal qual proposto por Gilg et al. (2003) e temperatura de até 150 °C. Na faixa de
temperatura entre 100-150°C, esse fluido exerce pressdo igual ou superior a exercida pela
coluna de rocha acima do nivel mineralizado. Como o modelo ¢ proposto com a atuagdo da
fase raptil - formagdo das fraturas e brechas hidraulicas — ocorrendo “derrame a derrame”,
neste caso a coluna de rocha ndo ultrapassa os 20 metros de espessura (colada Catalan) e
neste caso exerce pressio de 5 x 10°Pa (5 atm). A pressio de vapor de agua a temperatura
de 150 °C ¢é equivalente a pressio exercida por 20 metros de espessura de basalto, enquanto
a 100°C, ¢ equivalente a 5 metros de basalto (Fig. 13). Em pontos onde a pressdao do vapor
de agua supera a pressdo exercida pela coluna de rocha (pressao litostatica), o fluido passa
a ter a capacidade de abrir espagos por explosdo hidraulica. Esta explosao cria uma rede de
fraturas hidraulicas que permitem o ingresso do fluido nas por¢des impermedveis do

derrame.
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Figura 13 — Diagrama de pressdo de vapor da dgua. Em cinza a zona com as condi¢des para formacdo das
cavidades em profundidades dés de 5 e 20 m.
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O processo de fraturamento hidraulico aumenta a permeabilidade das rochas
estruturadas conforme tipo I, o que favorece a ascens@o do fluido e facilita a subseqiiente
alteracdo da rocha. O processo de fraturamento hidraulico aumenta a permeabilidade do
meio. Fraturas deste tipo sdo geradas artificialmente para aumentar a producédo e eficiéncia

em pocos de agua, gas e petroleo (www.arstechnologies.com/pneumatic_fracturing.html)

pela formagdo de uma rede de fraturas conectadas (Fig. 14). O mecanismo utilizado nestes

casos € a inje¢do de dgua ou de ar sob pressdo.

Figura 14 — Seqiiéncia do processo de fraturamento sob pressdo de ar comprimido, equivalente ao processo
sob pressdo de agua para formagdo de permeabilidade secundaria.

No processo de mineralizagdo epigenético dos geodos de ametista em basaltos, a
abertura das cavidades acontece lentamente, e somente apos o fluido ter alterado porgdes
do basalto para argilominerais. Partindo deste ponto, a cavidade se forma por deformagéo
do basalto alterado ou por dissolucdo dos volumes mais alterados da rocha hospedeira. Na
area de Artigas, durante os trabalhos desta tese de doutorado, a doutoranda observou que

derrames do tipo I, mineralizados, estdio com um grau elevado de alteracdo para
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argilominerais (esmectita e celadonita) se comparados aos derrames estéreis do tipo II. A
diferenga ¢ a presenca de celadonita somente nos derrames mineralizados, tal qual Gomes
(1996) ja havia constatado para Ametista do Sul. As diferengas na mineralogia de alteracdo
quando comparados derrames mineralizados e¢ n3o-mineralizados de uma mesma area
podem fornecer respostas quanto ao papel dos fluidos externos na alteracdo da rocha e na
formag@o e preenchimento dos geodos.

Os Capitulos 4 e 5 trazem os artigos elaborados para publicacdo que contemplam
os processos de formagao e preenchimento daos geodos nas jazidas de ametista em basalto,
sob condigdes epigenéticas e o Capitulo 6 trata da relagdo da alteracdo hidrotemal com o

processo mineralizante.
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Abstract

Giant geodes (up to 4 m tall) in the massive central portion of altered basalt flows
from the Parana Province, southern Brazil and Uruguay, are a world-class source of
amethyst and agate. Although the origin of the cavities has been ascribed to degassing of
the lava at >1150 °C, field evidence is conclusive that the giant amethyst-filled geodes
were formed by hydrothermal processes at low temperatures. Three observations (facts)
support this idea. The great majority of giant geodes have explosive hydraulic breccias at
their base and also subvertical and subhorizontal hydraulic fractures occur in the
mineralized zone. In addition, field mapping shows that, although the flows extend over
wide areas, mineralization is restricted to areas 30 to 40 km in diameter (areas of rising hot
water from Guarani Aquifer) within these areas only lava flows that are thinner than 30
meters and with the massive central portion are mineralized (thicker flows are lava
colonnade structure and transmit water so overpressure never develops). Evidence displays
the fragile conditions of basalt deformation at the beginning of the process evolving into
intense alteration of the rock to clay minerals (> 60% clay minerals + zeolites + calcite).
Fluid pressure at the top end of concave fractures either caused ballooning in ductile
conditions in the massive altered basalt or dissolved the host argillized basalt to generate
the cavities. We propose an epigenetic model which describes all known field and

laboratory giant cavity-related properties of the basalts, altered basalts and geodes.

Keywords: Giant amethyst-geodes, Parana Province, rising hot water, epigenetic, Artigas

deposit (Uruguay)
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1. Introduction

The presence of giant geodes in the massive, central portion of altered basaltic lava
flows in the Arapey Formation of Uruguay and the Serra Geral Formation of Brazil, has
not been explained although a lava degassing hypothesis for their origin is commonly
accepted. Field and laboratory evidence conclusively shows the hydrothermal nature of the
processes involved in the opening of the giant cavities. These geodic cavities in the Parana
basalts host some of the most impressive geodes and gem quality amethyst and agate,
which are mined extensively in northwestern Uruguay and southern Brazil. International
commerce is concentrated in Soledade, Brazil.

A review of the lava degassing process (Proust and Fontaine, 2007a) also evaluates
the two main hypotheses for the origin of the giant geodes. These are: (1) the proposal by
Duarte et al. (2005) of the epigenetic formation at low temperature (<150°C) following an
explosive event caused by upward circulation of heated fluid from the ancient Guarani
Aquifer; and (2) gas exsolution from supersaturated lava with respect to dissolved
volatiles, with the cavities formed at >1150°C (Scopel et al. 1998; Gilg et al. 2003; Proust
and Fontaine 2007a).

The outstanding geological puzzle involved in the origin of the giant cavities is
their restriction to the central, massive portion of lava flows without direct contact with the
vesicular lower and upper zoness of such flows. This requires an alternative explanation to
the well-established late-magmatic origin (degassing and bubble coalescence) of vesicles
commonly present in the upper and lower portions of Parana basalts flows.

We focused the field work in the Artigas mining district, Uruguay, because
important features related to the epigenetic origin of the geodes are well displayed in the
mines. We simulated the mechanical behaviour of the host altered basalt with finite

elements methods to test the possibility of cavity formation at low temperature.

2. Geological setting

The most important amethyst-bearing deposits in the world are hosted by volcanic
rocks of Arapey Formation in Uruguay (Artigas) and Serra Geral Formation in Brazil
(Ametista do Sul), two names for the same formation near the top of the volcano-
sedimentary Parana Basin, in southeastern South America (Fig. 1). The total area covered
with volcanic rocks is around 1,200,000 km?® and the volume is over 800,000 km® with
remnant thicknesses ranging from a few meters at the borders of the Parana basin up to

more than 1700 m in the depocenter, which is located 300 km north of Ametista do Sul.
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The main part of the basin is in Brazil (1,1x10° km?) and the remainder in Argentina,
Uruguay and Paraguay. One of the largest volcanic provinces in the world, the Parana
basaltic province includes (Bellieni et al., 1984) mostly basalts and andesitic basalts (>95
vol.%) but also rhyodacites and rhyolites (~4 vol.%). All these volcanic rock types host
some amethyst-geode mineralization (e.g., Sirtolli et al., 2005). The lavas poured out
during continental flood volcanism between 137-127 Ma (Turner et al., 1994). Zircon
from a dacite sample at the top of the stratigraphic pile yielded 135 +2 Ma (SHRIMP U-
Pb, Wildner et al., 2006). This major magmatic event occurred in response to the opening
of the South Atlantic by the thermal influence of the Tristan da Cunha mantle plume. The
strong tectonic control resulted in two main directions of sub-vertical faults: N45°-65°W
and N50°-70°E (Zalén et al., 1990). An alternative explanation of the thermal anomaly is
the heating of the mantle underneath the supercontinent of Gondwana (Coltice et al.,
2007). A thick pack of sedimentary rocks lies below the volcanic pile, and includes aeolian
sandstones (Scherer, 2000), the Botucatu Formation, in Brazil, and the Tacuarembd
Formation, in Uruguay and are direct by below the contact with the basalts; some are
intercalated with the basal flows in all the studied areas in South America. Below this
sandstone unit, the Buena Vista Formation (Uruguay) and Rosario do Sul Formation
(Brazil), are also part of this Guarany aquifer system (Araujo et al., 1999). The total
thickness of the volcano-sedimentary Parana Basin is around 7500 m in its depocenter. The
sedimentation processes in the Parana basin started in the Triassic, followed by the large
volcanic event that occurred in the Jurassic-Cretaceous.

Two out of eight basalt flows in Artigas (this investigation) and four out of twelve
(Gomes, 1996) exposed flows in Ametista do Sul are famous and economically significant
for the giant geodic cavities partly filled with agate, colourless quartz and amethyst crystals

(+ calcite, zeolites and gypsite in a few mines).
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Figure 1 — Simplified geological map of Parand basaltic province, host of the giant amethyst geodes. Studied
Artigas mining district indicated, Ametista do Sul also.

2.1. Description of the lava flows

The structure of the lava flows is comparable in the Artigas mining district and
Ametista do Sul. For this reason we use the description of the basalt flows of Ametista do
Sul (Gomes et al., 2005) as a reference. The thinner (9-30 m) investigated flows (type I;
Gomes, 1996) have a massive, internal portion and a macro-vesicular, mineralized zone
(Fig. 2A). The thicker (25-60 m) flows (description by Long and Wood, 1984; type II by
Gomes, 1996) display vertical jointing of collonade and entablature types (Fig. 2B). Upper
and lower vesicular zones are present in both types I and II. Duarte et al. (2005) interpreted
this macro-vesicular zone of type I flows as formed in epigenetic conditions, and not as a
consequence of the cooling structure of the rock. We propose that the geodes in type |
flows were initially inexistent and not filled until the arrival of the hydrothermal fluids
(Fig. 2C). It is well known (e.g., Proust and Fontaine, 2007a) that the vesicular zone in the
upper and lower part and the vertical joints in the central portion of the flows are generated

at magmatic temperatures greater than 1150 °C whereas late-magmatic temperatures (900-
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1100 °C) generate joints. These contrasting structures of the central portion of these two
different kinds of flows have a profound effect on the permeability of the rocks, because

type I flows have extremely low permeability whereas type Il have very high permeability.
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Figure 2 — Internal structure of lava flows from the mining districts. (A) Type I described by Gomes
(1996); (B) Type 11, also named by Gomes (1996) and following previous description by Long and
Wood (1986); (C) Type I flow after cooling of the lava and before formation of the geodic level, as
proposed in this investigation.

The different thicknesses of the lava flows causes type II rocks to become coarser-
grained (0.5 mm) and better crystallized (Fig. 3A, B) than type I rocks, which are typically
very fine grained (<0.1 mm) and hypocrystalline (Fig. 3C, D). The alteration of type I
basalt flow by hydrothermal fluids is favored by this fine grained structure and glass-rich
sites.

In the Artigas region, six lava flows were mapped with variable thicknesses (9—50
m) each as sub-horizontal. Two flows are mineralized with amethyst and agate in geodes,
presently called as colada Catalan (flow number 2) and colada Cordillera (flow number 6).
Colada is the Uruguayan word for flow. The geode zone is located in the massive, vesicle-

free zone of type I flows.
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Figure 3 — Back-scattered electron images of unaltered and altered flows from Artigas. (A) and (B) unaltered,
unmineralized basalt flow number 5, type II flow; (C) and (D) altered, mineralized flow 2, type I flow.
Unaltered flow is coarser grained (50-150 pum) and has pyroxene (augite + pigeonite) and plagioclase
whereas mineralized flow is finer grained (20-60 pm) and has few pyroxene grains preserved from alteration
to smectite, plagioclase is well preserved. Bright crystals are magnetite-ilmenite, well preserved only in
unaltered flow. Some agate present in altered flow; microcrystalline quartz + microcline in matrix of
unaltered flow. Increased porosity in altered flow originates from smectite contraction. Abbreviations: pl =
plagioclase, px = pyroxene, smec = smectite, qz + micr = quartz + microcline.

Colada Catalan (Fig. 4A) is around 30 m thick and displays a thick mineralized
zone (up to 10 m). The upper portion of this flow is highly weathered in the mine region.
The geodes have variable sizes, from centimeters up to meters. The main characteristic of
these geodes is their variable oblate shape. Many geodes have bases which are wider than
their height (rarely taller than 1 m). Some geodes are up to 5 m in width. In the mining
district, the geodes are mined in the colada Catalan over the entire thickness of the massive
portion of the flow. Underground mining has only extended less than 100 m into the away
from the putcrop. Colada Cordillera (Fig. 4B) is thinner (9 m thick) than colada Catalan
and has geodes with vertical, prolate shapes (up to 1 m tall). The geodes are thus shorter
than those from Ametista do Sul wich range up to 4 m in heigh. The mineralized portion is

2 m thick, and the underground mining operation is also less than 100 m into the rock.
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Figure 4 — Mineralized flows (type I) in Artigas. (A) colada Catalan, number2; (B) colada Cordillera,
number 4, with the unmineralized, overlying flow number 5 (type II), showing the vertical cooling structure.

A very significant feature observed in Artigas, is the presence of hydraulic breccias
associated directly with the base of the geodes (Fig. SA, B) (Duarte et al., 2005) and sub-

horizontal hydraulic fractures that connect breccias and geodes (Fig. 6A, B).

bésalt fragments

Figure 5 — Explosive, hydraulic breccias at the base of giant geodes from Artigas. (A) Very coarse (up to 1
m) breccia blocks of basalt covered by agate and amethyst; giant (1 m tall) geode above this base was
broken off. (B) Similar hydraulic breccia at the base of a large (0.5 m tall) geode; upper portion of geode
broken off.
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Figure 6 — Mineralized portion of colada Catalan (flow number 2), Artigas. (A) Sub-horizontal fracture in
massive portion of basalt connecting geodes. (B) Drawing of fracture and geodes.

3. Methodology

This study includes extensive field work and geological mapping in the Artigas
mining district mostly during 2004. Thin-sections from these rocks were analyzed with an
electron microprobe (EPM Cameca SX-100) at Universitét Stuttgart using the routine work
for silicates with 15 kV and 15nA current and beam size around 1 um. For clay minerals,
the microprobe work was undertaken with a 10 nA current and beam size around 4 um. In
addition to wavelength dispersion, the microprobe investigation included the use of both
energy-dispersive system and back-scattered electron images. The altered material was
also analyzed by a X Ray Rottinger Diffractometer”. The results of microprobe analysis
and X-ray diffraction will be published in another paper, but some comments are essential
here. We also made some simulations of the cavity opening by finite element methods

using the software package Abaqus® at Ruhr Universitit, Bochum, Germany.

4. General observations

The degassing model is well established in basalt flows (Aubele et al, 1988;
Sahagian et al., 1989) and explains the formation of the two vesicle-rich zones, one at the
top and one at the bottom, separated by a vesicle-poor interior, as commonly observed in
lava flows in general. The presence of a vesicular-free zone in the middle of a flow is well
known. Gas bubbles are concentrated just below it upper surface leaving the inner part of
the flow vesicular-free, because the top of a flow cools and solidifies before its bottom
(Aubele et al. 1988). The model of Proust & Fontaine (2007a) infers degassing and bubble
coalescence as the process responsible for the formation of the giant vesicles in the

massive, internal vesicle-free zone. Earlier Gomes et al. (2005) proposed that confined
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volatiles from the still flowing magma formed the cavities in Ametista do Sul mining
district.

Gilg et al. (2003) proposed that the mineralization occurred in two stages. The first
one includes degassing of volatile content of the magma during emplacement to form the
giant cavities, in agreement with Proust & Fontaine (2007a). In this stage, protogeodes are
formed by degassing of the lava and bubble rise and coalesce. The second stage is the
percolation of incoming fluids with low temperature and low salt content, a gas-poor
aqueous solution originated from the sandstone of Botucatu Formation (Guarany aquifer).
In contrast to this interpretation, Proust and Fontaine (2007b) restrict the origin of the fluid
to residual hot fluids from the cooling lava flows that contain the mineralization. The
support for the late stage filling model of Gilg et al. (2003) are ages obtained by K/Ar in
celadonite (Santos and Bonhomme, 1993) from Planalto region (~10 km from Ametista do
Sul) that indicate formation at 10 to 50 m.y. after the basalt extrusion. Vasconcelos (1998)
published Ar*/Ar’” data obtained in celadonite from an amethyst-bearing flow and
obtained three different age clusters: 132-133, 116-118 and 110-112 Ma. It is very
significant that these ages indicate that low temperature alteration (132-133 Ma, celadonite
formation) started shortly after basalt extrusion. Celadonite from the base of the geodes
yielded 80-90 Ma and celadonite inclusions in amethyst crystal yielded 65-70 Ma. This age
range can be interpreted as a long history of fluid percolation in the mineralized zones of
the Parana basaltic province.

Fluid inclusion data indicate low temperature conditions during the filling of the
geodes (Juchem, 1999; Gilg et al., 2003; Fischer, 2004). Most inclusions are aqueous-one
phase and have low salt content, indicating trapping at 50 to 80 °C (Arnold 1986; Goldstein
and Reynolds, 1994). All salinity data available are in the range of 0.7 to 9.0 wt.% NaCl
equivalent (Scopel et al. 1998; Juchem, 1999; Gilg et al., 2003; Fischer, 2004) and suggest
a mixture of fluids of meteoric and magmatic sources (Fischer, 2004). Few two-phase
inclusions are present and were homogenized in a liquid phase at temperatures from 66 to
230 °C (Fischer, 2004).

In strong contrast with all previous investigations, Proust and Fontaine (2007b)
found two fluid-phases (vapour + liquid) in all studied fluid inclusions in amethyst crystals
from Ametista do Sul (Triz Quarry). These authors point to low salinity fluids, with mean
value of 1.4 wt.% NaCl equivalent and scattered homogenization temperatures from 152 to

238°C. They suggest that the mineralization of amethyst-bearing geodes occurred in a
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closed geochemical system, from 200 to 300°C, and that the necessary fluid originated
entirely from within the mineralized flow.

Isotopic data from agate, colourless quartz, amethyst and calcites from geodes from
Ametista do Sul region have similar values for all mineral phases (Juchem, 1999). The
mean values obtained are +29.42 %o for agate, +29.53 %o for the colourless quartz, +28.96
%o for amethyst and +26.07 %o for calcite. The temperatures obtained with the equation of
fractionation of quartz and water (Clayton et al, 1972) are 39.8 °C for agate, 42.5 °C for
colourless quartz and 40.8 °C for amethyst; the value of 8'°0O for the mineralizing fluid was
assumed as -5 %o (Matsui et al., 1974).

There are two contrasting for the origin of the fluid responsible for the infilling of
the cavities with silica and carbonate minerals: the fluids originated externally from
underlying aquifers and or from late magmatic fluids from within the lava flow (Proust and
Fontaine, 2007b). An external source was proposed by Gilg et al. (2003) based on rare-
earth element geochemistry. Rare-earth elements (REE) from calcite and Botucatu
sandstone (Gilg et al., 2003) display negative Eu anomalies and no Eu anomalies in the
host basalt. These data point to large scale fluid circulation with contribution from the
underlying sandstones. Fischer (2004) also obtained additional REE data on silica minerals

which also show negative Eu anomaly.

5. New hypothesis

Our epigenetic model for amethyst-bearing geode formation in the Artigas mining
district in Uruguay is based on voluminous field evidence, supported by laboratory
observations and computer simulations. Our model recognizes the brittle condition of the
basalt during the first step of fluid percolation and the argillization of the basalt by rising
overpressured hot water. Latter two distinct processes are suggested for the cavity opening:
dissolution of now argillized basalt or simple compression of the ductile argillized by
overpressured, hot water (ballooning). The brittle condition in the basalt is represented by
hydraulic breccia, present at the base of many geodes and by subhorizontal and subvertical
fractures in the mineralized zone. The second step involves hydrothermal alteration of the
basalts, followed by either (or both) dissolution or deformation (ballooning) of the altered
basalt in ductile conditions, at the low temperatures of 100-150°C. The result of the second
process are small to giant cavities in the massive portion of type I flows within the limits of
mining districts. Our model includes the formation of the cavities at much lower

temperature (100-150 °C instead of 1150 °C) than the presently accepted paradigm.
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5.1 - Brittle conditions

Field evidence shows that the brittle stage of amethyst-bearing geodes formation
(hydraulic breccia) preceded the cavities opening process (geodes) because the geodes are
not brecciated (e.g., Fig. 5). The geodic cavities started to open after the basalt reached
brittle conditions at temperatures much lower than 1150 °C which is the closing
temperature for degassing of the lava (Proust and Fontaine, 2007a). The overpressured
aqueous fluid reached the rocks in a P,T field delimited by temperatures between 100 and
150°C and vapor pressures between 1.2 and 5.5 bar (Fig. 7). At this temperature, the vapor
produces the same pressure as the lithostatic pressure exerted by an overlying 5 to 20 m
thick column of basaltic rock of. At these conditions, the fluids are capable of lifting the
roof and fracturing the host rock along newly subhorizontal and subvertical fractures in the
massive lava flow.

The processes related to the formation of subhorizontal and subvertical fractures
and breccias must have occurred at shallow depths, flow-by-flow, because the vapour
pressure of water required to lift ~1000 m of basalt (~300 bar) can only be attained at much
higher temperatures than those registered in the altered basalts in the mining district. Thus
we propose that all the breccia associated with geodes formed within 5 to 20 m of the top

of the cooling flow.
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Figure 7 — Estimated temperature x pressure conditions (shaded) of formation of giant cavities in altered
basalt. Water vapor at 103 °C exerts the pressure necessary to lift 5 m of basaltic seal and at 150 °C a 20-m
basaltic seal. At 200 °C, water vapour can lift 70 m of basaltic seal, a geologically unrealistic situation.
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Overpressured conditions of the fluid were reached in the massive portion of type I
flows because this portion acted as a seal to rising fluids. The fragile behaviour of the rock
during the initial stage of deformation is registered by the explosive hydrothermal breccias
and fractures, as mentioned.

The subhorizontal hydraulic fracture works as a feeding channel for fluids and later
ore deposition in the geodes. These structures are observed in the Artigas mines (e.g., Fig
6). Angular, basaltic breccias occur at the base of many geodes (e.g., Fig.5) and along
irregular, subhorizontal fractures (Fig. 8), but also in vertical sets of fractures (Figs. 9A,
B). The presence of hydraulic breccias at the base of the geodes could be caused by
dissolution processes by which debris could fall from the ceiling to the bottom of the
already opened cavity. But field evidence supports the processes of hydraulic explosion for
the formation of the breccias because many breccias occur without the presence of a cavity
above (e.g., Figs. 8, 9). In our interpretation, fluid pressure dropped after the formation of
these breccias inhibiting the formation of the cavity where only breccias are present (e.g.,
Fig. 8). These blocks have a jig-saw structure in many cases, usually interpreted as

evidence of hydrothermal explosion (e.g., Figs 8, 9).

20 cm

Figure 8 — Subhorizontal structure containing blocks of basalt without cavity above; blocks surrounded by
zeolites + calcite (light grey).
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jig-saw

Figure 9 — Complex fracturing system of basalt in colada Catalan showing dark large blocks and bright
zeolite + calcite fracture filling. (A) Pilar of hydraulically fractured basalt displaying jig-saw structure in
places; no cavities formed above the breccias (Photo by Gustavo Amorim Fernandez). (B) Fracturing system
in colada Catalan. Breccias formed along vertical fracture; concave base of geode on tip of vertical fracture;
geode filled with agate.
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This initial brittle stage of hydrothermal activity expands considerably the
permeability of the massive portion of the flow and fosters the access of additional fluid
that causes alteration of the basalt. This altered rock could re-enter the ductile field of
deformation or be dissolved to form the cavities.

We have thus established that giant cavity formation occurred after low-
temperature, brittle conditions were attained by cooling of the basalt lava. We now proceed
to detail the processes related to cavity opening by dissolution and under ductile conditions

of the host rock.

5.2 - Dissolution processes

Dissolution processes are intrinsically linked with the highest alteration grade on
mineralized flows in Artigas mining district. The aqueous fluid percolation was
channelized along the sub-horizontal fractured and brecciated zones formed during the first
brittle stage described above. High volumeS of fluid are required for large scale dissolution
to form the giant cavities. Dissolution processes are observed in micrometer-scale in the
studied basalts (Fig. 10). The primary mineralogy, consisting of labradorite (+andesine) +
augite + pigeonite + mesostasis (K-rich), was altered during the interaction of large
volumes of hot aqueous fluid with the rock. The alteration processes are well observed in
their initial stages. The alteration of pigeonite and its replacement by smectite is observed
around a small cavity, followed by the precipitation of amorphous silica and
microcrystalline quartz along clay-rich sites (Fig. 10B). Associated zeolites (heulandite +
clinoptilolite) fill the formed cavities in progressive stages of hydrothermal alteration (Fig.
10 A). Clay minerals are the most important secondary product formed during the
hydrothermal alteration, mostly the smectite group; celadonite forms when the alteration is
pervasive and capable of extracting potassium from the host. Preliminary studies of altered
basalts around a geode from the Ametista do Sul mining district (Florisbal et al., 2005)
suggest increase of potassium towards the geode and suggest a link between geode and
celadonite formation. In the next step, pigeonite is completely altered at Artigas but some
plagioclase and augite remain on the vicinity of small cavities filled with microcrystalline
quartz (Fig. 10 C,D). With even more alteration, augite is also altered; no augite is
moreover, observed in the most intensely altered portions. This can be seen in the altered
basalt blocks in the breccias at the base of many geodes (Fig. 10 E, F). In these blocks,
only plagioclase remains fresh and is surrounded by a newly formed silica-rich mesostasis.

The angular basalt blocks in the hydraulic breccias (Fig. 10E) become rounded and display
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irregular and corroded borders after alteration (Fig. 10 G, H). In succeeding stages, fluid
percolates most intensely through the highest positions of the brecciated zones, now
represented by the concave upward bottoms of the geodes. As the temperature drops,
dissolution is replaced by siliceous precipitation which may come from the newly-formed
mesostasis (>70% Si0O,). For the Ametista do Sul mining district, the altered rock is
suggested as the source of silica (Florisbal et al. 2005; Proust & Fontaine, 2007b).
Dissolution of the magmatic minerals, particulary of the pyroxene, is not congruent
and obviously did not happen isochemically. Clay minerals were formed and remained in
place, whereas excess silica and other soluble components were carried away by the
aqueous fluid. If dissolution was a major process in geode formation, an alteration
(“blackwall”) around the geodes would be expected, containing a higher portion of
alteration phases compared to the surrounding basalt. However, only a thin (1 mm) veneer
of smectite + celadonite is observed in the wall of the geodes. This delimits the dissolution
process to small volumes of altered basalt and requires an alternative explanation as major

processes for geodes formation.
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Figure 10 — Back-scattered electron images from mineralized flows in Artigas. (A) Small cavity filled by clay
minerals+zeolites and (B) a detail (with square in fig. 10A) of the cavity vicinities showing the high
alteration of pigeonite crystals and its replacement as smectite. Precipitation of amorphous silica and
microcrystalline quartz and clay-rich sites are indicated by arrows. (C) Another small cavity filled by quartz
(dark grey) and (D) the presence of augite and plagioclase, without the presence of pigeonite. Note that
plagioclase and augite crystals are evolved by the siliceous filling. (E) Pieces of altered basalt from the
breccia in the bottom of a cavity (see fig. 5B) showing well defined limits and (F) detail of the figure E
(white square) showing a rim of clay, followed by zeolite (clinoptilolite + heulandite) sealing the hydraulic
fractures. In the core of these small pieces of altered basalt, the open circles (white) indicate places of a new-
formed mesosthasis, siliceous-rich (>70% SiO,). (G) Evolutionary stage of the hydrothermal alteration on
altered basalt blocks from the breccia (same fig. 10E), showing the corrosion process in a pieces of altered
basalt, with progressively dimensions losses and (H) is a detail of thesse small pieces showing plagioclases
new formed siliceous-rich mesostasis.
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5.3 - Ductile conditions

The detailed examination of ductile deformation of the altered basalt leading to the
giant cavities by a ballooning process involves many different parameters (lithology,
stress, temperature, confining pressure, preexisting weaknesses, strain rate, accumulated
strain and pore fluid pressure) that contribute to the total strain (e.g., giant cavity) seen in
the rocks.

It is very significant that the lithology of the host rock is a metabasalt, intensely
altered to >60 vol.% clay minerals (mostly smectite). Pristine basalt is formed by olivine +
pyroxene + plagioclase (+ some trace minerals + variable amounts of glass) and is only
ductile at high temperature. Because plagioclase is the most abundant mineral, it controls
the deformation of the rock, requiring temperatures >500 °C to impart ductility to the
basalt. There is no indication in the rocks (minerals, fluid inclusions, stable isotopes) that
alteration occurred at such high temperatures (equivalent to amphibolite facies of regional
metamorphism). Lava degassing is interrupted below 1150 °C, so the upward ballooning
should have occurred at this high temperature, ductile condition of pristine basalt.

All data indicate temperature <200 °C and probably <150 °C for the alteration of
the rocks in the Artigas mining district, including the alteration mineralogy (smectite +
zeolites). Oxygen isotope data on silica minerals that fill the geodes in these mines indicate
temperatures <70 °C (Duarte and Hartmann, 2007). In addition, similar mineralization in
Ametista do Sul, investigated by Proust and Fontaine (2007b), indicates temperature
around 152-238 °C from fluid inclusions in amethyst crystals. These higher temperatures
contradict the data from Juchem (1999) and Gilg et al. (2003) in Ametista do Sul mines,
because they obtained a variable range of temperatures in monophase fluid inclusions less
than 100°C.

Crystallization temperature of the amethyst is not directly relevant to the evaluation
of the opening of the giant cavity, because it may be due to reheating of the rock pile. It is
necessary to examine the bulk volume of the altered basalt in order to understand the
deformation of the basalts.

The presence of voluminous interstratified smectite-group minerals + illite in the
massive, altered basalt restrains the temperature of rock alteration to <200 °C
(Kristmannsdottir and Témasson, 1978; Scopel et al., 1998; Pe-Piper, 2000). No single
high-temperature, alteration mineral has been identified in the metabasalts (e.g.,
amphibole, biotite, even chlorite or epidote), thus excluding the possibility of alteration

processes in late-magmatic, high-temperature (e.g., 900 °C) conditions.
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Investigations by Pe-Piper (2000) of the repetitive zonation in many amygdales and
the occurrence of copper precipitates in the alteration assemblage suggest an origin of the
alteration minerals by active circulation of a hydrothermal fluid. Both in the Artigas and
Ametista do Sul mining districts, the repetitive zonation in the cavities is a common
feature, and copper precipitates are common in the Ametista do Sul region. Regional
metamorphism or alteration during cooling of lava, as suggested by Proust and Fontaine
(2007a) would not cause such structures.

The altered basalts in the Artigas mining district are actually clay-rich rocks and
have similar mechanical responses to applied forces as claystones. They are weak rocks,
not strong, pristine basalts. The clay content in altered basalts in the mineralized flows in
Artigas is higher than 60 vol.% of clay minerals. A mineral that is present in volume higher
than 30% exerts control on the ductility of the rock; in Artigas, the volumetrically
dominant mineral is smectite. The temperature required for ductile behaviour in this altered
rock is much lower than the temperature of pristine basalt, which requires deformation of
plagioclase and pyroxene.

The fluid pressure applied to the altered basalt results in strain, the cavities. This
altered basalt is a stronger seal after alteration because of the expansive properties of
smectite. This seal corresponds to the top portion of the lava flow and can have a variable
thickness of 5-20 m, dependant on the characteristics of fluid (volume, temperature, flow)
and of the rock (permeability). The fluid tends to escape to the surface above the focus of
fluid pressure at the end of inclined fractures. The bottom of the cavity is preserved from
deformation as a fracture showing flat or concave-upwards shape, generated during the
initial explosive hydrothermal event and positioned originally at the upper end of the
fracture. The cavity can attain different shapes as seen in the mines, mainly as a result of
the different upwards buoyancy forces applied to different regions of the ballooning cavity.

Pristine basalt is known to deform in ductile conditions at temperatures >500 °C
because of the deformation behaviour of plagioclase and constraints from field geology
(amphibolite facies commonly required). This is probably the reason for the universal
misinterpretation of giant cavity formation in the basaltic province, because researchers
consider the host rock as a basalt. The altered basalt reached its intense (>60 vol.%)
alteration in the temperature conditions (100-150 °C) registered by the alteration minerals.

The confining pressure for cavity formation is considered to be equivalent to a
thickness of 5-20 m overlying basalt. At 150 °C, pure water can lift 20 m of basalt roof and

at 100 °C it can lift 5 m (Fig. 7). After the initial hydraulic explosion, the fluid pressure
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and the temperature decreased, so that intra-grain diffusion predominated and altered
progressively the basalt seal over time. As alteration progressed, the fluid caused
ballooning of the altered basalt. For this reason, cavities in thinner flows (e.g., colada
Cordillera, Artigas, 9 m) are taller (prolate shape) than in thicker flows (e.g. colada
Catalan, Artigas, 30 m); e.g, the confining pressure of the overlying basaltic rock restrains
the vertical expansion of the cavity in the thicker flows. In other words, the ratio height of
cavity/width of base of cavity is interpreted as controlled by the confining pressure
determined by the thickness of the seal. The aspect ratio can vary from 10:1 oblate to 1:10
prolate; high cones are the most common shape of cavities in the thinner colada Cordillera,
whereas wide, short cones are dominant in the thicker colada Catalan.

Preexisting weakness in the basalt and new weakness generated during alteration
also exerted control on the shape of the cavity as it formed. Thus, the cavity can have the
form of a single pipe or several pipes extruding upwards from a larger cavity generating
the abnormally large metre-sized geodes (up to 4 m tall, Ametista do Sul) with their
upwards branching shapes. The structure of the rock is an additional factor that controls the
shape of the cavity and explains the large variety of forms of the geodes. Nevertheless, all
cavities keep the upwards-concave basal fracture, the hydraulic breccias at the base and
their overall conical shape.

Lifting of the roof in fragile conditions caused a very high strain rate on the pristine
basalt, resulting in fragmentation of the rock and generation of the sub horizontal and
inclined systems of filled fractures. After this hydraulic explosion, the strain rate of the
metabasalt was much slower, because the cavity could only open as the basalt was
progressively altered. This is a slow intercrystalline and intracrystalline process in the
massive, central portion of the lava flow.

The effect of accumulated strain is more difficult to evaluate. It seems plausible that
a cavity would increase in size after it has been established, because of preferential fluid
flow into the existing cavity. The cavity will stop growing after cooling of fluid, cessation
of fluid ascent or stress release due to other causes, e.g., fracturing of the seal up to the
surface. Evidence of paleo-seismic activity is present in the mining districts, as is common
in active volcanic provinces. Seismic activity can cause fractures that reach the surface and
relieve the stress, interrupting the growth of the cavity.

Pore fluid pressure has a purely physical effect, corresponding to the pressure the

fluid transmits to the pore space. The pore fluid pressure counteracts the confining
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pressure, reducing the overall strength of the rock. The fluid concentration beneath nearly
impermeable, massive basalt layers in the flow increases the capability of cavity formation.

The entire process of giant cavity formation can occur in ductile conditions, such as
in pervasively altered basalt (a claystone) at 100-150 °C near the surface (under a 5-20 m-
thick seal). Pristine basalt can only deform in the fragile field in such environment and this
is observed in the explosive, beginning stage of the process. The cavity will only start
forming by ballooning after the basalt is intensely altered into clay minerals and reaches
ductile conditions at low temperature. These mechanical processes can be numerically

simulated.

6- Simulation of cavity formation in ductile conditions

To test the hypothesis of the cavity formation by upward ballooning of the altered
basalt at low temperature we made simulations using finite elements methods. The
underlying physical concept on which these methods are based is that any deformable
structure can be subdivided into a collection of smaller elements. The governing equations
for the entire structure are obtained and numerically solved from the characteristics of
individual structural elements and their combination.

The Young's modulus £ and the Poisson's ratio n completely characterize the
deformation of an isotropic, elastic solid body. E is defined as the ratio of the axial stress to
the axial strain, and n is the ratio of transverse strain to axial strain. For rocks in general, £
has values in the range 50 to 150 GPa and n from 1/4 to 1/3. Increasing the stress
ultimately results in failure of the rock. The failure can be brittle or ductile. Brittle failure
occurs when fractures are formed; e.g., subhorizontal hydraulic breccias. Ductile failure
occur when a critical stress Y is reached and the rock yields by a plastic flow; e.g., a cavity
is formed by the upward ballooning of the altered basalt.

We modeled the cavity formation in two steps, starting with brittle breccia
formation and continuing with ductile ballooning. The first step begins with a hydraulic
explosion of the hydrothermal fluid that occurs when brittle failure condition of the pristine
basalt is reached. The fluid lifts the roof and cracks the rock along subhorizontal fractures.
We model this fracture as a strong oblate cavity with lenticular shape. In our simulations,
this cavity is our initial condition.

The second step is the upward ballooning process. It occurs after hydrothermal
alteration of the basalt into a clay-rich rock and its deformation in ductile conditions. The

fluid pressure p of the aqueous fluid is the mechanical agent of cavity growth. The
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deformable structure is assumed as a cylinder with height /# and rigid horizontal base with
a hole in the bottom representing the first step. Boundary conditions at the lateral surface
are almost irrelevant and a rigid surface is used.

The free parameters of the simulations are the metabasalt properties E, n and Y, the
thickness of the lava flow h above the cavity and the fluid pressure P. Larger P means
larger strain, but we constrain it to geologic limits and 1 MPa (10 bar) is used as maximum
pressure. Lower values of E and Y give larger deformation (larger cavity), but we limit
their values to physical acceptable values; 1 GPa was the minimum value for £. This value
(1 GPa) is probably the Young's modulus for the altered basalts we studied. Fresh basalt
from Iceland has an E of 35 GPa, but in altered basalts from Etna Volcano this £ value
falls to 25 GPa, and result from pre-existing micro-cracks (Heap et al., 2007). Because our
sample has more than 60% clay minerals an £ value was chosen much lower than fresh
basalt. Typical values for Y (the yield stress) were in the range £/1,000 to £/500. Higher
values of 4 require a higher buoyant force for cavity formation and the presence of more
incompressible material. In our experiments, several pairs of 4 and n are used, but cavities
with strong prolate shapes (e.g. 4 m-tall geodes) were not obtained, although a good

qualitative agreement is obtained between our simulations and geode forms (Fig. 11).

altered basalt

highest
stress cavity

Figure 11 — A typical cavity (blanls- obtained with Abaqus. Shades of gre-y-represent different stress values in
the metabasalt. The height of the overlying metabasalt column is much larger than shown.

Additional studies will better constrain the experiments within the limits of the
physical properties of the altered basalt, and these are presently under way. Nevertheless,
this preliminary investigation strongly indicates that cavities can be generated by ductile
deformation of altered basalt at low temperature, with shapes similar to the amethyst-

bearing geodes seen in the mines.
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7. Proposed model

We propose (Fig. 12) a sequence of events starting with lava emplacement and
cooling. The structure of the lava flows at this stage includes two vesicular zones at the top
and bottom, the presence of a massive internal portion in thin, type I flows. Type II flows
are permeable and not mineralized, than will be discarded from the epigenetic model.
Outside the known amethyst-geode mining districts, the lava flows may remain in such
structural condition to this day. High heat flow in 30 to 40 km portions of the Parana
basaltic province causes intense alteration of the flow, as described above, by fluids
originated in the underlying Botucatu sandstones (Guarani aquifer). Overpressured
aqueous fluid lifts 5-20 m of basaltic rock and explodes along subhorizontal fractures,
generating hydrothermal breccias. Fluid overpressure at the tip of the inclined fractures
then causes upward ballooning of the altered basalt and the formation of the giant cavities
under ductile conditions. Another possibility requires dissolution along new fractures
formed at the brittle stage. The processes related to the opening of the cavities include the
deformation of the altered basalt, so the expansion of the cavity may be interrupted when
the fluid temperature drops below a critical level (~60°C), when the rock is affected by
strain hardening or when newly-formed fractures reach the surface. Filling of the cavity
with amethyst and other minerals occurs afterwards.

The final structure of the lava pile in the mining district is the contrasting in flow
types I and II (Fig. 2). Thicker type II flows remain in similar structural conditions as
before the alteration process, because this type of flow is highly permeable along the
vertical joints; lack of fluid overpressure limits the alteration to thin zones along the
fractures. Thinner type I flows display the outstanding giant cavities in their massive
portions, now partly filled with the worldwide famous, valuable amethyst, agate, calcite,

zeolites, colourless quartz and gypsite crystals.
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Figure 12 — Six evolutionary stages of basaltic deformation in the brittle and ductile fields for the formation
of giant geodes in massive, altered metabasalt; type I, 9-30 m thick flow. (a) Lava flow cools to ambient
temperature; upper and lower vesicular portions present, central portion massive; vesicles partly filled by
zeolites and other low-temperature minerals. (b) Flow of hydrothermal fluids from the Botucatu
sandstones at 100-150 °C into the base of the basalt flow; low permeability requires a slow process over
a long period of time in order to alter the seal. (c) An explosive event occurs along sub-horizontal
fractures when the heated aqueous fluid reaches a critical depth below 5-20 m of massive basalt.
Hydraulic breccias are formed along the fracture; inclined fractures shoot upwards into the massive
basalt and form breccias at their upper end. (d) Alteration of pristine basalt continues, both upwards from
the initial sub-horizontal fracture and most intensely from the upper part of the inclined fractures. As the
fine-grained basalt is altered into metabasalt (a clay-rich rock), the focussing of fluid pressure at the tip
of the inclined fractures triggers the beginning of the ballooning process, responsible for the formation of
the giant geodes. Minor ballooning also occurs along the sub-horizontal fracture. (e) Continued alteration
upwards into the basalt allows the continued growth of the cavities to their final size. (f) The fluid
reaches the upper vesicular portion of the flow and escapes to the surface; the growth of the cavity is
interrupted.

In the Ametista do Sul district Proust & Fontaine (2007a) thought it unlikely that
fluid would pass through three underlying flows before reaching and mineralizing flow
number 4. Actually, there is an additional 800-m pile of basaltic lavas undernearth the
Ametista do Sul mining district, as registered in a well drilled by the Geological Survey of
Brazil for underground water in the lowest valley of the region. We propose that the fluid

passed through nearly 940 m of basalt in the Ametista do Sul mining district until it
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reached and mineralized flow number 4 (numbering restricted to exposed flows) and this
occurred before flow number 5 was extruded. For the Artigas mining district, the volcanic
pile is thinner (40-70 m) and the fluid can reach the non-permeable flow more easily.
Large-scale hydrothermal systems are known in many sedimentary and volcanic basins in

the world, particularly during emplacement of a mantle plume underneath the lithosphere.

8. Discussion

Our intensive field works in the mining district of the amethyst-bearing giant
geodes of the Parana basalts in Uruguay (Artigas) points to the beginning process of cavity
formation in the brittle field of basalt deformation. This is shown by the presence of a
feeding channel of fluids at the base of every giant geode and the presence of hydraulic
breccias in most geodes. Degassing of basalt lava only occurs above 1150°C (Proust and
Fontaine, 2007a) and cannot occur at the low temperatures required for hydrothermal
explosion. The hypothesis of lava degassing at >1150 °C for the origin of the giant cavities
is refuted by the evidence here shown. An epigenetic origin of the giant geodes and their
filling with amethyst (and other minerals) is only the correct explanation of the process.

In Ametista do Sul, Proust and Fontaine (2007a) observed “no hydraulic breccia at
the base of the geode which could account for a feeding channel and indicate cooling to
brittle conditions before geode formation”. We have here shown the common presence of
such a hydraulic breccia at the base of the flat or upwardly curved base of the geodes and
the presence of a feeding channel for the fluids, with emphasis in Artigas but also in
Ametista do Sul. We restrict our interpretation to low-temperature, ductile conditions or
dissolution for the formation of the giant cavity. We find it unnecessary to comment on the
Proust and Fontaine (2007a) argument regarding the possible availability of sufficient
dissolved gas in the lava to form all the cavities now observed, because the occurrence of
the process at magmatic temperatures is refuted by field evidence as presently
demonstrated.

A few chemical elements are known to be mobilized by zeolite alteration of basalts;
e.g., Si, Mg and K (Wood et al., 1976). The origin of the silica for the filling of the cavity
may be from the altered basalts underlying the geode, Si for agate, quartz and amethyst and
Si, Mg and K for celadonite. But the presence of 400 m thickness of Botucatu Formation
sandstones underneath the volcanic pile requires additional investigations of the source of
silica. We found evidence that the fluid that opened and later filled the cavities also reacted

with the immediate rim of the geode, as previously observed (Florisbal et al., 2005; Proust
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and Fontaine, 2007b). But the evidence identified by us indicates that the fluid reached the
cavity from below. In our interpretation, the alteration halo around the geodes is a
consequence of the entire opening and filling processes.

The origin of the fluids responsible for the scavenging of silica from the basalt
cannot be restricted to the basaltic lava, as proposed by Proust & Fontaine (2007b). This
proposal of closed-system behaviour (on a meter-scale) runs against all evidence of open-
system hydrothermalism observed in the mining districts, including the presence of
presently active thermal springs (e.g., Arapey, 90 km from Artigas and Irai, 30 km from
Ametista do Sul mines). For instance, sub-vertical faults and fractures cross the entire
volcanic pile and were formed by seismic activity related to the volcanic event and
concomitant South Atlantic Ocean opening. Some of the fault traces stop below specific
lava flows, a strong evidence of syn-volcanic seismicity. Seismic activity is also intense in
presently active volcanic fields, for example, Iceland. No pyroclastic activity is known in
the mining districts, but should be common in water-saturated magmas, implying that the
basalts were under saturated in water as is usual in plateau provinces. Basaltic pegmatite
should be common in the lava flows saturated with water, and these are known in the
basaltic province, but are very rare and minor and have no hydrated minerals. Fluid
movement more likely occurred from bottom to top of the Parand sedimentary-volcanic
province in a plume-heated, hydrothermal environment.

Evidence that refutes the paradigm of lava degassing for the formation of the giant
cavities and reinforces the hypothesis of epigenetic origin includes:

(1) Giant cavity occurrence restricted to the internal, vesicle-free, massive portion of
the lava flow.

(2) Giant cavity occurrence restricted to a mining district 30-40 km in size; no giant
cavities found in the same flow outside the district. Degassing of the lava should
occur along the entire flow and generate giant cavities in many places, but this is
not true in the Arapey and Serra Geral Formations.

(3) Along the same line of reasoning, amethyst mining districts are rare in the Parana
province (two major and several minor districts), but should be common if lava
degassing were the origin of the giant cavities. The lava flows are individually
more extensive than the district, but only a few mineralized pipes (a district) occur
in the basaltic province. Our interpretation calls for fluid focusing along weaker

pathways in the basin.
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(4) Also, water should be available at the surface of the Botucatu desert in the same
vertical position for every mineralized flow (two flows in Artigas and four flows in
Ametista do Sul). This would be required to sustain the most widely proposed
origin for the abnormally large vesicle cylinders (giant cavities) in basaltic lava
flows, namely the interaction of the flowing lava with surface water or a water-rich
substratum during emplacement. This seems a very unlikely geological
coincidence.

(5) No empty giant cavity has been found. Thus the two processes of cavity formation
and filling must have occurred in sequence as part of the same overall process;
otherwise empty cavities should be present.

(6) A mining district contains several (two to four) mineralized flows in one vertical
section. Degassing of the lavas to form the giant cavities as they flow over the same
geographic location would be an unbelievable coincidence.

(7) Giant cavities are restricted to the thin (5-30 m), type I flows. The thick, type Il
flows (30-60 m) do not have giant cavities, irrespective of chemical composition of
the rock. Thicker flows should contain higher content of dissolved gas and form
more and bigger cavities, but this did not occur in the basaltic province.

(8) On a basin-wide scale, the presence of a large aquifer below the lava flows seems
required for the formation of the giant cavities, such as the Guarani aquifer (the
largest fresh-water aquifer in the world) under the Parana basalts. In our days,
deserts store highest volumes of water in aquifers and this seems to have occurred
in the Botucatu desert also. Large basaltic provinces that lack such an aquifer also
lack giant cavities in the rocks. Otherwise, by the lava-degassing hypothesis every
large basaltic province in the world should have giant cavities, but this is not
observed.

(9) No chlorite and epidote occur as alteration phases.

(10) The base of the giant geodes everywhere flat or concave-upwards in all cases.

Giant cavity opening can occur by dissolution processes or upward ballooning
under ductile conditions, and these are attained in the altered basalt (a claystone) at 100-
150 °C at 5-20 m depth. Cavity opening by ballooning occurred in the altered basalt due to
continued influx of overpressured, heated fluids from the underlying Botucatu sandstone
(Guarany aquifer). The variable cylindrical and conical shapes are governed by preexisting

and newly formed weaknesses in the rock, in case dissolution processes were dominant.
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Growth of the cavity will stop after the fluid pressure drops below confining pressure due
to lower fluid pressure from below or to the formation of fractures that relieve the pressure

to the surface in thermal springs.

9. Conclusions

We have thus presented our interpretation of the origin of the small to giant
amethyst geodes in massive basalts, starting with an explosive event, passing to the
opening of the cavity by ballooning or dissolution of altered basalt (a claystone) at 100-150
°C, a temperature much lower than presently accepted (1150 °C). Degassing of the lava at
>1150 °C remains the best explanation for the origin of the vesicular layers in the upper
and lower portions of the flow, but degassing was not active in the initially fragile

conditions of explosive basalt deformation before cavity initiation.
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Abstract

Amethyst-bearing basalt flows from the Artigas mining district of Uruguay are the
most famous amethyst deposits in the world, together with those of the Ametista do Sul
mining district of Brazil. Mineralization occurs in cavities- geodes — primarily filled with
silica minerals hosted in basaltic rocks of the Arapey Formation, equivalent to the Serra
Geral Formation on Brazil. Fluid inclusion study of silica phases, mostly in fine-grained
quartz, colorless quartz and amethyst, shows that the mineralizing fluid is an aqueous
solution with low salt content, and that minerals crystallized at low temperature (~50°C).
Stable isotope study of silica minerals and calcite also indicate low temperatures of
formation (20-70°C). The wide range of sulphur isotopic values (5**S) in the geode hosting
basalts suggests the precipitation of sulphur of different origin (magmatic and sedimentary)
in the percolating hydrothermal fluids. The data presented here support an epigenetic

model for the formation and filling of the amethyst geodes hosted by the volcanic rocks.

Keywords: Amethyst, Uruguay, fluid inclusions, stable isotope, hydrothermal

Introduction

Amethyst-bearing basalt flows are found in many regions of northeastern Uruguay
and southern Brazil. The famous amethyst mines in Uruguay are in the Artigas region and
in the Ametista do Sul region of Brazil (Fig. 1). In both locations, many galleries and pits
were opened in andesitic basalt and basalt flows. The mineralization occurs as geodes
partly filled by chalcedony, agate, colorless quartz, amethyst and calcite. The geodic
cavities are hosted by basalts of the Arapey Formation (Uruguay) and the Serra Geral
Formation (Brazil). The genesis of amethyst (+ agate)-bearing geodes is controversial. The

two main hypotheses are lately in discussion: (1) epigenetic geode formation at low
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temperature (<150 °C) by over-pressurized introduced fluids (Duarte et al. 2005) and (2)
magmatic gas exsolving from a supersaturated melt with respect to dissolved volatiles
(Scopel et al. 1998; Gilg et al. 2003; Proust and Fontaine 2007a). Concerning the filling of
the geodes there are also two hypotheses in debate: (1) post-magmatic infilling by external
non-magmatic fluids (Gilg et al. 2003) and (2) infilling by fluids derived from the
mineralizing magma in a late-magmatic stage (Proust and Fontaine 2007b). In both cases,
the cavity was already formed during an early-magmatic stage, as postulated by the above

mentioned second hypothesis (2) on geode formation.
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Figure 1 — Simplified geological map of Parana basaltic province, host of the giant amethyst geodes.
Studied Artigas mining district indicated, Ametista do Sul is also showed.

To better understand the processes and the conditions related to the formation of the
amethyst-geodes from the Artigas mining district, we collected oxygen isotope data on
silica minerals, carbon and oxygen isotope data in calcite, and studied the fluid inclusions
in amethyst and quartz crystals. Sulphur isotope measurements on the mineralized, highly-
altered host rocks aimed to constrain the source of sulphur in the mineralizing fluid.

Microprobe analysis (EPMA) complements the fluid inclusions and geochemical data set.

Regional geology

The amethyst-bearing flows of the Arapey formation in Uruguay and their

correlatives the Serra Geral Formation in Brazil, host the most impressive amethyst geodes
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known in basaltic rocks. The volcanic rocks of these formations are situated at the top of
the sediments which fill the Parand Basin. This basin is one of the largest volcanic
provinces, occurring in Brazil, Argentina, Uruguay and Paraguay. The volcanic rocks are
mainly represented by basalts and andesitic basalts, more than 95 vol.%, and subordinate
by rhyodacites and rhyolites, more than 5 vol.% (Bellieni et al. 1984). The occurrence of
the amethyst-geodes is neither correlated with any specific rock or magmatic type,
occuring both in the high-Ti basalts of Ametista do Sul (Brazil) as well as in low-Ti rocks
in Artigas, according to the classification proposed by Peate et al. (1992). The amethyst-
geodes occur mostly in basalts, but also occurrences have been described in rhyolites of the
Parana Basin (e.g., Juchem, 2007).

Volcanism is correlated with the opening of South Atantic Ocean by the influence
of the Tristan da Cunha mantle plume, between 137-127 Ma (Turner et al., 1994). An
alternative explanation for the thermal anomaly is the heating of the mantle beneath the
Gondwana supercontinent (Coltice et al. 2007). The major tectonic event of Gondwana
rupture imprinted two main directions of sub-vertical faults on the rock pile, wich cross the
basin and sometimes reach the basement. These two fault systems mainly oriented N45°-
65°W and N50°-70°E (Zalan et al. 1990); these faults were the preferential paths for
magma rising to the surface. The volcanic sequence with a volume of over 800,000 km®
covers an area of ca. 1,200,000 km? on a thicknesses ranging from a few meters at the
borders of the Parana basin to up to over 1700 m in the area of the depocenter. In Cuenca
Norte, the Uruguayan part of the basin, the total area covered by these up to 2500 m thick
sequence is around 100,000 km?, comprising a volcano-sedimentary history which spans
the between Devonian and late Cretaceous (De Santa Ana and Veroslavsky 2004). As part
of the long lasting volcanic evolution, sills and dikes of the Cuar6é Formation intruded the
sedimentary rocks and also the volcanic pile of the Arapey Formation (Preciozzi et al.
1988).

Underlying the volcanics, there is a thick pile of sedimentary rocks that includes the
aeolian sandstones of the Rivera Formation and fluvial sediments of the Tacuarembod
Formation (Pesce 2002). In the Brazilian part of the basin, acolian sediments deposited in a
desertic environment, the Botucatu Formation, are underlying the volcanic pile (Scherer,
2000). The Buena Vista Formation (Uruguay) and Roséario do Sul Formation (Brazil) are
also part of the underlying sedimentary rock section and both are part of the Guarani

Aquifer System (Araugjo et al. 1999). This desert covered a great area of Gondwana.
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The fluid flow from the sedimentary aquifer towards the volcanic rocks trough the
fault and fracture system started to be active in ancient times (Aragjo et al. 1999) and is
still active today (Reginato 2003). Artesian wells of thermal waters with temperatures
between 33 to 45°C occur along the Uruguay River (Pesce 2002). Water temperatures, in
the deep, confined zone of the Brazilian part of the aquifer, reach above 60 °C (Sracek and
Hirata 2002). This indicates the presence of a thermal anomaly in the area and is in line
with the artesian character of the aquifer beneath the Artigas mining district. Gilg et al.
(2003) proposed a contribution from aqueous fluid originated in the Botucatu Formation
(part of Guarani aquifer system) for the filling of the geodes. Their hypothesis is based on
REE studies of Botucatu sandstone and calcite crystals, plus on fluid inclusions data from

amethyst.

Local Geology

This study identifies in the Artigas mining district two mineralized flows named
colada Catalan and colada Cordillera (“colada” is Spanish for flow). In the studied area, six
lava flows (including the two mineralized) were identified from field mapping and
supported by chemical data. The flows have horizontal to sub-horizontal structure with
thicknesses ranging from approximately 10 to 60 m, aproximately. The cooling structures
such as columnar joints, vesicular levels on the top and on the bottom of the flow, a
massive central portion, of the mineralized and unmineralized flows in Artigas are similar
to those described by Gomes (1996) in Ametista do Sul, corresponding to type I and type II
flows, respectively (Fig. 2). Type I is represented by 15 to 35 m thick flows composed of a
basal vesicular level, with approximately 50 cm thick, covered by a central massive level
with 10 to 25 m thickness. This massive central portion is only slightly fractured and
normally is vesicle-free. A mineralized zone is located at the top of this massive level and
is followed by 2-4 m of massive, fractured basalt with widely spaced fractures. The upper
portion is vesicular, 1-2 m thick, and contains cavities filled by zeolites, calcite, quartz and
clay minerals, represented especially by celadonite and smectite. The unmineralized type 11
basalt flows are thicker, 30-50 m, and have closely spaced sub-vertical cooling joints in the
central portion. In these flows there is 40-100 cm-thick basal unit with vesicles filled with
calcite and quartz. In sequence, there is a massive (vertically fractured) portion in which
three different levels are recognized. A lower columnar portion (“colonnade”) has vertical,
planar fractures that form long, pentagonal or hexagonal prisms. A 30 m-thick portion

named entablature occurs above the colonnade zone and is characterized by vertical,
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irregular fractures. In sequence, an upper colonnade zone occurs, comparable to, but
thicker, than the lower colonnade. The uppermost level of type II flow is vesicular and
contains many cavities sized 1-10 c¢m, filled with quartz, zeolites, calcite and clay minerals

of the smectite group.
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Figure 2 — Internal structure of lava flows from the mining districts. (A) Type I described by Gomes
(1996); (B) Type II, also named by Gomes (1996) and following previous description by Long and
Wood (1986); (C) Type I flow after cooling of the lava and before formation of the geodic level, as
proposed in this investigation.

Colada Catalan is around 30 m thick and has a thick mineralized zone up to 10 m
thick. The upper portion of this flow is highly weathered in the mine region. The geodes
have variable sizes from centimeters up to meters with variable oblate shapes. Some
geodes are up to 5 m in width. The mining activities occur over the entire thickness of the
massive portion of the flow. This flow produces agate-amethyst geodes and also geodes

totally filled by agate.

Colada Cordillera is thinner (9 m thick) than colada Cataldn and has geodic cavities
with vertical, prolate shapes up to 1 m tall. Its geodes are thus smaller than those from
Ametista do Sul, wich range up to 4 m. The mineralized portion is about 2 m thick, and the
mining operation is underground, but less than 100 m into the rock in year 2004. In this

flow, geodes filled only by agate are uncommon.
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The detailed description of the filling phases is important for isotopic and fluid
inclusions study, to better understand the changes on temperature and fluid composition

during the mineralization process.

The geodes are normally partially filled by a sequence of silica minerals and some
calcite. The complete sequence starts with a millimetric to centimetric layer of
microcrystalline quartz (MQ), followed by fine grained colorless quartz (FQ), also with
millimetric thickness, finishing with zoned crystals, which start colorless (Qz) passing to
violet color quartz, amethyst variety (Am). Late calcite crystals (Cc) occur in some geodes.
The filling by silica minerals is not homogeneous and regular. In the same mineralized
flow; e.g., all the Catalan mines, geodes may have an incomplete sequence of filling by
microcrystalline quartz plus fine grained quartz, but sometimes more than one sequence is
present. The maximum number of sequences observed was three. In this flow, some geodes
are completely filled with microcrystalline quartz, in banded layers forming agate. Geodes
from colada Cordillera have on the other hand a simple filling, form only one sequence.

The absence of FQ phase was observed in only two samples.

Analytical techniques

Nine doubly polished sections for fluid inclusion studies from the three main
different quartz and amethyst growth zones were prepared from the Artigas mining district.
Petrographic studies allowed determining and classifying the fluid inclusion assemblages
present that were subsequently characterized by microthermometric runs and Raman
spectroscopy. The latter technique used a Raman multichannel spectrometer from the
Physics Institute of Universidade Federal do Rio Grande do Sul. Raman lines were excited
using a 30 mW He-Ne laser beam (Coherent). The detection uses a liquid nitrogen cooled
CCD, model LN/CCD-100EB with a backilluminated EEV 1340x100 chip, with a ST 133
controller. The detection system was attached to a Spectrograph/Monochromator SP500i
(Acton Research) with a 600-g/mm grating. A spot laser beam of 10 pum was obtained using
a 50X achromatic objective in the HD25 Zeiss Axiotech optical microscope. A holographic
laser bandpass filter was used to filter unwanted plasma lines and fluorescence from laser

sources and a super-notch filter (Kaiser Optics) to attenuate the Rayleigh line.

A Chaix Meca heating-freezing stage, calibrated at CO, and H,O triple points and
by the final melting temperatures of Merck standards (306 and 398 °C), was used to collect

microthermometric data. Estimated precision for the measurements is nearly 0.2 °C, and
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accuracy is £0.5 °C at temperatures up to 135 °C, steadily increasing to up to 12 °C at
temperature of 398 °C. Salinities were determined from ice-melting temperatures using the

Bodnar (2003) equations of state.

The isotopic studies include oxygen isotope composition of silica minerals and
calcite, and the carbon isotope composition on calcite crystals, and were obtained in
Univertitdt Tiibingen. The oxygen isotope composition of agate was measured using a
conventional extraction of oxygen by BrFs reagent, according to a method adopted after
Clayton and Mayeda (1963). About 7 mg of sample were used and the extracted oxygen
was converted to CO,. The samples were loaded into a Ni-reaction vessel in a dry N;
stream and pumped for at least 2 h before BrFs was added. Reaction was performed at 550
°C for 16-18 h. Isotope measurements were made using a Finnigan MAT isotope ratio mass
spectrometer (Finnigan MAT 252). Oxygen isotope compositions are given in the standard
§-notation, expressed relative to VSMOW in permil (%o). The precision of 8'*0 values was
better than 0.2%o compared to accepted 5'°O values for NBS-28 of 9.64%o. For amethyst
and colorless quartz the oxygen isotope composition ('°0, 70, '*0) were measured using a
method similar to that described by Sharp (1990) and Rumble and Hoering (1994) and
more detailed description in Kasemann et al. (2001). Between 0.5 to 2 mg of sample was
loaded onto a small Pt-sample holder and pumped out to a vacuum of about 10°° mbar.
After pre-fluorination of the sample chamber overnight, the samples were heated with a
COs-laser in 50 mbars of pure F,. Excess F, is separated from the O, by bpunding the
fluorine as KF on KCI held at 150°C, followed by subsequent cryogenic trapping of the
liberated Cl,. The extracted O, is collected on a molecular sieve (13X) and subsequently
expanded and analyzed using a Finnigan MAT 252 isotope ratio mass spectrometer.
Oxygen isotope compositions are given in the standard d-notation, expressed relative to
VSMOW in permil (%o). Replicate oxygen isotope analyses of the standards used (NBS-28
quartz and UWG-2 garnet; Valley et. al., 1995) generally have an average precision of +
0.1%o for 8'"0. The accuracy of 8'*0 values is commonly better than 0.2%o compared to
accepted 8'°0 values for NBS-28 of 9.64 %o and UWG-2 of 5.8%.. C- and O- isotope
composition in calcite crystals were measured using a Gasbench II device connected online
with a Finnigan MAT 252. Isotope ratios of samples are calibrated using NBS18 (d"°C = -
5.00, d"*0 = -22.96%o, relative to VPDB) and NBS19 (d"°C = 1.95, d"*0 = -2.20%, relative
to VPDB). External reproducibility is better than + 0.1%o for d°C and % 0.1%o for d'*O

measurements. External reproducibility for carbonate concentration is better than + 5%.
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Sulphur isotope ratios in the basaltic host rocks were determined in samples
collected close to amethyst filled geodes. Sulphur was extracted from the powdered bulk
rock material by treating the samples for three hours with hot Thode solution (a mixture of
HCI, HI and H3PO,; Thode et al., 1961) in a special designed glassware apparatus. Sulphur
liberated in form of H,S was transferred under a constant N, - stream to a vessel with Cd-
acetate solution and trapped quantitatively as CdS. The isotope ratios were measured by
continuous flow technique with an isotope ratio mass-spectrometer (Optima, Micromass
UK) coupled on-line with a CSN element analyser. About 150 pg of CdS mixed in
stoichiometric proportions with V,0s was filled into tin caps and combusted in the reactor
column of the element analyser in an oxygen enriched environment. In the element
analysed the gaseous reaction products, carried by a stream of He are separated with a
gaschromatographic column before the purified SO, is transferred to the mass
spectrometer. During the measurement the isotope ratio of the sample gas is compared to
that of a reference gas with known isotopic composition. However, because the isotope
composition of oxygen in sample and reference SO, are different, in this technique results
must be calibrated relative to samples with known isotopic composition measured in the
same analytical batch. Calibration was carried out using the IAEA standards S-1, S-2 and
S-3, results being given as deviation in %o relative to V-CDT. Each reported value is the
average of three independent measurements, yielding a precision better than 0.2%e.

Total sulphur concentrations in the host rocks were measured by non-dispersive
infrared spectrometry using a carbon-sulphur element analyser CSA-5003 (Leybold). The
detection limit of the instrument for sulphur is about 50 pg/kg.

Petrography and Raman microspectroscopy of fluid inclusions

Fluid inclusions petrography was performed on fragments of geodes with variable
stages of filling. The detailed study was done on a sample with two sequences of filling of
silica minerals. The first sequence is composed by microcrystalline quartz (MQ), followed
by a fine-grained quartz zone (FQ). A thinner rim of microcrystalline quartz (MQ) marks a
new sequence of crystallization made up of quartz (Qz) crystals that begins as colorless
and pass into amethyst (Am) (Fig. 3a). The FQ zone situated immediately above the first
agate portion of microcrystalline quartz (MQ), is composed by fine grained, colorless
euhedral to subhedral quartz crystals. This zone contains much of intercrystalline black and
leaked cavities with polygonal, irregular, triangular or pyramidal shapes and size smaller

than Imm (Fig. 3b). Toward the top of the crystal, these cavities are smaller and less
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frequent. Roughly paralleling the quartz axis C, from base to top, there are inter and
intracrystalline branched, pseudo-secondary trails essentially composed of clear aqueous
one-phase all-liquid or leaked black fluid inclusions with sizes up to 60 um (Fig. 3c).
Additionally, primary clear aqueous one-phase fluid inclusions were observed, with
irregular shapes and size up to 30 um in trails or random groups parallel to the growth
zones (Fig. 3d). Associated to both types are clear necking down and leaking evidences.
The leaking can be partial with irregular filling degrees of air bubbles or forming totally
leaked black inclusions. This is probably due to the preparation of polished sections and
was observed directly while occurring (Figs. 4a,b). Usually it is possible to see the fracture
responsible for the leaking phenomena (Figs. 3b and 5b,c). Although the widely
predominant fluid inclusions type is smaller and aqueous all-liquid (Figs. 5a,d,e,f), less

than 1% are aqueous two phase, specially the bigger ones (Figs. 5b,c,d).

320 um

Figure 3 — Fluid inclusions: a) sample CT1 showing two sequences of filling and correlated minerals that fill
the geodes, where MQ means microcrystalline quartz, FQ is fine-grained quartz, Qz is colorless quartz and
Am amethyst variety; b) inter and intracrystalline black and leaked cavities with polygonal irregular,
triangular or pyramidal shapes; c) inter and intracrystalline branched pseudo-secondary trails composed of
clear aqueous all-liquid or leaked black fluid inclusions; d) primary clear aqueous one-phase fluid inclusions,
constrained by growth lines, the black inclusions are leaked.
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Figure 4 - Necking down and leaking evidences: a) partial leaking with irregularly shaped air bubbles; b)
same inclusion of (e), photograph taken two days after the first showing progressive leaking.

The following growth bands include medium size subhedral to euhedral colorless
crystals (Qz) and euhedral amethyst crystals (Am). In these, the same fluid inclusions
assemblage described above are also present, including the empty cavities, the branching
pseudo-secondary trails and primary inclusions. Fluid inclusions are less abundant in
amethyst crystals (Am), where a different shape of the primary type was observed; this
different shaped as composed of groups of either nearly tubular fluid inclusions parallel to
growth zones (Fig. 5d) or elongated with tapering edges orthogonal to growth lines (Fig.
Se,f). Both are usually clear aqueous one-phase inclusions, sometimes black leaked, rarely
two phases occur. The size is up to 30 pm.

Conflicting data are described in fluid inclusions from Ametista do Sul mining
district. Proust and Fontaine (2007b) described only the presence of two-phase inclusions
(vapour + liquid) in amethyst crystals. Otherwise, one phase fluid-inclusions have been
reported by other authors (Juchem 1999, Gilg et al. 2003, Fischer 2004).

Investigation with Raman microspectroscopy of CO,, CH, and N, was performed in
all fluid inclusions types from Artigas, including the black leaked. No positive results were

observed for the presence of these specific components.
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Figure 5 — a) aqueous all-liquid primary fluid inclusions; b) and c) leaked probably primary inclusion
showing the fracture responsible for the leaking phenomena; d) nearly tubular aqueous all-liquid primary
fluid inclusions paralleling growth lines with one central triangular two phase aqueous inclusion, probably
the bubble result from leaking phenomenon; e) elongated all liquid primary fluid inclusions with tapering
edges orthogonal to growth lines; f. detail of (e).

Microthermometry
From the petrographic description, the dominant type of fluid inclusion in Artigas is
primary and pseudo-secondary, composed of liquid, such as described for the Ametista do

Sul mining district (Juchem 1999, Gilg et al. 2003, Fischer 2004). A liquid one phase fluid
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inclusion indicates a low trapping temperature, usually below 50 °C (Goldstein and
Reynolds, 1994). Homogenization temperatures are meaningless because the vapor bubble
of some of the two-phase inclusions results from leaking and shows a wide variation of
filling degree.

The one-phase inclusions do not generate bubbles during cooling suggesting that
they are not significantly metastable. In only two inclusions did the melting temperature
produce the same results in two different runs: -0.4 and -0.6 °C, corresponding to 0.7 and
1.1 wt.% NaCl eq. Recognizing freezing was very difficult for the other all-liquid
inclusions at room temperature which commonly formed superheated ice persisting until
+6 °C.

Freezing of aqueous two-phase fluid inclusions gave three distinct situations - first,
the bubble disappeared by vapor escaping when undercooled ice formed at nearly -50 °C;
second a sudden disappearance of the vapor bubble simultaneous to the ice formation
produced to negative pressure (Roedder 1967); and third the bubble shrunk or changes
position on freezing around -50 °C and gradually disappears at nearly -15 °C. It is well
known that the presence of a vapor bubble is required to obtain a valid final melting
temperature (Goldstein and Reynolds 1994). Usually disappeared bubbles did not return
and ice melting corresponded to metastable results above 0 °C. For example, six runs were
done over the same inclusion producing different final ice melting results: +0.4 when
bubble nucleated at the same time as the final ice melting; +2.1, +3.9 and + 1.5 °C with
final ice melting occurring without the presence of vapor bubble; and two results of -1.0 °C
registered with the bubble present. The latter result is valid and corresponds to 1.74 wt.%
NaCl eq. The number of two phase aqueous inclusions is relatively small, so the attainment
of final ice melting in the presence of bubble is an even rarer phenomenon. Therefore,
there are few valid calculated salinities, but all coherently between 0.5 and 2.0 wt.% NaCl
eq., which seems to be an acceptable result for these fluid inclusions.

Amethyst-bearing geodes from Ametista do Sul are comparable with those of
Artigas. The microthermometric data available for Brazilian amethyst deposit are not in
agreement. Gilg et al. (2003) agree that the fluid inclusions are aqueous liquid, low salt
monophase inclusions and correspond to low temperature trapping (~50°C), as suggested
by Juchem (1999) and Fischer (2004), in agreement with the Artigas description here
made. Contrasting data are presented by Proust & Fontaine (2007b), who described two-
phase fluid inclusions formed at temperatures around 238°C. Two-phase fluid inclusions in

amethyst crystals are described in a vein system epithermal deposit. In this different kind
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of amethyst deposit, a higher range of temperature is observed, with values around 240°C,

for the calculated trapping temperature of the fluid (Robinson & Norman 1987).

Stable isotope results

Stable isotopic studies were performed in silica minerals, calcite and in the host

amethyst-geode andesitic basalt.

Isotopic composition of the silica minerals

The oxygen isotope composition of silica minerals (relative to VSMOW) are in
Table 1. Oxygen isotopes discriminated among microcrystalline quartz (MQ), fine-grained
quartz (FQ), colorless quartz (Qz) and amethyst (Am), have different signatures between
these mineral phases. Eleven samples of geodes (six from colada Catalan and five from
colada Cordillera) were studied (Fig. 6). The sampling includes the different kinds of

filling material and also different number of filling sequences.

The oxygen isotopic signature measured in silica minerals from colada Catalan
varies from 21.2 to 31.5%o (Fig. 7 a-f). The values obtained from MQ from the first
sequence of filling in all sampled geodes from this flow, have values around 30 + 2%, two
samples from the second sequence showed lower values of 28.6 and 24.1%o. For the third
sequence, only one analysis is available, 24 %o. The values of 8'*O from the FQ from the
first sequence of filling are in the range 23.25 + 2.05%o, lighter than those of MQ from the
same sequence. The FQ from the second sequence of filling presents values of 24.9 and
24.5%0 and in the third sequence then value is 23.6%o. Zoned crystals are present only in

the third sequence and yielded 24.7 + 2.5%o for Qz and 28.5 + 1.3%o for Am.
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Table 1 - Oxygen isotope composition of silica minerals (relative to VSMOW), and oxygen and carbon
isotope composition of calcite (relative to VPDB). CC = calcite; Am = amethyst; Qz = colorless quartz; FQ =
fine-grained quartz; MQ = microcrystalline quartz.

61 8OVSMOW A1 8()VPDB 613CVPDB

Sample colada Mineral  (%o) (%o) (%o)
CT1-2D Catalan Cc -5,03 -10,47
CR1-1D Cordillera Cc -7,34 -9,09
CR2-1D Cordillera Cc -5,12 -14,93
CR4-1D Cordillera Cc -9,97 -9,23
CT1-2C2 Catalan Am 28,5

CT2-2C2 Catalan Am 29,8

CT3-3C2 Catalan Am 29,4

CT5-3C2 Catalan Am 29,7

CT7-1C2 Catalan Am 27,7

CR1-1C2 Cordillera Am 29,4

CR2-1C2 Cordillera Am 29,7

CR3-1C2 Cordillera Am 28,0

CR4-1C2 Cordillera Am 27,2

CR5-1C2 Cordillera Am 27,0

CT1-2C1 Catalan Qz 24,3

CT1-1B Catalan FQ 23,3

CT2-2C1 Catalan Qz 27,2

CT2-1B Catalan FQ 25,2

CT3-3B Catalan FQ 23,6

CT3-3C1 Catalan Qz 24,9

CT3-2B Catalan FQ 24,5

CT3-1B Catalan FQ 24,9

CT5-3C1 Catalan Qz 22,5

CT5-3B Catalan FQ 22,2

CT5-2B Catalan FQ 24,9

CT5-1B Catalan FQ 25,2

CT7-C1 Catalan Qz 22,2

CT7-1B Catalan FQ 21,2

CT7-C1 Catalan Qz 22,2

CT7-1B Catalan FQ 21,2

CR2-1C1 Cordillera Qz 25,9

CR3-1C1 Cordillera Qz 26,8

CR4-1C1 Cordillera Qz 26,4

CR4-1B Cordillera FQ 21,9

CR5-1C3 Cordillera Qz 26,7

CR5-1C1 Cordillera Qz 22,2

CR5-1B Cordillera FQ 22,3

CT1-1A Catalan MQ 30,7

CT2-2A Catalan MQ 241

CT2-1A Catalan MQ 31,5

CT3-3A Catalan MQ 24,0

CT3-1A Catalan MQ 29,6

CT5-1A Catalan MQ 29,5

CT7-1A Catalan MQ 28,6

CR1-1A Cordillera MQ 32,1

CR2-1A Cordillera MQ 22,6

CR3-1A Cordillera MQ 25,0

CR4-1A Cordillera MQ 254

CR5-1A Cordillera MQ 29,0
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Figure 6 - The collected samples to oxygen isotope study, including the different siliceous phases and
different filling stages.
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The oxygen isotopic signature obtained on silica minerals from colada Cordillera is
in the range 21.9 to 32.1%o (Fig. 7 g-k). In this flow only one sequence of mineralization
was recognized. Values of 880 for MQ samples are 25.8 + 3.2%o0. On FQ the 8'%0 values
of three samples have a range of 23.25 + 2.05%o. For Qz the values are 24.5 + 2.3%o, while

in Am crystals the values average 28.35 £ 1.7%o.
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Figure 7 - The oxygen isotopic signature measured in each different silica minerals from colada Catalan (CT)
from (a) to (f) and from colada Cordillera (CR) from (g) to (k). Where MQ means microcrystalline quartz,
FQ is fine-grained quartz, Qz is colorless quartz and Am is amethyst.
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Different stages of filling have well-defined characteristics. For the first one, the
880 values obtained on MQ are around 30.5%o. The MQ on the following stages are
lighter, with values around 26.6%o for the second and 24%o for the last one. For fine-
grained quartz (FQ) the same path observed for MQ occurs, with highest 3'°0 values
obtained on the first stage, around 24.78%o., with lighter values on the second and third,
8'%0 around 23%o. The colorless quartz that passes to amethyst variety shows a decrease of
8'%0 values. In the first sequence of filling the results from Qz and Am are the same,
27.2%o. For the second, the values of 5'°0 decrease to 25%o for Qz and a lighter value was
obtained for the Qz on third sequence, with 3'°0 of 23.7%o. In the amethyst, the opposite
behavior is observed, with 5'°0 signatures of 28.4%. on the second, passing to 29.5%o on
the third. In agates from Skeleton Coast (Harris 1989) the highest 3'°0 values were also
obtained on MQ from the rim, equivalent in our understanding to the first stage of

deposition.

Comparable results on both mineralized flows from Artigas suggest that the second
fluid percolation event that deposited the second sequence of filling on geodes from colada
Catalan have similar signature from the first sequence of filling obtained on geodes from

the single sequence of colada Cordillera (Fig. 8).
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Figure 8 - Comparable results obtained on colada Catalan (CT) (a) and colada Cordillera (CT) (b), showing
similar signature and path of isotopic compositions in each different siliceous phase. Numbers on circles
corresponds to different filling stages.

The oxygen isotopic results from Artigas are scattered when compared with the
results for other amethyst/agate mineralized areas. For Ametista do Sul, the signature
obtained on microcrystalline quartz is between 28 to 30.1%o, on quartz from 27 to 30.8%o
and on amethyst from 27 to 34.1%o0 with 7.1%o of difference between these mineral phases

(Juchem et al. 1999). Agates from Skeleton Coast hosted by volcanic rocks from Karoo
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basin studied by Harris (1989) have signature from 22.1 to 28.9%o and quartz from 20.4 to
25.8%o, with 8'%0 variation of 8.5%o. In Artigas mining district the range is 10.9%o.

The 8'%0 of each silica phase is dependent on the 8'°0 of the fluid that deposited
the minerals; the temperature of deposition and the oxygen-isotope fractionation factor
between quartz and water affect 5'°0 values. The fluid that deposited the silica minerals is
assumed to be close to pure water with low salinity, as suggested by fluid inclusion studies
and literature data (Gilg et al. 2003) typical of low-temperature, low-pressure fluids
because these are unlikely to contain dissolved CO, (Roedder 1984). To estimate the
temperature of deposition for the range of 8'%0 values observed in each different silica
mineral, the isotopic fractionation curve for quartz-water of Clayton et al. (1972) was used
[1], where « is assumed to be the fractionation factor. A hypothetical value of 8'*O for the

mineralizing fluid is assumed.
10°.In 0."*0q., = 3.38 (10° T?) - 3.40 [1]

In the isotopic studies in amethyst-bearing geodes from Ametista do Sul mining
district, the value of -5%o is assumed (Juchem 1999; Gilg et al. 2003). This value was
obtained in water inside agate-geodes from Salto do Jacui, Rio Grande do Sul State, Brazil
(Matsui et al. 1974). The Salto do Jacui district is the largest deposit of agate-bearing
geodes in the Serra Geral Formation in Brazil; although no amethyst geodes have been
described there. Values of 8'°0 obtained in Guarani Aquifer System water collected in
wells located on Sdo Paulo state were also used (Silva 1983). The calculated temperatures
assuming different values of 8'°O for the fluid are in Table 3. The value of -3%o was
suggested by Harris (1989) and the value of -9.8%o is for Guarani Aquifer System (Silva
1983). The estimated crystallization temperature range is between 25 to 78°C (Tab. 2),
using for the calculations a fluid with 'O signature of -3%o. For fluids with 'O of -5%o
the calculated temperature varies from 18 to 66°C and for fluids with "0 of -9.8 %o the
temperature are between 2 to 41°C. The estimated temperatures formation using 8'*0 from
present Botucatu waters (Guarani aquifer System) of -9.8 %o will be discarded, because the
temperatures of formation are not reasonable. The 8'*0 isotopes of the fluid at the time of
mineralization are not available, than these approximate values represent only an
approximation of the real value of 8'*O during the filling of the geodes. To better compare
the most important mineralized areas of Ametista do Sul and Artigas, we prefer the use of -

5%o for the estimated calculations temperature. Using this value of -5%o for the fluid, the
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same range of temperature from Ametista do Sul mining district (Juchem 1999) is obtained
in Artigas mining district, from 18 to 66°C, that indicate similar processes involved in

both.

Table 2 — Calculated temperatures for crystallization of silica minerals assuming different values of §'*0 for
the mineralizing fluid.

5180 fluid T max (OC) T min (OC)

-3 %o 78 25
-5 %o 66 18
-6,3 %o 59 13
-9,8 %o 41 2

Note: Tmax and T nin are temperatures
calculated for the range of 80 obtained on
silica minerals show in table 2, calculated using
the equation of Clayton et al. (1972) &s — ow =
(3.38 x 10%) T2 — 2.90 where T is in Kelvins.

In colada Catalan, an increase of estimated crystallization temperature is
systematically observed from MQ to FQ and Qz and than a small decrease in Am (Figs.
9a-f). In colada Cordillera, on the other hand, this pattern is observed only in the samples
that contain FQ crystals (Figs. 9j,k). Two samples with a sequence of MQ-Qz-Am have an
inverse correlation, show a different pattern — temperatures increase from agate to

amethyst (Figs. 9g, h, 1).
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Figure 9 — Estimated temperature of crystallization based on Clayton et al. (1979) fractionation between
quartz and water, 10°. In oclgOQ_W =3,38 (106 T'z) - 3,40, where a. is the fractionation factor. Colada Catalan is
CT (a—f) and colada Cordillera is CR (g — k). Where MQ means microcrystalline quartz, FQ is fine-grained
quartz, Qz is colorless quartz and Am is amethyst.

Isotopic composition of calcite (C and O)

The oxygen and carbon isotope compositions of late calcite (relative to VPDB) are
in Table 1. Four samples with calcite were analyzed for 8"°C and §'°O. Three out of four
samples are from colada Cordillera (has the most calcite) and one from colada Catalan.
The late calcite of colada Cordillera comes from the single stage of filling, whereas calcite
from colada Catalan forms in the second stage. The results of 'O were on VPDB, but to
better compare with the isotopic data available from Ametista do Sul, we used the equation

of Coplen et al. (1983) to transform the VPDB results those of V-SMOW (Tab. 3). The
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values of 8"°C range from -9.23 to -14.93 %o relative to VPDB. The equilibrium
temperatures ranging from 14 to 38°C using the oxygen isotope fractionation equation of

O’Neil et al. (1969) in the system calcite-water [2], where a is the fractionation factor.

10°. In o =2.78 (10° T?) - 3.39 [2]

Using the diagram proposed by Trumbore and Druffel (1995), the values obtained
for 8'°C for Artigas, plot all in the range of fresh water (Fig. 10), although part of volcanic
source is in this range too. The scattered range obtained on samples from Ametista do Sul

(Gilg et al. 2003) is also seen in Fig. 10.

Table 3 - Isotopic signature on VPDB and on V-SMOW for calcite crystals from Artigas. To trabsform the
values was used the equation of Coplen et al. (1983).

S 180 S 180 S 13C
Sample (%0 VPDB) (%o V-SMOW) (%0 VPDB)
CT1-2D -5,03 25,7 -10,47
CR2-1D -5,12 25,6 -14,93
CR4-1D -9,97 20,6 -9,23
CR1-1D -7,34 23,3 -9,09
Artigas
.»;\metislaE do Sul
fossil fuels :
fresh water SCO,
e
marine organic C | i
—_ i atmospheric CO,
land plants i -I_
[ ] mesﬂnes

50il organic C
_ _ shallow ocean SCO,
biegenic i H ||
methane i deep ocean SCO,
= soil Co, i volcanic CO, 1
y =
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5"°C %o

Figure 10 — Modified diagram proposed by Trumbore and Druffel (1995) with the range of the values
obtained for 5"°C for Artigas and the scattered range obtained on samples from Ametista do Sul (Gilg et al.
2003).
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Sulphur isotopes

The isotopic composition of sulphur was determined in bulk rock samples from
both colada Catalan and colada Cordillera. The 8**S values of the analyzed basalt samples
(Tab. 4) are between -14.99 and -0.3%o, with no significant differences between the two
lava flows (Fig. 11). Figure 12 shows the range of 8°*S values of the mineralized rocks
from Artigas compared with materials of different origin (Rollinson 1994). The basalts
from Artigas deviate considerably from the isotope composition of mantle derived sulphur
at about 0 £ 5% (e.g., Ohmoto and Rye 1979; Chaussidon and Lorrand 1990; Hoefs 1977).
Similar to the isotope data the sulphur contents in basalts vary also in a relatively wide
range (67 to 917 pg/g; Table 4). Though strictly speaking sulphur isotope and
concentration data do not correlate, samples with high sulphur contents tend to be coupled

with low 5**S values (e.g., sample CT1 with 917 pg/g S and a 5**S value of -12.1%o).

Table 4 - Isotopic composition and concentration of 5*'S from the host basalt.

8%s STD Concentration
Sample (%0 CDT) (ppm)
Colada Cataldn
CT1 -12,1 0,18 917
PA/Gq 33 -0,4 0,05 207
PA/Gq 34 -7,6 0,29 180
PA/GQ 35 -11.2 23,3 167
Colada Cordillera
PA/Gq 21 -14,99 0,07 n.d.
PA/Gq 23 -3,9 0,12 67
PA/Gq 25 -5,6 0,03 215

PA/Gq 28 -0,3 0,08 117
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Figure 11 - Collected samples from sills from Serra Geral Formation (modified from Nakamura et al. 2003)
and the possibilities of contaminants litologies situated under on the basin. Artigas 8**S signature is plotted

(grey square).
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Figure 12 - Signature range of 5°*S obtained on mineralized rocks from Artigas (black), compared with
geological and extraterrestrial material (modified by Rollinson 1994).

Discussion

The scattered range obtained on 8"%0 signatures on silica minerals represents either
variations in the fluid temperature or different grades of interaction between the fluids and
the affected rock. The heterogeneity on alteration halo around geodes is also indicated by
8°*S data obtained.

Three different temperature ranges were described in the international literature for

the origin of agate and quartz zones inside geodes: (1) precipitation of agate from
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supercritical fluids with temperatures higher than 374°C and quartz crystallization with
temperatures lower than 100°C (Florke et al. 1982); (2) Brazilian agates at <250°C
(Graetsch et al. 1985) and (3) agates from Scotland at temperatures <50°C (Fallick et al.
1985). Of these three proposals, only the temperature range proposed by Fallick et al.
(1985) is plausible for MQ crystallization in Artigas mining district. The 8'°0 data
measured on agates from Scotland (Fallick et al. 1985) range from +20-26%o and the
estimated temperature is ~63°C, using the calibration of Clayton et al. (1972).

In the area of Skeleton Coast, Harris (1989) suggest that the differences around 3%
observed in the oxygen isotopic signature between MQ and Qz are due to boiling
processes, that culminate with the precipitation of MQ in a liquid phase of the fluid and
crystallization of Qz under the vapor phase of the fluid. To support this idea, the author
suggested that the fluid could reach temperatures around 120°C. If boiling processes
occurred, it could be easily recognized in fluid inclusions, as in many kinds of ore deposits
but never described for amethyst in geodes. The presence of hydraulic breccias at the base
of many geodes (Duarte et al. 2005), described as an important process in the epigenetic
model for cavity formation, represents an explosive event in the beginning of the processes
that culminate with the opening of the cavity. But no evidences of boiling processes were
observed in the silica minerals of the Artigas mining district. Juchem et al. (1999) agree
that the variance of 8'°0 is not significant, and suggest that the mineralization of silica
minerals in Ametista do Sul region occurred from a homogeneous fluid in composition and
temperature. For the Artigas mining district, the differences observed of the calculated
crystallization temperature of the sequences in geodes could represent equilibrium
temperatures or different interaction grades between rock and fluid, or new injections of
fluid during the different stages of the filling history.

The different stages of filling in amethyst-bearing geodes yield key information
about the history of the mineralization. With the use of isotopic oxygen data from both
mineralized flows in Artigas, we suggest a correlation between the second stage of filling
from colada Catalan with the first stage of filling from Colada Cordillera. The path of
isotopic oxygen signature observed on samples CT7 and CRS5 is the same (Fig.8a,b).
Epigenetic formation of amethyst-bearing geodes is a new hypothesis and requires testing.
The correlation between isotopic signatures from both mineralized flows in Artigas gives
some information about the epigenetic process. The data suggest that the mineralizing
event occurred in large scale and mineralized the two flows at the same time in sequence

two of silica mineral deposition. The hydrothermal event that deposited the second stage of
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filling in geodes from colada Catalan deposited also the first (and only) stage of filling in
geodes from colada Cordillera. Also the presence of calcite agrees with this correlation.
This mineral only occurs in the second stage in geodes from colada Catalan, but is

common in the single stage in geodes from colada Cordillera.

The main purpose of the sulphur isotopic analyses of the basalts was to put
additional constrains on the models for the genesis of the amethyst filled geodes by
weighing up possible links to processes which caused variations in the isotopic
composition of the sulphur. Different possibilities may be considered to explain the broad
range of relatively low 8*'S values in the investigated basalts: (i) contamination of the
magma or lava by assimilation of external, non-magmatic sulphur; (ii) shifts related to
hydrothermal processes that have affected the lavas, and (iii) isotope ratio variations that
are related to degassing during or after eruption. While recent studies by de Hoog et al.
(2001) suggest that degassing of basaltic magmas generates very little variation in the
isotopic composition of sulphur, the other two alternatives should be considered in more
details.

Crustal contamination appears to be a common feature of continental flood basalts
(CFB) (e.g., Fodor 1987; Gibbson et al. 1995; Reichow et al. 2005) while compositional
variations in the low-Ti Gramado magmas, which host the amethyst geodes, are interpreted
to mainly reflect crustal assimilation (Peate and Hawkesworth 1996). Hence, the deviations
in 8°*S values from a pristine magmatic signature may be well attributed to assimilation of
sulphur from the continental crust during ascent. Though the scarcity of data on the isotope
composition of sulphur in CFB does not allow a generalization, the low-Ti basalts of the
present study are significantly depleted in g compared to sulphur in sills of the Serra
Geral Formation, as reported by Nakamura et al. (2002) (Fig. 11) or in other continental
flood basalts (e.g., -4.7 to 8.5%o in the Siberian trap, Ripley et al. 2003).

More likely the broad range of the 8°*S values (-14.99 to -0.3 %o) and notably the
depletion of the basalts in **S suggests their contamination by sedimentary sulphur later
during their alteration by hydrothermal fluids that mineralized the basalt. The fluid passed
through a thick sedimentary rock pile before reaching the flows to mineralize the rock. The
hydrothermal contamination is supported not only by the stronger alteration of the basalts
in proximity of the geodes, but also by the coincidence between zones of intensive argillic
alteration and low &'S values, like in samples GQ34 and GQ35 (-7.6 and -11.2%o,
respectively) from the colada Catalan or sample GQ21 (-15.0%o) in colada Cordillera. The
low 8°*S value (-12.1%o) of total sulphur in sample CT-1 from the brecciated base of a
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geode, strongly enriched in secondary pyrite (917 pg/kg S), suggests the uptake of
primarily biogenically affected, reduced, sedimentary sulphur by the fluids. The relative
wide range of 8°*S values may reflect variations in the portion of sulphur of magmatic and
sedimentary origin, though the isotope composition of the sedimentary sulphur may also
vary, depending on the possible presence of some **S enriched marine sulfate. The
contribution of microbial processes to the origin of a part of sulphur is supported also by
the low 8"°C values of the late stage calcite precipitated within the geodes (-9.1 to -
15.0%o). Such carbonate, resulting from mineralization of organic matter seems to occur
also in geodes of the Serra Geral Formation, Brazil, where late stage calcite may have 8"C
values as low as —18.7%o (Gilg et al. 2003). We have no data on the isotope composition of
distinct sulphur bearing minerals, but the relatively high 5**S values of gypsum reported by
the same authors of 5.2 to 6.0 %o, reflect the partition of sulphur isotopes between the
reduced and oxidized sulphur species according to the temperature and H,S / sulfate ratio

in the hydrothermal fluid.

Although a comparison between the isotopic composition of the sulphur in the
mineralized and un-mineralized flows would have been relevant, we did not succeed to
extract from a reasonable amount of basalt sufficient sulphur for the isotope analyses, due
to the low sulphur content of the un-mineralized lava flows. But this is a further indication
that the higher sulphur contents of the mineralized flows are due to hydrothermal alteration

by fluids which altered the initial §°*S signature of the rock.

Conclusions

The use of fluid inclusions associated with stable (O, S) isotopic studies suggest
that an aqueous fluid of low salt content and low temperature (~60°C) filled the geodes
with silica minerals and calcite in the Artigas mining district.

The epigenetic model is corroborated by the similarity between the §'*O path and
values obtained in both flows, colada Catalan (flow 2 out of a total of 6) and colada
Cordillera (flow 4 out of 6). In our interpretation, the first sequence of filling in the geodes
from colada Cordillera belongs to the same fluid that mineralized the second stage of
filling of geodes from colada Catalan. The epigenetic model includes large-scale fluid
percolation and the path of 8'®0 observed corroborates the model. The flows were
mineralized at the same time, and the fluid that mineralized colada Cordillera also
percolated colada Catalan and filled the geodes. These data suggest that this fluid

percolation acted during a long time. Previous data of *’Ar->*Ar in celadonite inside geodes
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and in the host basalt point to 40—-60 million years for the filling of the geodes in Ametista
do Sul mining district (Vasconcelos 1998).

The data obtained with isotopic (S and O) and fluid inclusion data support the
source of fluid from the underlying aquifer. Oxygen isotopes on calcite and sulphur
isotopes on bulk rock also indicate that some interactions occurred with the volcanic host

rocks.
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Abstract

The world-class giant amethyst geode mineralization in Artigas, Uruguay, is
investigated, particularly the bulk geochemistry of the rocks and the hydrothermal
alteration mineralogy. The six lava flows have compositions ranging from basalt to
andesite and the two mineralized flows are, number 2 (colada Catalan) and number 4
(colada Cordillera) both with an andesite-basalt composition. Only the high alteration
(L.O.L.) is unique to the mineralized flows, all major and trace elements are comparable,
but every one of the six flows has unique details in the geochemistry. The andesitic flow
number 6 is a stratigraphic guide. Both rock alteration and geode filling formed smectites,
celadonite, silica minerals and zeolites (heulandite and clinoptilolite). The alteration
strongly weakened the rock, because density is lowered, permeability and connected
porosity are increased. The scenario of an intensely altered, weakened rock is adequate for
the formation of the giant geodes and contained amethysts. All indicators support a

hydrothermal origin of the ore.

Keywords: Clay minerals; hydrothermal alteration; amethyst-bearing flows; Arapey

Formation; Artigas, Uruguay
Resumo

Um grande depdsito de geodos de ametista em Artigas no Uruguai ¢ investigado,
particularmente com relagdo a geoquimica de rocha total e a mineralogia formada durante
os processos de alteracdo hidrotermal. Seis derrames afloram na area de estudo e tém
composi¢do entre basalto e andesito. Dentre os seis, dois derrames sdo mineralizados,
sendo o de numero 2 (colada Catalan) ¢ o de nimero 4 (colada Cordillera), ambos com
composi¢ao de basalto andesitico. Somente a perda ao fogo (L.O.1.) ¢ caracteristica para
distinguir os derrames mineralizados, todos os elementos maiores e tracos sdo comparaveis
entre os seis derrames, mas cada um dos derrames possui caracteristicas geoquimicas
distintas. O derrame de nimero 6 ¢ um andesito e pode ser utilizado como guia
estratigrafico. Os processos de alteragdo da rocha e o preenchimento do geodo formam
esmectita, celadonita, minerais de silica e zeolitas (heulandita e clinoptilolita). A alteragdo
modifica a rocha, devido a diminuicdo da densidade e incremento da permeabilidade e da
porosidade conectada. Tais condi¢des sdo favoraveis a formacdo de geodos gigantes
preenchidos parcialmente por ametista e agata. Todos os indicadores sugerem que o

minério tem origem hidrotermal.
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1. Introduction

This is a comparative study of the alteration related to two amethyst-agate-geode
rich andesitic-basalt flows and four flows without such geodes in the Artigas, Uruguay
mining district (Fig. 1). Hydrothermal alteration in agate-amethyst-geode bearing basalt
flows is common in the Parana Basin, and clay minerals such as smectite, celadonite and
zeolites are the most common secondary mineralogy in the mineralized flows. These flows
with and without geodes are exposed in the mines and surroundings of Artigas. The filling
of the geodes hosted by andesitic-basalts are here understood as formed in epigenetic
events (Gilg et al., 2003; Duarte et al. 2007a). However, the formation of the geodes is
under debate (see Duarte et al. 2005; Duarte and Hartmann, 2007a, b, Proust & Fontaine
2007). The main purpose of this study is the understanding of the processes related to the
percolation of hydrothermal fluids through the different flows in the Artigas mining
district, and how these fluids produce these alterations. The investigation is strongly based
on field geology, geochemistry of rocks, electron microprobe chemical analyses of

minerals and x-ray diffraction studies of hydrothermal minerals.

Floriandpolis

358 =
Buenos Aires

Mainly Upper Cretaceous Mainly Paleozoic

Post-volcanic Pre-}rolcanic
sedimentary rocks sedimentary rocks
Precambrian shield
Lower Cretaceous Granites, gneisses,
+ + ¢

Serra Geral Formation ,SChiSl& Seqimems
@%, Artigas - studied amethyst
I silicic volcanic rocks and agate deposits
Basic to intermediate <4 Ametista do Sul

volcanic rocks amethyst deposits

Figure 1- Simplified geological map of Parana basaltic province, host of the giant amethyst geodes. Studied
Artigas mining district indicated, Ametista do Sul also (modified from Gilg et al., 2003).
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2. Geological setting

The volcanic sequence of the Parana Basin is also called the Serra Geral Formation
witch is one of the major continental basaltic flood provinces in the world. The lava flows
poured out during volcanic events between 137 and 127 Ma (Turner et al. 1994). This
occurred in response to the opening of South Atlantic Ocean by the thermal influence of
the Tristan da Cunha mantle plume (Morgan, 1971; Richards et al. 1989; White and
McKenzie, 1989; Ernest and Buchan, 2001), although the character of the plume is under
debate (Marques et al. 1999; Comin-Chiaramonti et al. 2004). The rupture for the pouring
out of the basaltic magma occurred under strong tectonic control with one main direction
of dike feeder systems N45°-65°W (Zalan et al. 1990). The remaining area of the basin is
approximately 1.2 million km? and the volume is over 800,000 km®, with thickness ranging
from few meters to more than 1700 m. The volcanic rocks include mostly basalts and
andesitic basalts (>95 vol%), and rhyodacites and rhyolites are minor (~4 vol%) (Bellieni
et al., 1984). The Parana volcanic rocks have been classified on a chemical basis, also
taking into account mineralogical and petrographic data. The tholeiitic nature of the rocks
is indicated by the common occurrence of coexisting augite and pigeonite, the scarcity of
olivine, the high concentration of Ti-magnetite and ilmenite in the basic rocks, mostly in
the groundmass, the interstitial residual quartz and the presence of intersertal patches of
glassy mesostasis.

Different magmatic types were recognized and two chemical groups were
identified in the Serra Geral Formation (Peate et al., 1992; Hawkesworth et al., 1992; Peate
and Hawkesworth, 1996). These groups are: (1) a low-Ti group that includes the Gramado,
Esmeralda and Ribeira magmatic series and (2) a high-Ti group that includes the Pitanga,
Paranapanema and Urubici magmatic series. The two series are related to the interpretation
of different source for the magmas.

The Spanish term “colada” will be used in this paper to refer to the geode-bearing
flows. Two flows in Artigas, Uruguay, are mineralized with amethyst and agate geodes and
here named colada Catalan (flow 2) and colada Cordillera (flow 4). The geode-bearing
portion is located in the massive, vesicle-free zone of type I flows, described below
(Gomes, 1996).

The colada Catalan (Fig. 2a) is around 30 m thick and displays a thick mineralized
level (up to 10 m). The upper portion of this flow is highly weathered in the mine pit. The
geodes have variable sizes, from centimeters up to meters, and a few geodes are up to

astonishing 5 m in width, with variable oblate shapes as the main characteristic. Many
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geodes show bases which are wider than tall (height rarely above 1 m). In the mining
district, the geodes are mined in the colada Catalan over the entire thickness of the massive
portion of the flow. Underground mining (~50 km south of Artigas) has reached less than
100 m into the wall by December, 2004. The colada Cordillera (Fig. 2b) is thinner (9 m
thick) than colada Catalan and displays cavities with vertical, prolate shapes (up to 1 m
tall). The geode-bearing portion is 2-3 m thick, and the mining operation is underground,

also less than 100 m into the rock.

. underground —<.
mines eritrancej Sufort

geodic level

Cordillera flow

type | flow

__ undergroupds..
7 minesgnttance <

Figure 2 - Mineralized flows (type I) in Artigas. (a) colada Catalan, flow number2, with the upper weathered
portion and the 4 m high entrance to the exploration galleries; (b) colada Cordillera, flow number 4, with the
2 m high entrance to exploration galleries; unmineralized, overlying flow number 5 (type II) also shown with
the vertical cooling fractures.
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3. Structure of lava flows

The structure of lava flows with (tipe I) and without (type II) large geodes in the
Artigas mining district is comparable with mineralized and unmineralized flows in
Ametista do Sul (Gomes, 1996). Both types I and II are now described. The main
difference between type [ and type II flows is their thickness, which imprints different
kinds of cooling structures to the flows. According to Gomes (1996), type I flows
described for Ametista do Sul region are 15 to 35 m thick. The following structures are
present: a basal vesicular zone (centimetric in size), covered by a central massive zone,
with random fractures. The mineralized meter-sized geode zone occurs at the top of this
massive zone. Two to four meter of massive, fractured basalt with widely spaced fractures
follow above. In the upper portion, a vesicular zone, thicker (1-2 m) than the basal zone,
contains cavities filled by zeolites, calcite, quartz and clay minerals (Fig. 3a). Type II flows
(without geodes) are thicker (30-60 m) and have closely spaced subvertical fractures in the
central portion. The lava flow has a 40-100 cm - thick basal level with vesicles filled by
calcite and quartz. Above, there is a massive (vertically fractured) portion which can be
subdivided into three zones. A lower colonnade portion has vertical, planar fractures that
form long, pentagonal or hexagonal prisms. In the middle there is a 30 m - thick portion
called entablature zone, characterized by vertical, irregular fractures. In sequence, an upper
colonnade zone occurs, comparable to but thicker than the lower colonnade. The
uppermost zone of the type Il flow contains many 1-10 cm sized vesicles filled with quartz,
zeolites, calcite and clay minerals of the smectite group (Fig. 3b). The thicknesses of each
vesicular and inner portion of the type I and II flows are related to the total thickness of the
flow as the proportions between the different portions are maintained.

Mineralized type I flows (Gomes, 1996) in Artigas are 9-30m thick. In the mine pits
it is possible to observe the central geode-bearing zone, and the upper vesicular zone of a
flow. Type II flows are thicker, around 25-50 m (Long and Wood, 1984; Gomes, 1996)
and display vertical jointing of colonnade and entablature types. The presence of such
structures can be well observed in flow number 5 of the colada Cordillera mine pit. Upper

and lower vesicular levels are present in both types I and IL.
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Figure 3 - Cooling structure of lava flows from the mining districts. (a) Type I described by Gomes (1996);
(b) Type 11, also named by Gomes (1996) and following previous description by Long and Wood (1986); (c)
Type I flow, as proposed in this investigation, before the formation of the geodic zone.

Based on field evidence, such as hydraulic breccia (Fig. 4a, b), we propose that the
geode zone in the massive central portion was formed after the lava cooling. For instance,
Duarte et al. (2005) interpreted the geode zone of type I flows formed at epigenetic
conditions and not by rising and coalescence of immiscible bubbles during lava cooling, as
proposed by Gomes (1996) and Proust & Fonatine (2007). We propose that type I flow for
Artigas, without the geode zone after cooling (Fig 3c).
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Figure 4 — Hydrothermal breccia features in Artigas. (a) pilar of hydraulically fractured basalt displaying jig-
saw structure in places, cemented by zeolites (clinoptilolite + heulandite) + calcite (Photo by Gustavo
Amorim Fernandez); (b) explosive, hydraulic breccias at the base of giant geodes from Artigas, very coarse
(up to 1 m) breccia blocks of basalt covered by agate and amethyst; giant (1 m tall) geode above this base
was broken off.
4. Analytical methods

Field work was done in the mining district and in several other portions of the Serra
Geral Formation to investigate the geological controls of the mineralization and the overall
geology of the lavas flows, adding to a total of 10 days in the Artigas district and 20 days
in the basaltic province. Thin-sections from the studied flows were analyzed with an
electron microprobe (EPM Cameca SX-100) at Universitdt Stuttgart using routine work for
silicates with 15 kV of accelerating voltage, 15 nA of beam current and beam size around 1
um. For the secondary/alteration mineralogy, mostly clay minerals, the EPM work was
undertaken with a lower beam current of 10 nA and beam size around 4 um. In addition to

wavelength disperse measurements the EPM investigation included the use of an energy-

dispersive system and back-scattered electron images. The secondary mineralogy/alteration
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material was also analyzed by X Ray Bruker-AXS D8 Advance® equipped with a Cu tube
and secondary graphite monochromator, equipped with Co Ka radiation, 40 kV and 40 nA
at Universitét Stuttgart. Bulk samples were analyzed to test the presence of clay minerals.
These minerals were separated into <2um and >2 um fractions by centrifugation and
sedimentation techniques. Air dried (AD), ethylene glycol solvates (EG) and heat (300°C)
specimes were prepared for 40 samples from the studied flows. Minerals from all these
samples were analyzed by electron microprobe.

Bulk rock chemical analyses were performed by ACME Laboratories, Canada.
Major and trace elements and REE were determined by inductively coupled plasma.

Petrophysical experiments were done at geophysical branch of the institute of
Geology, Mineralogy and Geophysics at Ruhr-Universitit Bochum. Permeability and
connected porosity were determined on geode-bearing rocks from Artigas mining district.
The permeability was tested from gas flow experiments. The connected porosity was

obtained under water saturation.

5. Geochemistry

In the Artigas region, six lava flows (Fig 5 a,b) occurring as subhorizontal units
with variable thicknesses (9-50 m) were mapped. The studied flows are basalts, andesitic
basalts and andesites (Table 1), based on the TAS diagram of Le Bas et al. (1986).
Representative bulk rock chemical compositions, of these lava flows analyzed, are listed in
table 1. The flows are of the low-Ti series as the TiO, content clusters around 1.0 and 1.3
wt.% (Fig 6a). A group of low Ti content (~1 vol%) is more abundant than an intermediate
Ti members of 1.5 to 2 wt.% Ti. The Ti poor group is among the basalts with the lowest Ti
contents analyzed in the Parand province (Fig. 6a) according basin-wide data from
Nakamura et al. (2003). The ratios Zr/Y (5.0 — 6.5) and Ti/Y (<300) in the six flows are
similar to the Gramado magma type, whereas the ratio Ti/Zr (<60) marks the difference
between flows 1, 3 and 5, which are similar to the Esmeralda magma type (Fig. 7). Both
mineralized flows (coladas Catalan and Cordillera) can be related to the Gramado magma
type. In the Ametista do Sul mining district, the geode-bearing flows are Paranapanema
magmatic type (Gomes 1996), indicating that geode-filling and formation do not correlate
with the magmatic type. Strong crustal contamination of the Artigas mining district basalts

is indicated by the ratios Gd/Yb and Th/Nb (Fig. 6b).
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Figure 5 - Representative stratigraphy of volcanic rocks in Artigas mining district. The data available are

about the bulk rock major and trace elements analyzed, with the correspondent structure described in each

flow. The black circles correspond to the sampled portion. Not in scale.



Table 1- Bulk rock chemical composition of selected representative samples of the studied lava flows in
Artigas mining district. Total Fe content is indicated as Fe,O;.

Sample PA-Gq-42 PA-Gg-35b PA-Gg-30a PA-Gg-23b  PA-Gg-5 PA-Gg-17
Rock andesitic basalt andesitic basalt andesitic basalt andesitic basalt  basalt andesite
Flow 1 Catalan 3 Cordillera 5 6
SiO, 52.57 49.69 51.21 53.14 51.54 56.95
TiO, 1.14 1.83 0.93 1.11 1.1 1.5
ALOs 13.9 13.21 14.33 13.58 13.98 12.67
Fe 05 (t) 12.75 15.16 10.62 12.94 12.56 13.11
MnO 0.17 0.25 0.15 0.19 0.19 0.17
MgO 5.96 3.25 6.9 4.84 6.53 3.04
CaO 9.45 7.01 10.73 8.85 10 6.52
Na,O 2.24 2.03 2.08 225 2.23 2.57
K,O 1.27 1.19 0.48 1.69 1.14 2.16
P,0s 0.15 0.24 0.09 0.15 0.14 0.23
LOI 0.2 59 23 1.2 0.4 1
Total 99.8 99.76 99.82 99.94 99.81 99.92
Ba (ppm) 262.3 412.9 186.1 275.2 238.3 429.5
Co 46.4 39.5 423 42.5 41.2 38.8
Cu 25.90 96.00 93.70 87.10 58.80 135.20
Ga 18.6 234 17.8 19.1 18 20.8
Nb 8.8 152 5 9.2 7.1 13.8
Ni 22.3 5 15.4 17.6 17.4 10.1
Rb 452 48.6 18 61.3 40 80.1
Sr 2113 269.2 214.9 212.5 207.2 191.1
\% 346 451 279 338 316 396
Y 26.8 40.4 20.6 26.1 25 41.2
Zn 41 124 26 52 30 55
Zr 1183 208.1 80.7 125.7 101.5 184.7
La 18.7 33.6 10.5 17.9 15.6 31.5
Ce 37.6 70.3 245 38.0 32.7 60.8
Pr 4.6 8.6 2.9 44 3.9 7.6
Nd 20.3 353 11.9 17.5 16.4 28.6
Sm 42 7.6 2.9 4.2 42 6.3
Eu 1.2 1.9 1.0 1.2 1.2 1.7
Gd 4.8 7.3 33 44 4.5 6.4
Tb 0.8 1.3 0.5 0.8 0.8 1.2
Dy 4.5 6.8 3.6 4.7 4.6 7.4
Ho 0.9 1.4 0.7 0.9 0.9 1.3
Er 2.7 4.1 1.8 25 24 3.8
Tm 0.4 0.6 0.3 0.3 0.4 0.6
Yb 2.6 3.7 1.8 2.1 23 33
Lu 0.3 0.6 0.3 0.4 0.3 0.5
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Figure 6 — Chemical classification of the volcanic rocks from Artigas, according to Peate et al. (1992). (a)
TiO, versus MgO diagram discriminating the Low-Ti and High-Ti groups; (b) Gd/Y versus Th/Nb to
correlate source and processes to the magma type. The grey lozenge is the basin-wide data from Nakamura et
al. (2003).
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Figure 7 - Variation diagrams representing the magmas types of low-Ti magmatic group according to Peate et
al. (1992). (a) Ti/Zr versus Zr/Y; (b) Ti/Y versus Sr.

The chemical composition of the six lava flows collected along stratigraphy of the
district is displayed in Figure 3, which shows on the left the altitude of each sampled
outcrop and number of analyzed samples (not to scale); the main structure is also indicated.
The two geode-bearing flows show high L.O.I. (loss on ignition): colada Catalan near 4%
L.O.L, colada Cordillera near 2% L.O.L.. Flow number 3, which is positioned between
these flows, showed, in fact a high L.O.I. near 2% as well, but the corresponding samples
were collected from the upper vesicular portions; samples from the central portion have
lower LOIL.. High L.O.I. indicates high intensity of fluid percolation and related rock
alteration in all three flows (numbers 2, 3 and 4). All other three flows have low L.O.I.
below 1% and are accordingly less altered.

The Na,O remains constant in the altered, mineralized flows, and this is in
agreement with the stability of igneous plagioclase as seen in petrographic investigations.
The NayO is similar for all flows (~2.3 wt.%). Thus, Na,O is not indicative for alteration.

Flow number 6 is an andesite and its chemistry is different from all other five flows, which
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are basalts and andesitic basalts. This makes flow number 6 an important stratigraphic
guide, because it can be used for correlation purposes. It forms the Cordillera de Belén in
the southern portion of the mining district and corresponds to the topographic high of the
region near 320 m.

Flow number 3 was identified in the field as a single volcanic unit, but its chemistry
is more variable than that of other flows. Two samples in the middle of the flow have
consistently different chemistry from the other samples. For instance, the two samples have
lower Al,O3, MgO, CaO and consistently higher Fe,0s, K,0O, TiO,, U, V, Zr, Y and Rb.
Although additional detailed field work may show that the two samples belong to different
intercalated flows, we prefer to relate them to flow 3. This is, for instance, supported by the
contents of Cr,O3 and P,0:s.

Irrespective of hydrothermal alteration, the chemistry of each individual flow is
rather distinctive; hydrothermal alteration did not alter significantly the major and trace
element chemistry of the rocks. Mobile elements, such as Rb, show large differences
between samples from the same flow. This can be seen in samples 1, 2, (colada Catalan), 3
and 4 (colada Cordillera). But the Rb content is persistently homogeneous in samples from
little altered flows number 5 and 6. In the most intensely altered flow 2 (colada Catalan),
K>0, Al,O3 and SiO, are also variable. No indications were found that mobile elements
migrated outside of the flow 2.

The mobilized elements were probably redistributed among newly-formed
minerals, such as smectite, zeolites, quartz, chalcedony and amethyst. All analyzed
samples from flow 2 are from the geode-bearing horizon, because the upper amygdaloidal
portion is intensely weathered (Fig. 2) and the lower portion is not exposed.

Less mobile elements, such as Cr, P, Y, Zr, Ti, Th, Nb and Hf remain constant in a
single flow, even in flow 2 (colada Catalan). The intense hydrothermal alteration did not
mobilize these elements. They are thus the best fingerprint of every individual flow. By the
determination of the content of these trace elements in a basaltic rock, either altered or
unaltered by hydrothermal fluids, the individual flow can be identified. For instance the
contents of TiO,, P,Os, Th, Y, Hf and Nb are nearly identical in flows number 4 and 5, but
these two flows can be readily distinguished from the Cr,O;3 content that are different.
Moreover, slight but systematic differences between these flows exist for concentrations of
CaO and Zr.

Such chemical criteria can be useful for the correlation of flows within the Parana

basaltic province to discover new amethyst geode deposits. However as the geode
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formation is probably epigenetic is it controlled by the thickness of the flow. But the
thickness seems to remain constant over long distances in the same region. For instance,
colada Catalan is rather geochemically distinct (see MgO, CaO, TiO,, P,0s, Cr,03, Ba,
Ga, Hf, Nb, Sr, Ta, Th, U, V, Zr and Y) from all other flows including colada Cordillera.
On the other hand, colada Cordillera shows a geochemical composition similar to the other
flows for most elements. This had been noted by Gomes (1996) for the Ametista do Sul
mining district. It is a strong indication that the processes responsible for the geode

formation are epigenetic and based more on physical than chemical processes.

6. Petrography and mineral chemistry

The rocks from the Artigas mining district, in the Arapey Formation flow sequence,
are mainly aphyric to subaphyric. These rocks show holocrystaline and hypocrystaline
textures with phenocrysts and microphenocrysts of plagioclase (Ansoz9) and
clinopyroxenes (augite Wo20.49 and pigeonite Wo7.15) (Fig. 8) ranging in size from 0.2 - 0.5
mm. The phenocryst content is normally below 5 vol% in rocks with porphyritic to
glomeroporphyritic texture. The groundmass is formed of intersertal material,
characterized by randomly oriented laths of plagioclase where the wedge-shaped interstitial
space between the feldspars is filled by residual glass, normally a brownish devitrified
material. Clinopyroxenes enclose laths of plagioclase, typically in the central portion of
thick lava flows. Scarce interstitial quartz, accessory apatite and few skeletal oxide crystals
are present. Interstitial glass crowded of plagioclase and clinopyroxene crystallites is an
important phase in hypocrystalline varieties.

The cooling rates of thick type II flows causes coarser-grained texture (0.5 mm
average grain size) and a higher degree of crystallization in the inner portion of the flow
than in type I, which is typically very fine grained (<0.1 mm) and hypocrystalline. The
alteration process recognized in type I flow by hot aqueous fluids is favored by this fine
grained texture and glass-rich sites. The clay content in type II flows is accordingly lower

than type I flows and sometimes not present.
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Figure 8 —Feldspar and pyroxene classification diagrams displaying selected chemical analyses and textural
appearance for each flow in Artigas mining district. (a) feldspar composition from flow number 6; (b)
pyroxene composition from flow number 6; (c) BSE image of a typical texture from flow number 6,
showing zoned pyroxene crystals (bright) and K-rich feldspar rims (bright gray) around plagioclase (dark
grey); (d) feldspar composition from flow number 5; (e) pyroxene composition from flow number 5,
showing narrow fields of augite and pigeonite composition; (f) BSE image with the typical texture from
flow number 5; notice two pyroxenes, augite and pigeonite (more altered), as well as, fresh feldspar,
enclosing a glassy, unaltered mesostasis; (g) feldspar composition from colada Cordillera; (h) pyroxene
composition of colada Cordillera, with less abundant pigeonite; (i) BSE image of mineralized zone of
colada Cordillera, with fresh feldspars andmlittle altered pigeonite; (j) feldspars composition from flow
3; (k) heterogeneous compositions of pigeonite and augite; (1) BSE image of representative texture of
flow 3, with microphenocrysts of plagioclase, altered pyroxene and mesostasis, with a considerable
content of neoformed clay minerals in the mesostasis sites; (m) feldspar composition from colada
Catalan, the K-feldspars are in the mesostasis as very small crystals; (n) pyroxene composition of colada
Catalan, with smaller volume of crystals with pigeonite composition, altered to clay minerals, as can be
observed in (o) in the BSE image, where fresh feldspar and augite are present in a newly formed matrix
composed of clay minerals of the smectite group; (p) feldspar composition of flow number 1, with the K-
rich feldspars on the rims of plagioclase; (q) augite and pigeonite with a wide range of compositions
from flow number 1; (r) BSE image of a typical flow number 1 texture; notice the K-rich rims and a
unaltered mesostasis. pl = plagioclase, ag = augite, pg = pigeonite, Kf = K-feldspar, sm = smectite
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6.1 — Primary minerals

Among the primary minerals in the investigated basalts are augite and pigeonite
(Tab. 2), which occurs either as small crystals in the matrix or as phenocrysts and/or
microphenocrysts, normally strongly zoned. Some laths of plagioclase phenocrysts are may
be enclosed by aggregates of small augite crystals constituting a glomeroporphyritic
texture. The pyroxene composition is variable both in augite Woyo.39 and pigeonite Wo7.15

(Fig. 8). The clinopyroxenes are heavily altered to clay minerals, mostly smectite group.

Table 2 — Representative pyroxene composition in the Artigas mining district.

augite pigeonite augite pigeonite augite pigeonite
SiO, 49.79 50.99 50.613 50.701 50.855 50.99
TiO, 0.781 0.334 0.712 0.327 0.727 0.394
ALO; 2.09 0.862 1.963 0.809 1.886 1.232
Cr,03 0.05 0.02 0.053 0.016 0.057 0.026
FeO 13.69 23.60 12.82 23.82 13.37 23.85
MnO 0.278 0.616 0.328 0.535 0.288 0.544
MgO 12.82 18.86 15.65 18.76 15.15 17.48
CaO 17.78 4.05 17.60 427 17.74 4.85
Na,O 1.20 0.03 0.25 0.09 0.21 0.24
K,0 0.06 0.02 0.03 0.00 0.01 0.02
Total 100 100 100 100 100 100
Fe(ii) 0.27 0.69 0.29 0.67 0.33 0.71
Fe(iii) 0.16 0.06 0.11 0.09 0.09 0.05
Fe2/(Fe2+Fe3) 0.63 0.92 0.71 0.88 0.78 0.93
Fe3/(Fe3+Fe2) 0.37 0.08 0.29 0.12 0.22 0.07

Calculated based on 6 oxygen

Wo 36.62 8.24 35.19 8.63 35.63 9.98
En 36.75 53.39 43.56 52.83 42.35 50.07
Fs 22.17 38.27 20.35 38.21 21.26 39.04
Ac 4.46 0.10 0.90 0.32 0.76 0.91

Primary feldspars are plagioclase, occurring as fine crystals in the groundmass and
also as phenocrysts (Tab. 3). The rocks in the Artigas mining district have lath-shaped
plagioclase enclosed in pools of devitrified (intersertal) glass, and show an overall
compositional range of Anso7o (Fig.8). Phenocrysts are discontinuously zoned, having a
homogeneous core mantled by an oscillatory sodium-rich rim. In some flows the rims of
feldspar crystals are occasionally corroded by residual liquid, in a late magmatic stage. K-
feldspars occur as rims on plagioclase, formed in the late magmatic stage and also as laths
in interstitial residua. K-feldspar is more abundant in flows number 1 and 6, but it also
present in flows number 2 (colada Catalan) and 5 (Tab. 3).

In the mineralized flows, colada Catalan and colada Cordillera, the primary
mineralogy is significantly altered by the hydrothermal fluids. In most cases, however,

feldspar is fresh, whereas the clinopyroxenes are intensely replaced, preferably, pigeonite.
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In figure 8, the BSE images show a decrease of pigeonite content in the mineralized
flows. In an altered basalt breccia at the bottom of a geode, clinopyroxene is absent,
plagioclase is partly corroded, with euhedral shapes still present, and a newly generated

silica-rich groundmass is present, with more than 75% of SiO, content is present (Fig. 9).

Figure 9 — Back-scattered electron images of the breccia in the bottom of a geode. (a) pieces of altered basalt
from the breccia in the bottom of a cavity showing well defined limits. The basalt pieces are cemented by
smectite and zeolites (clinoptilolite and heulandite); (b) the altered basalt blocks within the breccia, only
plagioclase is unaltered; (c) representative chemical composition of the Si-rich mesostasis in the core of
small pieces of altered basalt. pl = plagioclase, heu = heulandite, Cpt = clinoptilolite, ch =chalcedony.
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6.2 — Minerals formed by alteration processes

The x-ray diffraction pattern obtained on bulk rock samples of the entire of the
entire rock pile from Artigas shows differences (Fig. 10). In the six lava flows, clay
minerals formed by alteration are absent in the two top flows. In flows number 1, 2 (colada
Catalan), 3 and 4 (colada Cordillera) there is significant smectite content (Tab. 4)
represented by reflections at 6°20@ in the bulk rock XRD pattern. In flows 5 and 6, situated
on top of the rock sequence, smectite seems absent in the XRD pattern. Alteration occurs
in both types I and II flows. The difference between the flows, however, is the alteration

intensity.
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Figure 10 — XRD patterns representative of the bulk rocks from Artigas mining district. (a) flow number 1;
(b) colada Catalan; (c) flow number 3; (d) colada Cordillera; (e) flow number 5 and (f) flow number 6. Grey
rectangle indicates on the XRD patterns the distinctive clay mineralogy of the first four flows.

Mineralized type I flows have high content of clay minerals in the matrix of the
rocks. In the most intensely altered zones, about 60 vol% of clay mineral content is
observed. According to the behavior during saturation with ethylene glycol and heating to
300°C, the clay minerals belong to the smectite group. Pigeonite is most intensely altered
to smectite, followed by the alteration of augite and glass-rich sites.

A relation between clay mineralogy and the alteration grade was observed in the
colada Cordillera, that we sampled from the bottom to the top, including the upper and
lower vesicular portion and the massive and mineralized zone in the center. In the most
intensely altered zones of this flow, celadonite + smectite are present (Figl1), particularly
in the upper vesicular zone and the mineralized zone. In contrast, in less altered zones, only
smectite is observed. Celadonite is obviously formed when the fluid intensely leaches the

potassium (K) from the glass or mesostasis.
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Figure 11- XRD pattern of clay minerals of a vertical section from colada Cordillera, where grey pattern is
air-dried and black pattern after ethylene glycol treatment. (a) upper vesicular zone, with representative peak
of smectite clay minerals and celadonite; (b) top of the geode zone, with smectite peaks; (c) geode zone, with
smectite and celadonite peaks; (d) geode zone with smectite; (¢) geode zone with representative smectite
peaks; (f) bottom of the geode zone with smectite pattern.

The hydrothermal mineralogy of basalts from the Serra Geral Formation have been
studied in unmineralized regions (Schenato et al., 2003) and also in Ametista do Sul
mining district (Scopel 1997, Gomes 1996).

The presence of randomly interstratified chlorite-saponite indicates temperatures
between 200-270°C (Scopel 1997, Gomes 1996). This is not detected in the mineralized
and unmineralized flows from Artigas but is identified by Scopel (1997) and Gomes et al.
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(2000) in the mineralized and unmineralized flows from Ametista do Sul. Gomes et al.
(2000) and Schenato et al. (2003) consider the presence of this mineral as evidence for the
alteration of the primary mineralogy by the residual magmatic fluids during the cooling of
the lava. For these authors, saponite indicates an interval between 100-200°C; while
celadonite plus zeolites are stable around 100°C. The temperature estimated for celadonite
crystallization is only 50°C (Odin et al. 1988). Celadonite is absent in type II flows in the
Ametista do Sul region (Gomes et al., 2000). In Artigas, the same situation is observed;
with celadonite only present in the most altered zones in mineralized type I flows.

Only three out of six flows contain zeolite, including, flow 2 (colada Catalan), flow
3 and flow 4 (colada Cordillera). Zeolites in these flows are high Ca species (Fig. 12), of
clinoptilolite and heulandite types (Fig. 13) based on chemical composition and habit.
These zeolites occur in fractures, vesicles and as cement of the breccia. In the
unmineralized flow 3, clinoptilolite only occurs as vesicle filling in the upper vesicular
zone. In the mineralized flows, zeolites are important in the epigenetic mineralization
processes, as cement of the hydraulic breccias (mostly clinoptilolite) and fractures
(exclusively clinoptilolite) in the mineralized zones. Vesicles contain, in colada Cordillera
mineralized flow, clinoptilolite as filling. In the lower vesicular zone clinoptilolite and
heulandite are recognized. In the colada Catalan, vesicles are filled by clinoptilolite in the
mineralized zone, the same that Cordillera, but with wide range of (Ca+Mg)/(Na+K) ratio
(Fig. 13). The variance could represent the variance in Na and K contents (Pe-Pipper,
2000) in the mineralizing fluid influenced by temperature variation (Pe-Pipper & Miller,
2002).
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Figure 12 - Plots of zeolite compositions in terms of (Ca+Mg) — Na — K (electron microprobe data). (a)
zeolite composition from vesicles of colada Catalan, similar composition can be observed as filling fractures
in same flow in (b); (c) zeolites found as breccia cement are less calcic in colada Catalan; zeolites from
vesicles in the mineralized zone (d) and as filling of vesicles of the lower vesicular zone (¢) have similar
compositions; (f) zeolites filling vesicles in flow number 3 have similar composition to the zeolites of colada
Catalan.
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Figure 13 — Plots of Si/Al versus (Ca + Mg) / (Na + K) for zeolite-group minerals (electron microprobe data)
to distinguish between clinoptilolite and heulandite.

7 - Petrophysical characterization

To test how the secondary mineralogy changes the characteristics of pristine basalt,
petrophysical experiments were done in altered andesitic basalt from colada Catalan. This
is sample PA/Art - 2 and was collected in contact with a geode. The clay content is high,
more than 60% and smectite is identified by XRD and microprobe analysis.

Density of pristine basalt is around 2.89 g/cm’. In contrast the values obtained for
the probe sample (PA/Art - 2) are only 2.25 and 2.30 g/cm’. Also the permeability and the
connected porosity are high. The value of 10™'* (m?) was obtained for permeability (Fig.
14) using gas flow experiments, while a value of 0.15 for the connected porosity. These
properties make clear the intensely altered state of the studied samples, as also seen in the

petrographic and chemical studies.
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Figure 14 — Density (kg/m®) versus permeability (m”) on the probe sample PA-Art 2, collected in contact
with a geode from colada Catalan and representative of the extreme alteration of the rock into clay minerals.
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8- Discussion and Conclusions

The world-class Artigas mining district produces giant amethyst geodes (and agate
geodes) highly prized by collectors and industry. Open-pit mining has evolved to shallow
underground mining, and this exposed the rocks and ore to close examination.  As
discussed previously (Duarte et al., 2005) the origin of the geodes is not syngenetically
linked to the degassing of the basaltic lava at temperatures above 1150°C but related to
epigenetic processes at much lower temperatures below 200°C. The hydrothermal
alteration of the rocks is directly related to the origin of the ore.

The bulk rock geochemistry of the six lava flows shows the presence of basalts,
andesitic basalts and andesite members in the flow stack. The andesite is geochemically
distinct and can be used as a stratigraphic guide. The remaining flows have similar
contents of some elements (e.g., Na,0), except for the mineralized colada Catalan which is
rather distinctive.

Trace element composition can be used to identify each individual flow. This is an
important result of this investigation, because it can be used to trace single mineralized
flows in the mining area.

The chemical composition of the mineralized flows itself, however, cannot be used
as a guide to the identification of the mineralized flows, because no geochemical marker
has been identified.

The mineralized flows have high L.O.I. compared to the other flows being an
indication of hydrothermal alteration related to the mineralization process. The percolation
hot aqueous fluids in the Artigas mining district altered distinctly the type I and II flows.
Also, various intensities of alteration are recognized in type II flows below and between
the mineralized coladas Catalan and Cordillera, compared with the type II flows on the top
of the sequence. Alteration caused by magmatic fluids also happens and should be
distinguished from the alteration caused by foreign fluids.

The occurrence of celadonite is restricted to the mineralized zones and in the upper
vesicular zone, suggesting that this alteration material needs high fluid flow to leach the
potassium from the interstitial material. The hydrothermal percolation appears to be active

during the extrusion and after the cooling of the four first flows.

The high smectite content in the mineralized areas is in agreement with the
presence of geodes. Hydrothermal alteration in basalts is common, but very intensive
alteration leading to a smectite content of 60 vol% and to celadonite formation, may be

indicative for flows containing amethyst-bearing geode.
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The intense alteration of the mineralized rocks to form smectite, celadonite, zeolites
and chalcedony caused strong modification in the petrophysical properties as described
above.

The presence of Ca-zeolites in only three of six flows indicates the activity of hot
aqueous fluids in a specific period in the beginning of the volcanic history of the Artigas
mining district. Ca-zeolites can crystallize out of aqueous fluid at temperatures between
150-225°C (Pe-Pipper & Miller, 2002). The same three flows are also strongly altered to
smectites, whereas the flows in the top of the volcanic sequence are less altered. This
indicates that the hydrothermal process, particularly the fluid flow, was more intense in the
beginning stages of volcanism and waned after extrusion and alteration of flow number 4.

Contrasting structures of the central portion of flows result in different texture and
permeability. Type I flows have low permeability while type II have high permeability.
The flow of the hot aqueous fluids through these different flows caused different alteration
grades because the time of rock-fluid interaction is specific for each case. The permeability
in micro-scale of type I flows is governed by intersertal glass material and the interstitial
open pores in the diktytaxitic textures of the hypocrystalline varieties of the basalt flows
from Artigas. The texture identified consists of a network of crystals, mainly plagioclase
laths and clinopyroxenes enclosing angular open cavities. As proposed by Fuller (1938),
expanding volatiles expelled from residual liquid leave an open network of crystals; vapor-
driven filter-pressing has also been proposed for silicic magmas (Sisson and Bacon, 1999).
This permeability of these flows reinforce the interaction between circulating hydrothermal
fluids and the development of large alteration processes in the mineralized flows from
Artigas mining district.

The high permeability obtained under gas flow experiments in the altered basalt,
from colada Catalan, could be due to the high clay content. Under dry conditions, smectite
shrinks and forms cracks in the rock fabric which could be the responsible for the
measured high permeability. The connected porosity of 0.15([1¢,%) is representative of the
alteration mineralogy, because the value in a fresh basalt in close to zero. The differences
observed in the petrophysical characteristics of the rock are the result of the highest
alteration grade by hot fluids during the mineralization processes.

The following conclusions are reached in this study:

1. The mineralization is not related to the chemical composition of the host rock;
2. The only geochemical criterion that is unique to the mineralized flows is the high

L.O.I. (>2 wt.%, vesicular portion excluded);
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3. Hydrothermal alteration is closely linked with the mineralization processes;

4. The alteration mineralogy consists essentially of smectite, celadonite, zeolite
(heulandite and clinoptilolite) and silica minerals;

5. The same alteration minerals are present in the altered rock and in the geodes;

6. Alteration minerals indicate hydrothermal fluids between 50-200°C;

7. The alteration of the rock modifies significantly the petrophysical properties of the
mineralized andesitic basalts, particularly the permeability and connected porosity,
and this favors the flux of fluids;

8. Basalts, andesitic basalts and andesite are present, but flow number 6 (andesite) is
the most significant stratigraphic guide, because of its markedly different
chemistry;

9. All other five flows can be identified from chemical analyses, but detailed

observation of trace element composition is required.
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DISCUSSAO E CONCLUSOES

O distrito mineiro de Artigas, no Uruguai, compreende intmeros locais de
exploragdo de geodos parcialmente preenchidos por ametista e agata, hospedados em
basaltos andesiticos, da Formacao Arapey. A Formacgao Arapey € equivalente 8 Formagao
Serra Geral.

Historicamente os depositos de ametista em geodo em basalto vém sendo descritos
como formados pela coalescéncia de fases gasosas em estdgio magmadtico. O
preenchimento das cavidades ¢ contraditorio, sendo que alguns trabalhos sugerem fontes
externas (Gilg et al., 2003) e outros sugerem fluidos do proprio magmatismo como fonte
de silica dos geodos (Scopel et al., 1998; Proust & Fontaine, 2007a,b).

O modelo de mineralizagdo € proposto para a area-piloto do Distrito Mineiro de
Artigas (Distrito Gemologico de Los Catalanes), onde foram descritas e estudadas as
feicdes que caracterizam o modelo epigenético. Estruturas semelhantes foram reconhecidas
no distrito mineiro de Ametista do Sul (Brasil) e em Idar-oberstein (Alemanha).

A principal evidéncia de processos epigenéticos sdo brechas e fraturas hidraulicas
relacionadas aos geodos. A brecha na base dos geodos e nos canais de percolacdo de
fluidos engloba blocos de rocha cimentados por Ca-zeolitas (clinoptilolita, heulandita) +
calcita + calceddnia. Esta fei¢do sugere que a cavidade foi formada apos a solidificagdo da
lava. O fluido hidrotermal causador da explosdo hidraulica ¢ aquoso e deve ter atingido o
horizonte a ser mineralizado a uma temperatura <200°C, indicada pela mineralogia.

O modelo inclui migracdo de fluido hidrotermal de um aqiiifero subjacente
(aqiiifero na Fm. Botucatu) e percolagdo deste fluido pelo pacote vulcanico. O aqiiifero
fraturado formado pelas rochas vulcéanicas funciona como um aquitardo. O fluxo de fluido
entre estas duas unidades, da sedimentar para a vulcanica, persiste até os dias de hoje por
artesianismo. O fluido metedrico mineralizante ¢ trapeado pelos derrames do tipo I, com
baixa permeabilidade na sua zona central. A estrutura de resfriamento do derrame ¢ ponto-
chave para que ocorra a mineralizagdo. Somente em derrames macicos na parte central, ¢
que o fluido alcanca as condigdes necessarias de pressao de vapor para explodir a rocha, ou
seja, supera a pressdo exercida pela coluna de rocha acima e a explode, gerando assim
canais de percolacdo que geram uma permeabilidade secundaria no horizonte macico.

A idéia é de que o fluido tenha sido trapeado pelo ultimo derrame, depois de
solidificado, no topo da pilha vulcanica a época do vulcanismo. No caso de Artigas, dois

derrames sdo mineralizados, denominados de colada Catalan e colada Cordillera. Estes
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dois derrames t€m espessuras distintas, aproximadamente 30 ¢ 9 m, respectivamente. A
base do horizonte mineralizado est4 a aproximadamente 20 m de profundidade a contar do
topo da colada Catalan e a aproximadamente 5 m do topo da colada Cordillera. A pressao
litostatica exercida por uma coluna de basalto de Sm ¢é de 1,2 atm, enquanto 20 m exercem
pressdo de 5,5 atm. A pressdo de vapor de agua em fluido aquoso entre 100-150°C ¢ a
mesma que a exercida por 5,0 e 20,0 m de rocha basaltica. Para que o processo de explosdo
ocorra, a condicdo necessaria ¢ ndo ter o derrame de lava seguinte, o que aumentaria a
pressao litostatica e impediria a condig@o de overpressure do fluido.

Ap6s a explosdo hidraulica, o fluido hidrotermal inicia o processo de alteracdo e vai
aos poucos modificando a rocha e criando condigdes favoraveis a formacao dos geodos. A
formacdo das cavidades sO ocorre apds a alteracdo de grandes volumes de rocha para
argilominerais. A percolacdo do fluido para alteracdo da rocha ¢é feita pela permeabilidade
secundaria gerada durante o processo de explosdo hidraulica e em menor escala, pela
porosidade dictitaxitica, vénulas e zonas vesiculares.

O basalto andesitico ndo alterado é composto essencialmente de plagiocasio do tipo
labradorita (predominantemente), clinopiroxénios (augita e pigeonita), ilmenita e
magnetita. A fase vitrea intersticial ¢ de suma importancia no processo mineralizante, pois
¢ rica em Si e K. O primeiro mineral a ser alterado ¢ a pigeonita. Nas zonas de alteragao
mais avangadas, a pigeonita estd ausente e totalmente alterada para argilominerais do
grupo da esmectita. O contetido de esmectita na rocha em contato com os geodos ¢ da
ordem de 30%, chegando a 60% nas por¢des de rocha mais alteradas. Quando esse
argilomineral ocupa esse volume ¢ ele o controlador do comportamento reoldgico da
rocha.

O material intersticial, descrito para os derrames da Serra Geral, tem composicao
acida, € rico em Si (~ 75%) e com aproximadamente 3% de K. Estes dois elementos sdo
disponibilizados para o sistema hidrotermal com a evolugdo dos processos de alteracdo e
irdo compor as fases de alteracdo, como a celadonita, e provavelmente ¢ fonte importante
de silica para o preenchimento parcial dos geodos. Por este motivo, a presenca de
celadonita em derrames nos distritos mineiros ¢ considerada como guia prospectivo para
geodos, pois indica condi¢des extremas de lixiviagdo da rocha hospedeira.

O processo de formagdo dos geodos ainda exige esfor¢o cientifico para ser
esclarecido. Nesta tese duas opgdes sdo sugeridas: deformacgdo e/ou dissolugdo. Ambas as
linhas de formagdo s6 podem ser entendidas e explicadas partindo do ponto em que a rocha

hospedeira ja esta alterada para a mineralogia secundaria.
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A deformagdo leva em conta que a rocha em questdo ndo é mais um basalto, e
como tal, o comportamento reoldgico, ou seja, o campo ductil é alcancado em condigdes
de baixa temperatura. O agente deformador ¢ o empuxo, causado pelo intenso fluxo de
fluido hidrotemal sob pressdo que atinge a rocha. Ensaios utilizando o método de
elementos finitos foram executados com auxilio do software Abaqus®. Os resultados
obtidos foram satisfatorios, pois indicam que em condi¢des semelhantes as do basalto
andesitico alterado para argilominerais do grupo da esmectita, a abertura da cavidade pode
ser o resultado da atuagdo do empuxo exercido por fluido com pressdes entre o intervalo de
1,2 a 5,5 atm. A caracteristica expansiva e de impermeabilizacdo das argilas esmectiticas
levam a saturacdo do meio em agua, o que favorece a atuagdo do empuxo e a deformagao
da rocha em t3o baixa temperatura (100-150°C). O geodo neste caso ¢ o strain — o
resultado do empuxo em meio plastico. O processo de formagdo de cavidades deve ser
longo e ter atuado com taxa de deformacdo pequena o suficiente para a auséncia de feigdes
rupteis ao redor do geodo.

Se o processo atuante ¢ a dissolucdo, esta também deve ocorrer lentamente. A
alteracdo da pigeonita em estagio inicial gera permeabilidade secundaria e a formagdo da
esmectita favorece a saturagdo do meio em agua, desencadeando dissolugdo e re-
precipitacdo de fases minerais neoformadas. Este processo pode ser entendido como
principal atuante em micro-escala.

O preenchimento das cavidades é o processo subseqiiente a formacdo das
cavidades. O preenchimento se inicia apds o espaco total ter sido aberto. O fluido
hidrotermal ¢ aquoso, de origem metedrica (como indicado pela auséncia de CO,, CHy4 e
N,), de baixa salinidade (0,7 a 1,1% eq. NaCl) e de baixa temperatura (~60°C), conforme
indica a presenga de inclusdes fluidas predominantemente monofasicas.

A seqiiéncia de preenchimento é esmectita, + celadonita, zeolitas, calcedonia,
quartzo fino incolor, quartzo que grada de incolor para variedade ametista, + calcita. Por
vezes a seqiiéncia ndo ¢ completa. Mais de uma seqiiéncia de mineralizacdo pode ocorrer.
Na colada Catalan, a maioria dos geodos tem mais de uma seqiiéncia de preenchimento.
Na colada Cordillera somente uma fase foi reconhecida. O fluido que depositou a segunda
ou terceira fase nos geodos da colada Catalan pode ter sido o mesmo que mineralizou a
colada Cordillera. Esta hipotese é sugerida pelo padrdo da assinatura isotopica de &'°0
obtida nos minerais que preenchem os geodos. Os dados de DRX em rocha total também
corroboram a percolacdo de fluido por longo periodo de tempo na area de abrangéncia do

distrito mineiro, pois mostram que nos quatro primeiros derrames, dentre os seis
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reconhecidos na drea, hd quantidades significativas de argilominerais, indicando
percolagdo de fluido hidrotemal em grande escala.

As assinaturas isotdpicas de 580 entre 21,2 a 31,5 %o indicam temperaturas de
cristalizagao entre de 20 e 70°C. Esta temperatura foi calculada com base no fracionamento
isotopico do oxigénio entre silica e agua. Esta faixa de temperatura esta de acordo com a
temperatura de formacdo dos depositos deste tipo da regido do Alto Uruguai. O padrdo
isotopico, da borda para o centro do geodo, indica aumento progressivo na temperatura,
desde a cristalizagdo da fase calceddnia para a cristalizacdo do quartzo fino incolor,
prosseguindo o mesmo comportamento até a cristalizacdo do quartzo incolor e diminuindo
durante a cristalizagio da ametista. O valor de 3'°0 utilizado para o calculo da temperatura
foi de -5%o. Este valor estd de acordo com valores de aguas meteoricas, que deve ter-se
mantido semelhante ao longo da historia geoldgica, pois ndo houve diferengas de latitude
significativas.

Isotopos de 8"°C and 8'°0 obtidos em calcita também apontam para percolagio de
fluido metedrico durante o estagio de cristalizagdo da calcita (-9,23 a -14,93 %o VPDB). As
temperaturas de formagao sdo da ordem de 15 a 40°C.

Isotopos de 5**S em rocha total, obtidos nos dois derrames mineralizados, indicam
valores de -14,99 a -0,3 %o. Esses valores ndo estdo de acordo com enxofre de origem
magmatica e podem sugerir também a percolacdo de fluidos hidrotermais em grande escala
e contaminagdo desse fluido por rochas subjacentes na bacia sedimentar que contenham
enxofre reduzido, orgéanico.

Pode-se concluir com os resultados obtidos que:

e A mineraliza¢do da regido de Artigas tem caracteristicas de depositos epigenéticos
por estarem restritos a uma area de aproximadamente 30-40 km?;

e A alteragdo hidrotermal ocorre em uma regido especifica, formando distritos
mineiros, que ¢ caracteristica tipica de minério epigenético;

e SO ha minério em derrames do tipo I, pouco espessos (5-35 m);

e Geodos parcialmente preenchidos por ametista e agata ocorrem somente na por¢ao

macica dos derrames do tipo I;

e Naio hé geodos gigantes vazios;

e Os geodos estdo sempre relacionados a canais de preenchimento ou mesmo se
desenvolvem ao longo das fraturas subhorizontais;

e Brechas e fraturas hidraulicas sdo os registros dos processos epigenéticos atuantes

na mineralizagdo;
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Brechas e fraturas hidraulicas geram a permeabilidade necessaria para a percolacao
dos fluidos no derrame macicgo;

Dados de inclusdes fluidas associados com isotopos de O e C sugerem fonte
meteodrica para o fluido mineralizante;

Similaridades entre as assinaturas de isdtopos de 8'%0 entre os dois derrames
mineralizados corroboram a percolagio de fluido em grande escala (~30 km? 4rea
do distrito);

A assinatura isotopica de 8°*S na rocha hospedeira da mineralizagio favorece fonte
externa para os fluidos e contamina¢do com litologias subjacentes ao pacote
vulcanico;

Clorita ndo ¢ mineral de alteragdo para os derrames de Artigas, o que indica
temperaturas inferiores a 200°C;

A mineralogia de alterag@o foi formada entre 50-200°C;

A alteracdo hidrotermal consiste de esmectita, celadonita, Ca-zeolitas (heulandita e
clinoptilolita) e minerais de silica;

A mineralizacdo ndo € relacionada & composi¢@o ou ao tipo de magma;

Os derrames mineralizados sdo mais alterados para argilominerais, o que ¢ refletido
pela perda ao fogo maior que >2% (L.O.1.);

A mesma mineralogia que ocorre na matriz da rocha ocorre nos geodos, excluindo-
se as variedades de quartzo incolor e ametista;

A alteracao hidrotermal modifica as caracteristicas fisicas da rocha, particularmente
a densidade e a permeabilidade;

O fluxo intenso de fluido altera a rocha hospedeira e modifica o comportamento
reologico, favorecendo processos de formagdo das cavidades em baixa temperatura
(100 — 150°C);

O fluido ¢ aquoso e meteorico, podendo ter sofrido contaminagdo por litologias
subjacentes, sugerindo fluxo de fluido em grande escala;

O preenchimento parcial das cavidades aconteceu em temperaturas >100°C;

O fluxo de fluidos em grande escala e por um longo periodo de tempo ¢ sugerido
pela similaridade entre os padrdes da assinatura isotopica de 8'*O nos minerais que

preenchem os geodos nos dois derrames mineralizados de Artigas.
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ANEXO 3

Analises quimicas dos elementos trago nas 44 amostras dos seis derrames do Distrito Mineiro de Artigas.

ELEMENT Mo Cu Pb Zn Ni As Cd Sb Bi Ag Au Hg Tl Se
SAMPLES ppm __ ppm _ ppm __ ppm _ppm _ ppm _ppm _ppm _ppm _ppm ppb ppm ppm _ ppm
PA-Gg-1 2 4350 2.6 40 237 05 0.1 <1 0.1 <1 46 <01 <1 <5
PA-Gg-2 14 7410 23 36 206 <5 <1 <1 0.1 <1 102 <01 <1 <5
PA-Gg-3 11 5250 2.3 36 173 05 <1 <1 <1 <1 32 <01 <1 <5
PA-Gg-4 18 3520 24 37 217 <5 <1 <1 <1 <1 28 <01 <1 <5
PA-Gg-5 16 5880 25 30 174 <5 <1 <1 <1 <1 6.6 <01 <1 <5
PA-Gg-6 15 7770 26 38 234 <5 0.1 <1 <1 <1 17 <01 <1 <5
PA-Gg-7 14  47.00 22 37 207 <5 <1 <1 <1 <1 18 <01 <1 <5
PA-Gg-8 13 5150 22 37 188 <5 <1 <1 <1 <1 18 001 <1 <5
PA-Gg-9 1 6460 1.8 32 162 <5 0.1 <1 <1 <1 2 <01 <1 <5
PA-Gg-10 3 5760 22 50 321 <5 0.1 0.1 <1 <1 33 <01 <1 <5
PA-Gg-11 04 37.00 14 28 168 <5 <1 <1 <1 <1 24 <01 <1 <5
PA-Gg-12 07 6720 17 24 16 <5 <1 <1 <1 <1 54 <01 <1 <5
PA-Gg-13 09 7150 16 19 152 <5 <1 <1 <1 <1 22 <01 <1 <5
PA-Gg-15 1.3 11050 2.7 48 119 16 <1 <1 0.1 <1 <5 001 <1 <5
PA-Gg-16 12 8870 25 48 107 15 <1 <1 0.1 <1 <5 <01 <1 <5
PA-Gg-17 13 13520 22 55 10.1 15 0.1 <1 0.1 <1 08 <01 <1 <5
PA-Gg-18 1.2 8480 19 54 10 1 <1 <1 0.1 <1 14 <01 0.1 <5
PA-Gg-19 0.8 6050 1.4 38 208 07 0.1 <1 <1 <1 16 001 <1 <5
PA-Gg-20 16 6320 19 46 266 <5 0.1 <1 <1 <1 48 <01 <1 <5
PA-Gg-21 12 8800 19 47 169 05 0.1 <1 <1 <1 26 002 02 <5
PA-Gg-22 1.3 10060 2.8 54 224 <5 0.1 <1 <1 <1 35 0.01 0.1 <5
PA-Gg-23 14 8710 26 52 176 <5 0.1 <1 <1 <1 47 <01 01 <5
PA-Gg-24 05 88.00 2.1 47 136 <5 0.1 <1 <1 <1 3.9 001 0.1 <5
PA-Gg-25 03 8130 25 49 133 <5 0.1 <1 <1 <1 41 001 0.1 <5
PA-Gg-25 04 8270 22 42 128 <5 <1 <1 <1 <1 26 002 0.1 <5
PA-Gg-26 03 8130 25 43 117 <5 0.1 <1 <1 <1 3 <01 0.1 <5
PA-Gg-28 03 9470 39 46 156 <5 <1 <1 <1 <1 21 <01 0.1 <5
PA-Gg-29 04 69.00 2.1 23 128 <5 <1 <1 <1 <1 16 <01 <1 <5
PA-Gg-30 04 9370 25 26 154 <5 0.1 <1 <1 <1 18 <01 <1 <5
PA-Gg-31 05 9160 23 25 173 <5 0.1 <1 <1 <1 28 <01 <1 <5
PA-Gg-32 08 6050 116 53 5 <5 0.1 <1 0.1 <1 <5 <01 0.1 <5
PA-Gg-33 12 8110 10 58 46 <5 <1 <1 0.1 <1 <5 <01 02 <5
PA-Gg-34 15 9310 126 78 55 0.6 <1 <1 0.1 <1 <5 0.01 0.1 <5
PA-Gg-35 1.3 96.00 126 124 5 0.8 <1 <1 0.1 <1 05 <01 0.1 <5
PA-Gg-36 0.8 9220 9.1 72 4.8 <5 <1 <1 0.1 <1 <5 <01 0.1 <5
PA-Gg-37 1.2 15290 25 37 196 <5 <1 <1 <1 <1 18 001 <1 <5
PA-Gg-38 09 76.00 1.8 28 188 <5 <1 <1 <1 <1 19 <01 <1 <5
PA-Gg-39 25 8660 24 45 234 08 <1 0.1 <1 <1 25 <01 <1 0.6
PA-Gg-40 11 8230 25 28 258 1.7 <1 <1 <1 <1 06 <01 <1 <5
PA-Gg-41 25 4180 6.5 42 246 06 0.1 0.3 <1 <1 1.1 <01 <1 0.5
PA-Gg-42 22 2590 25 41 223 <5 <1 0.1 0.1 <1 35 <01 <1 <5
PA-Gg-43 1.7 13030 25 42 219 11 0.1 0.1 0.1 <1 09 <01 <1 <5
PA-Gg-44 15 5350 1.9 31 189 <5 <1 <1 <1 <1 11 <01 <1 <5




