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RESUMO

As opalas de Pedro Il e Buriti dos Montes, no estado do Piaui, constituem as mais importantes
ocorréncias brasileiras dessa gema, tanto em termos de volume quanto pela qualidade
gemologica, que é comparavel a das famosas opalas australianas. No entanto, a informalidade
na extracdo e comercializacdo destas opalas, assim como a falta de informagfes quanto a
génese destes depositos ndo permitem a prospeccdo por novas jazidas e o estabelecimento de
um certificado de procedéncia para as opalas do Piaui que permitisse sua insercdo formal no
mercado gemoldgico internacional. Alguns autores tém se dedicado ao estudo dessas opalas,
revelando fortes evidéncias de sua origem hidrotermal, mas até entdo, nenhum trabalho
abordou as caracteristicas fisico-quimicas dos fluidos que teriam originado esses depdsitos de
opalas. Diante disso, o principal objetivo deste trabalho foi entender o sistema hidrotermal
responsavel pela génese das opalas do Piaui, ou seja, caracterizar os fluidos que originaram a
mineralizacdo e mostrar sua relacdo com o contexto geoldgico da regido. Os municipios de
Pedro Il e Buriti dos Montes se localizam na por¢cdo nordeste do estado do Piaui, a
aproximadamente 230 km a leste da capital Teresina, e as ocorréncias de opala se encontram
na porcdo basal da Bacia do Parnaiba, constituindo veios e vénulas nos arenitos dos grupos
Serra Grande (Buriti dos Montes) e Canindé (Pedro 1), os quais sdo seccionados por soleiras
e diques de diabasio da Formacdo Sardinha. Elas também ocorrem cimentando brechas e
como depositos coluvionares e de paleocanal. Associados as opalas, localmente encontram-se
veios de quartzo, calceddnia, barita e hematita (ou goethita). De maneira geral, as opalas de
Pedro Il apresentam jogo de cores, sdo predominantemente brancas ou azuladas com aspecto
leitoso, semitranslicidas a opacas e com inclusdes sélidas pouco aparentes. Em contrapartida,
as opalas de Buriti dos Montes ndo apresentam jogo de cores, a cor varia entre amarelo claro e
vermelho amarronzado, sdo semitransparentes a translicidas e contém grande variedade de
incluses solidas. Os dados obtidos revelam que as opalas de Pedro Il sdo tipicamente do tipo
amorfo (opala-A), enquanto as opalas de Buriti dos Montes variam entre amorfas e
cristobalita-tridimita (opala-CT). Na opala preciosa, o tipico jogo de cores é causado pelo
arranjo regular das esferas de silica que as constituem. A auséncia de cimento opalino entre as
esferas reforca a beleza desse efeito. Em contrapartida, as opalas laranja ndo apresentam jogo
de cores, mas tém maior transparéncia devido ao diminuto tamanho das esferas. As inclusées
solidas também produzem belos efeitos nas opalas estudadas, principalmente na variedade
laranja, que é mais transparente. Além disso, 0 conjunto de inclusGes solidas revela

caracteristicas intrinsecas aos processos hidrotermais que originaram as opalas estudadas.



Agregados botrioidais, dendriticos e nodulares sdo exemplos de inclusées formadas por
fragmentos dos arenitos hospedeiros carreados pelos fluidos hidrotermais que geraram as
opalas. As inclusbes solidas também tém relacdo direta com a cor das opalas. Nas opalas de
Buriti dos Montes, os tons de vermelho, laranja e amarelo s&o produzidos pela dissolugéo
parcial das inclusbes constituidas por oxihidroxidos de Fe. De maneira semelhante, a cor
verde nas opalas preciosas esta relacionada aos microcristais de Co-pentlandita inclusos nas
mesmas. O conjunto de minerais associados as opalas conduz a uma assinatura mineralogico-
geoquimica marcada pelos elevados teores de Fe e Al nas opalas com inclusdes de
hematita/goethita e caulinita, e assim também com aumento consideravel dos teores de
elementos terras raras nas opalas em que se concentram as inclusdes de caulinita e apatita.
Entre os elementos-traco, Ba € o mais abundante, e provavelmente foi incorporado pelo fluido
hidrotermal, tendo em vista que veios de barita sdo encontrados com frequéncia nessa regiao
da Bacia do Parnaiba. Varias feicbes como estruturas de fluxo nas opalas, corrosdo e
dissolucdo parcial dos cristais de quartzo hialino e de inclusdes mineralogicas, vénulas de
quartzo hidrotermal sobrecrescidas aos grdos detriticos, e zoneamento dos cristais de quartzo
confirmam que essas opalas tém origem hidrotermal. A ruptura do Gondwana teria provocado
um vasto magmatismo basico fissural, que por sua vez foi responsavel pelo aporte de calor
que gerou as primeiras células convectivas de fluidos quentes. A agua contida nos arenitos
certamente alimentou o sistema e se enriqueceu em silica atraves da dissolucdo parcial ou
total dos proprios graos de quartzo dos arenitos. Este fluido hidrotermal foi posteriormente
aprisionado em sistemas de fraturas e nelas se resfriou, precipitando a opala e minerais

associados.

Palavras-chave: Génese, Sistema Hidrotermal, Opala, Quartzo, Inclusdes Sdlidas,

Inclusdes Fluidas



ABSTRACT

Opals from Pedro Il and Buriti dos Montes, in the Piaui State, are the most important
occurrences of this gemstone in Brazil, both in terms of volume and -gemological quality that
is comparable to the famous Australian opals. However, informality in the extraction and
marketing of these opals, as well as the lack of information about the genesis of these deposits
do not permit prospecting for new deposits, and the establishment of a certificate of origin for
Piaui opals, would allow their formal participation in the international gemological market.
Some authors have been studied these opals, revealing strong evidences of their hydrothermal
origin, but until now, no work discussed the physico-chemical characteristics of the fluids that
would have originated these opals deposits. Thus, the main objective of this work was to
understand the hydrothermal system responsible for the genesis of opals from Piaui, i.e., to
characterize the fluids that originated the mineralization and show its relationship with the
geological context of this region. Pedro Il and Buriti dos Montes counties are located in the
northeastern portion of the Piaui State, at approximately 230 km east of the capital Teresina.
The opal occurrences are on the basis of the Parnaiba Basin, constituting veins and veinlets in
the sandstones of the Serra Grande (Buriti dos Montes) and Canindé (Pedro 1) groups, which
are cut by diabase sills and dikes of the Sardinha Formation. They also occur in cementing
breccias and as colluvial and paleochannel deposits. Associated to opals, locally there are
veins of quartz, chalcedony, barite and hematite (or goethite). In general, opals from Pedro Il
present play-of-color, are mostly white or bluish with a milky appearance, semitranslucent to
opaque, and have solid inclusions little bit apparent. In contrast, orange opals from Buriti dos
Montes do not show play-of-color, their color ranges from light yellow to brownish red, they
are semitransparent to translucent, and contain a large variety of solid inclusions. The
obtained data reveal that the opals from Pedro Il are typically of amorphous type (opal-A),
while the opals from Buriti dos Montes range between amorphous and cristobalite-tridymite
(opal-CT). In the precious opals, the typical play-of-color is caused by the regular
arrangement of the silica spheres that constitute them. The absence of opaline cement among
the spheres reinforces the beauty of this effect. On the other hand, the orange opals do not
show play-of-color, but they have greater transparency due to the small size of the spheres.
The solid inclusions also produce beautiful effects in the studied opals, mainly in the orange
variety that is more transparent. Besides this, the solid inclusions set reveals intrinsic
characteristics to hydrothermal processes that originated the studied opals. Botryoidal,
dendritic and nodular aggregates are examples of inclusions formed by fragments of the host
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sandstones, which were carried by the hydrothermal fluids that generated the opals. In the
opals from Buriti dos Montes, the red, orange and yellow hues are produced by the partial
dissolution of the Fe oxy-hydroxides inclusions. Similarly, the green color in the precious
opals is related to Co-pentlandite microcrystals included in them. The set of minerals
associated to opals leads to a mineralogical-geochemical signature marked by high contents of
Fe and Al in opals with hematite/goethite and kaolinite inclusions, such as the considerable
increase in the rare earth elements contents, in the opals that have kaolinite and apatite
inclusions. Among the trace elements, Ba is the most abundant, and it probably was
incorporated to hydrothermal fluid, considering that veins of barite are frequently found in
this region of Parnaiba Basin. Some features such as flow structures in the opals, corrosion
and partial dissolution in the hyaline quartz crystals and mineralogical inclusions,
hydrothermal quartz veinlets that overgrew to detrital grains, and zoning in the quartz crystals,
confirm that these opals have hydrothermal origin. The Gondwana rupture would have caused
a wide fissural basic magmatism, which was the responsible for the heat supply that generated
the first convective cells of hot fluids. The water contained in the sandstones certainly filled
the system and enriched in silica through partial or total dissolution of the quartz grains of
sandstones. This hydrothermal fluid was subsequently hosted and cooled in the fracture

systems, precipitating the opal and associated minerals.

Keywords: Genesis, Hydrothermal System, Opal, Quartz, Solid Inclusions, Fluid

Inclusions
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Fig. 10 Salinity versus Tht diagram suggesting at least two different fluids. Dashed
area represents the group formed by fluid inclusions on samples from Buriti dos
Montes with low Thy and salinity. Dashed arrow indicates a dilution trend related to
other fluid from Pedro Il, with initially high Th and salinity. PIl = Pedro Il, BM =
BUIITE 0S IMONTES. .....eivie ettt ettt e esreete s e sneeaenneesreenaenneens
Fig. 11 a — Photomicrographs and SEM images showing that the color patches into
green opal are formed by Co-pentlandite microcrystals agglomerated, which also
were identified by XRD and EDS analysis. b — XRD pattern indicating microcrystals
of F-apatite and pentlandite as the main components of the white and green zones on
the green opals from Pedro Il. Black scale bar = 2 mm, white scale bar = 3 um.
Mineral names according to Whitney and Evans (2010)..........ccocceverereieninennneseenen,
Fig. 12 a — Photomicrograph showing that the Fe contents is higher than 2000 ppm in
zonings of orange color (black points) and lower than 2000 ppm in the surrounding
opal (white points). b — Solid inclusion composed by Fe-oxyhydroxides in opal. It is
possible to observe a reaction border in the contact zone between the inclusion and
host opal, formed by partial dissolution of this inclusion. This aspect is confirmed by

Xiv

50

51

52

54

59

61

64
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Fig. 13 Schematic model summarizing the main process involved in the genesis of
Piaui opal deposits. a, b — Firstly, the sedimentary rocks of Parnaiba Basin were
intercepted by diabase sills and dikes of the Sardinha Formation. C — In follow, the
heat generated by this, in addition to the water and silica available, starts the
hydrothermal fluids circulation, through fractures and porosity of the sandstones. D —
The hydrothermal fluids were subsequently focused in the fractures and deposited as
opal and quartz, and their mineral iINCIUSIONS...........cccccoveiieii i

TABELAS

Table 1 Al and Ti elemental concentration (ppm) in relation to CL-intensity into
quartz crystals analyzed by electron microprobe. Al and Ti limits of detection (LOD)

Table 2 Summary of the properties of fluid inclusions analyzed. N = number of fluid
inclusions analyzed, Sal = salinity, Tss = sylvite dissolution temperature, P = primary
fluid inclusions, PS = pseudosecondary fluid inclusions..............ccccccoveviiiiiic i,

XV

65

70

56



XVi

SUMARIO

DEDICATORIA. ......ooieieicieeete ettt iv
AGRADECIMENTOS. ... .ottt ettt snesnenne s v
EPIGRAFE ..ottt vii
RESUMO ...ttt e et et et e be e teereese et e e e naeneenreene e viii
ABSTRACT .ttt ettt et et e n ettt re e ae e et e nnens X
L INTRODUGAO. ..ottt ettt ettt 1
1.1 APRESENTAGAOD. .....coooeieeeeiieeieeesee sttt ass st anas s 2
1.2 LOCALIZACAO DA AREA DE ESTUDO........c.iiiiiieeieeeee e 3
L3 JUSTIFICATIVA . oottt ettt sttt reere e e e e enes 3
LA OBIETIVOS ...ttt sttt a s e e e e snesbentenrenneaneas 5
1.5 ORGANIZACAO DA DISSERTACGAO........c.oieeeeeeeeeeeeeeee et 5
2 AS OPALAS DO PIAU ..ot 6
2.1 CONTEXTO GEOLOGICO......c.ouiiiiiiieieiieseiieieie s 7
2.1.1 A Provincia Parnaiba...........cccccooiiiiiiiicccccecce e 7
2.1.2 ABacia do Parnaiba............ccccooeeiiiiiiiccc s 8
2.2 MODO DE OCORRENCIA.......cooveeteieeseeeeesess e tessess s anes e 12
3 MATERIAIS E METODOS........ooiiiieiieeeeeiesieseeesssesisse s s sesassessesssssssnessnes 14
S LMATERIAIS. ...ttt sre e re b e e e e 15
B2 METODOS. .......ooviiiieieiset ettt 15
3.2.1 Procedimentos analitiCoS..........ccuciiiiiiiiie et 16
3.2.1.1 Microscopia Eletronica de Varredura (MEV)........ccccooveiiiiiivciecce e, 16
3.2.1.2 Difracdo de Rai0S-X (DRX)....uoiiiiiiiiiieiiiesieeie et 16
3.2.1.3 Espectrometria de Massa com Plasma Induzido e Emissdo Otica (ICP-

Y ST @ ] ) SR 17
3.2.1.4 Microssonda Eletrdnica (ME)..........cccoveiiiiiiie e 17
3.2.1.5 Petrografia das INClUSOeS FIUIAS...........ccuereeiieieiieie e 17
3.2.1.6 MICIOtEIMOMELITA. ... ecvvecieeieeie ettt e et e e sreeaeeneenrees 17
4 INCLUSOES MINERALOGICAS........cooivetereteeese e ensnssesesss s 18
4.1 ARTIGO: ORANGE OPALS FROM BURITI DOS MONTES, PIAUI: SOLID

INCLUSIONS AS GENETIC GUIDES.......cccoiiiiieieieieiese e e 19

(] 1 1 [0 TP 20



XVii

F N 01 1 =Tt SO PSSP OPRPPP 20
T 4 oo [UTe1 (o] o RO SPPO P OTRPO 20
LOCAlIZAtION GNA ACCESS......eeiuveerieite e itee ettt ettt sbe e e e be e s b e e e enreeebeesaeeebeesreens 21
Geological context and OCCUITENCE...........civiiiiieiie et re s re e e e e nree s 21
Materials and METNOUS.........ccouvi i e 21
OPLiCal StEIrEOMICIOSCOPY . ... e veereeareeiteesiesieesieeeesteesreesteeseesseesteaseesseesseeseesseensesseesseessensennes 21
X-Ray Powder Diffraction (XRD)........ccciiiiiiiiiii e 21
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)........ccccccceviveiviieiiececiennan 22
Scanning Electron Microscopy (SEM/EDS/CL).......ccoeiiiiieiiiiciieieece e 22
OPAIS STIUCTUTE. ...ttt bbbt 22
Solid INCluSIONS MOFPROIOGY......cccoiiiiiiiiiiie s 23
Mineralogical CaraCteriZation.............c.cuiveiierieiiiie st 24
Chemical COMPOSITION..........cooiiiiiicceee e sae e sre s 26
Discussion and CONCIUSIONS..........cocviiivieiieeiie ettt e e e beesreesreeeaes 26
RETEIEICES. ...ttt e st ebe e s ab e e sbe e s tbeebeesaeeebeesabeebeesreeenneas 27
4.2 ARTIGO: AS FASCINANTES INCLUSOES SOLIDAS DAS OPALAS

LARANJA DE BURITI DOS MONTES (P1)...coiiiieiiirce e 29
] X oo (1 0% Lo TSP 31
Y L F TSI 0 1=] (00 0L 31
A eSTrUtUra das OPAIAS.........c.ooveriiieiiiiii e 31
AS INCIUSDES SOIITAS........ccvviiieeitie ettt e eb e be e eraeanras 32
7o) T TR 32
2101 (A ToTT0 - U TRT 33
=TT [ (0% 3 33
FLAIUIAS. ..o 34
Lamelares OU tADUIAIES. ..........ocveiie e e e e s aae e 35
YT Tod g F= TS [ oo ST TTR 35
1Yo 0 Tod 1) £= Y TR 35
[N T0T0 (U1 =TT 35
[ [ LT ors T 0 LU R (=TT USRS 35
TUDOS QU CANAIS....veeiiiietiiie ettt e ettt e e s ettt e e s e ettt e e s sttt e e e s eabeseessbeeeeesaabbeeessssreneessarees 35
Origem das 0palas laranja.........cccooeiiiiiiiiii e 36
CONCIUSDES. ...ttt ettt ettt et e s b e e et e e st e e st e e e eabe e e sate e e ebbeeebteeebeeesnbeeesnneeas 37
Referéncias bibliografiCas..........ccooiiiiiiii i 37
5 INCLUSOES FLUIDAS: SISTEMA HIDROTERMAL ......ooooeeeeeeeeeeeeeeere, 38

5.1 ARTIGO: HYDROTHERMAL SYSTEM OF PEDRO Il AND BURITI DOS
MONTES (PIAUI, BRAZIL): A GENETIC MODEL FOR GEMOLOGICAL

O P A LS .. 39
ADSTIACT. ... 40
INEFOAUCTION. ..o 40

(€TTo] [oTo [ Tor= 1 IR1-] 1 [ T OSSPSR 41



Xviii

ANAlYLICAl METNOAS. ......cceeiiiiic e sre e 44
RESUIES. ..ttt ettt et e e sbe e et e e s b e e s abe e be e e abeesbeesareeabeeaaaeereeeree e 45
Internal morphology and order-disorder of Opals.........c.ccccevveveiiiiecce e 45
Morphology and mineralogy of solid INCIUSIONS..........ccccoiiiriiiiei e 47
Chemical composition OF OPAIS........c.eoiiiiieiiiie e 50
Morphology and chemistry of associated QUAItZ............ccooereririiiiieieiere e 52
FIUI INCIUSTONS. ...ttt ettt e e ettt e e e ettt e s e et e e e e s sbb et e s sabbaeeesssbeeeessareneesins 56
e U goTo ] =T o] )RS 56
o (VT To I oTo 4] o Yo 1] 1 £ o] PSSP 57
[ LYo U XS] (o] o R 62
Opal crystallinity and gemological Properties............ccoveviriiincieienese e, 62
Solid inclusions as causal agents for color in 0pals..........cccevevieiiniinini e, 62
Hydrothermal OFigiN..........coii it 66
A genetic model for Piaui OpalS..........cccooieiiiiiic i 68
(O0] 8 [od [§ 1] To] o 1T URORROPRRPP 72
ACKNOWIBAGMENTS. ...ttt 72
L CT (=] =) [0TSR 73
B CONCLUSOES........cooieieieieieeteeeeeee ettt 78

REFERENCIAS. ..ottt er e e et e s e e s et e e es e e e s e e e e e e es e e s et eees e e s aaanes 81



CAPITULO -1

INTRODUCAO




1 INTRODUCAO
1.1 APRESENTACAO

A opala é uma das gemas mais apreciadas em todo 0 mundo, por sua beleza singular e
raridade, especialmente quando apresenta jogo de cores, 0 que torna seu valor comercial ainda
maior. O nome opala, que no sanscrito significa pedra preciosa, ja traduz em si a imponéncia
desta gema. No cenario mundial, onde as maiores ocorréncias de opala com qualidade
gemologica sdo restritas, a Australia € o maior produtor, com 90-95% do total. Brasil, Estados
Unidos, Honduras, Japdo, Etiopia e México sdo os demais participantes deste mercado. No
Brasil, as ocorréncias de opala encontram-se nos estados do Rio Grande do Sul e do Para, mas
o0 Piaui detém a maior parcela da producéo nacional, concentrada nos municipios de Pedro 1l e
Buriti dos Montes, onde sdo extraidas as variedades preciosa e laranja, respectivamente. As
opalas do Piaui constituem as mais importantes ocorréncias brasileiras, também por sua
qualidade gemoldgica, que é tdo expressiva quanto a das famosas opalas australianas.

Desde a década de 1970, varios autores discutem a génese das opalas do Piaui.
Segundo Oliveira et al. (1979), os diabasios teriam exercido a funcdo de armadilhas
impermeaveis para as dguas subterraneas, e esse aprisionamento teria provocado a dissolugédo
da silica das rochas envolvidas, e posterior precipitacdo como opala. Rosa (1988) também
associou a formacdo das opalas a processos lateriticos. No entanto, este autor realizou um dos
primeiros estudos completos sobre as opalas do Piaui, contribuindo principalmente na
petrografia e relagdes de contato das rochas relacionadas as ocorréncias de opala, nos
principais garimpos e diversas localidades em que elas sdo encontradas.

Nem & Urbano Filho (1974) e Oliveira & Soares Filho (1983) relacionaram a génese
das opalas com as solugdes emanadas pelos diabasios. As mesmas ocorréncias de opala foram
estudadas posteriormente por Gomes (1990) e este, no entanto, descartou a contribuigédo
lateritica para a génese das opalas, assumindo entdo a hipotese de origem hidrotermal. Mais
recentemente, Gomes (2002), Gomes & Costa (2001a, 2001c, 2007), Marques (2011) e
Marques et al. (2012), investigaram as opalas do Piaui e concluiram que elas se formaram em
decorréncia de atividades hidrotermais desencadeadas por intrusées de diabasios da Formagéo
Sardinha em rochas sedimentares dos grupos Serra Grande e Canindé, da Bacia do Parnaiba.

As inclusdes solidas, descritas inicialmente por Gomes (2002) e posteriormente, de
maneira mais detalhada por Marques (2011), a assinatura geoquimica marcada pela relativa
abundancia de Ba na opala laranja (Gomes 2002; Marques 2011) e 0 zoneamento
composicional no interior dos cristais de quartzo que acompanham as opalas s&o 0s principais

indicios de que a formagdo das mesmas resultou de processos hidrotermais. Entretanto, até



entdo, ndo havia trabalhos sobre as caracteristicas fisico-quimicas dos fluidos hidrotermais
que teriam originado esses depdsitos de opalas. Assim, na tentativa de elucidar as questdes
que ainda existem a respeito da génese das opalas Piaui, como a composi¢do e temperatura
dos fluidos geradores, esta pesquisa aborda os processos que originaram as mesmas, com base

em microtermometria e no estudo dos principais minerais associados.

1.2 LOCALIZACAO DA AREA DE ESTUDO

Os municipios de Pedro Il e Buriti dos Montes se localizam na porcdo nordeste do
estado do Piaui, a aproximadamente 230 km a leste da capital Teresina (Figura 1.1). O acesso
pode ser feito pelas rodovias federais e estaduais que cortam a regido. A partir de Teresina,
segue-se pela BR-343 até Piripiri, e de 1& pela BR-404 até Pedro Il. Ou ainda, partindo de
Teresina, pode-se seguir pela BR-343 até o municipio de Campo Maior, de onde a viagem
prossegue pela PI-115 até Castelo do Piaui, seguindo pela P1-407 até Buriti dos Montes.

1.3 JUSTIFICATIVA

As jazidas de opala preciosa e laranja, de Pedro Il principalmente, e Buriti dos
Montes, conferem ao estado do Piaui uma fonte de renda complementar a sua economia,
devido a sua alta qualidade gemoldgica. No entanto, a informalidade na extracdo e
comercializacdo destas opalas, impede um maior controle da producgéo, assim como a falta de
informagdes quanto a origem e desenvolvimento destes dep6sitos na regido ndo permitem a
prospec¢cdo por novas jazidas. Além do que, a identificacdo dos processos genéticos e
caracteristicas morfolégicas e composicionais, por exemplo, poderia permitir o
estabelecimento de uma assinatura mineralogica-geoquimica quer servisse como instrumento
para a criacdo de um certificado de procedéncia para as opalas do Piaui, e dessa forma
estabelecé-las formalmente no mercado gemoldgico internacional.

Atualmente, uma grande contribuicdo a respeito da génese dessas opalas foi dada por
varios autores como Gomes (2002) e Marques (2011), que definem a origem dessas opalas
como hidrotermal. Porém, ainda ndo se conhecia até entdo as caracteristicas fisico-quimicas
dos fluidos hidrotermais que as geraram. Nesse contexto, o presente trabalho discute a génese
das opalas do Piaui com base em microtermometria, inclusdes minerais e outros minerais
associados, e certamente fornecera contribuicdes significativas para elucidar a origem dessas
opalas, sua relagdo com o contexto geoldgico local e implicagGes pertinentes, subsidios para a

prospeccao de novos depositos, além se apoiar um futuro estabelecimento de certificacéo.
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1.4 OBJETIVOS
O principal objetivo deste trabalho foi entender o sistema hidrotermal responsavel pela
génese das opalas do Piaui, ou seja, caracterizar os fluidos que originaram a mineralizag&o, as
inclusBes mineraldgicas e minerais associados, assim como determinar a assinatura
mineraldgico-geoquimica das opalas e mostrar sua relacdo com o contexto geologico da
regido. Os objetivos especificos foram:
» Estimar as temperaturas de formacdo das opalas e quartzo associado;
» Caracterizar as condigdes fisico-quimicas dos fluidos hidrotermais que originaram 0s
depdsitos, como composicdo, salinidade e densidade;
> Estabelecer possiveis relagbes entre as familias de inclusdes fluidas e zonas de
crescimento do quartzo;
> Caracterizar as inclusdes mineraldgicas e minerais associados;
» Aprimorar o modelo genético proposto por Marques (2011) a partir da integracdo dos

dados microtermométricos, micromorfologicos, mineraldgicos e geoquimicos.

1.5 ORGANIZACAO DA DISSERTACAO

A presente dissertacdo de mestrado, intitulada “Opalas gemologicas do Piaui: génese
revelada por microtermometria ¢ minerais associados”, esta estruturada em seis capitulos. O
Capitulo 1 corresponde a parte introdutoria, onde € apresentada a justificativa para sua
realizacdo, assim como a localizacdo da area estudada, objetivos propostos, entre outros itens.
O Capitulo 2 apresenta o contexto geoldgico onde estdo inseridas as ocorréncias de opala
estudadas. No Capitulo 3 sdo descritos os métodos analiticos empregados nesta pesquisa. O
Capitulo 4 versa sobre as inclusées mineralogicas nas opalas de Buruti dos Montes, através do
artigo aceito para publicagio na REM “ORANGE OPALS FROM BURITI DOS
MONTES, PIAUI: SOLID INCLUSIONS AS GENETIC GUIDES”, e o publicado em
2012 na Diamond News “AS FASCINANTES INCLUSOES SOLIDAS DAS OPALAS
LARANJA DE BURITI DOS MONTES (PI)”. O Capitulo 5 aborda o sistema hidrotermal
que originou as opalas, através do artigo submetido a Mineralium Deposita
“HYDROTHERMAL SYSTEM OF PEDRO Il AND BURITI DOS MONTES (PIAUI,
BRAZIL): A GENETIC MODEL FOR GEMOLOGICAL OPALS”. O Capitulo 6 traz as
principais conclusées como um todo. As referéncias bibliograficas sdo apresentadas ao final

deste volume.
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2 AS OPALAS DO PIAUI

As classificacOes a respeito de tipos de opala sdo muito diversificadas, pois seguem
varios parametros como a cor, génese, padrdo de jogo de cores e muitas outras categorias e
subcategorias. Eckert (1997), no entanto, simplifica essas variacbes em apenas dois tipos de
opala, a preciosa e a comum. A diferenca entre ambas é o efeito 6tico denominado jogo de
cores, presente na opala preciosa e ausente na comum. Com base nessa classificacdo, a opala
laranja, tipicamente encontrada em Buriti dos Montes, & uma opala comum (néo preciosa), ou
seja, sem jogo de cores, cuja cor predominante € a laranja. Ao contrério, a opala preciosa de
Pedro Il tem como caracteristica principal o jogo de cores.

De maneira geral, as opalas de Pedro Il apresentam jogo de cores, sdo
predominantemente brancas ou azuladas com aspecto leitoso, semitranslicidas a opacas e ndo
apresentam inclusdes sélidas aparentes, com exce¢do de alguns dendritos que se destacam
pela coloracdo escura nas variedades menos opacas. Em contrapartida, as opalas de Buriti dos
Montes ndo apresentam jogo de cores, a cor varia entre amarelo claro e vermelho
amarronzado, sdo semitransparentes a transllcidas e contém grande variedade de inclusGes
solidas, dentre as quais, algumas se assemelham a inclusGes encontradas em opalas
mexicanas, também conhecidas internacionalmente.

Sauer (1982) descreve as ocorréncias de Pedro Il como as Unicas areas produtoras de
opala preciosa no Brasil, trabalhadas desde meados de 1960. Segundo Gomes & Costa
(2001b), hé noticias informais de que as opalas tenham sido explotadas de forma intermitente
no Piaui desde a década de 1940, alternadamente por empresarios e/ou garimpeiros

piauienses, cearenses e mineiros, por meio de técnicas e instrumentos rudimentares.

2.1 CONTEXTO GEOLOGICO
2.1.1 A Provincia Parnaiba

As jazidas e ocorréncias de opalas do Piaui se encontram na porcao basal da Bacia do
Parnaiba, que faz parte da Provincia Parnaiba. Esta provincia € limitada a norte pelo Arco
Ferrer-Urbano Santos-Guama, a leste pela Falha de Taua, a noroeste pelo Arco Tocantins, a
oeste pelo Lineamento Tocantins-Araguaia, e a sudeste pelo Lineamento Senador Pompeu
(Goes 1995).

Conforme Pedreira da Silva et al. (2003), a Provincia Parnaiba é formada por quatro
sitios deposicionais denominados como Bacia do Parnaiba, Bacia das Alpercatas, Bacia do
Grajau e Bacia do Espigdo-Mestre (Gdes 1995; Rosseti 2001). Essas bacias sdo separadas por

discordancias, as quais coincidem com as que limitam as supersequéncias propostas por Goes



& Feijo (1994) para a Bacia do Parnaiba. Segundo Godes & Feijo (1994), as sequéncias
Jurassica (formacbes Pastos Bons, Corda, Sardinha e Mosquito) e Cretadcea (a0 norte,
formacbes Codd, Grajau e Grupo Itapecuru, e ao sul, Grupo Areado e Formacdo Urucuia),
antes consideradas como parte da Bacia do Parnaiba, estdo diretamente associadas a ruptura
do Gondwana, e por isso sua evolucdo é distinta, o que justifica a separacdo dessas bacias

(Alpercatas, Grajau e Espigdo-Mestre).

2.1.2 A Bacia do Parnaiba

Segundo Gées (1995), a Bacia do Parnaiba é intracratonica e esta inserida na Provincia
Parnaiba, ocupando aproximadamente metade da mesma em sua parte centro-sul (Figura 2.1,
Pedreira da Silva et al. 2003). Segundo Brito Neves (1998), essa bacia foi implantada sobre os
rifts Cambro-Ordovicianos de Jaibaras, Jaguarapi, Cococi/Rio Juc4, Sdo Julido e S&o
Raimundo Nonato.

Geograficamente, a bacia estd situada na porcdo nordeste ocidental brasileira, e
abrange grandes areas dos estados do Maranhdo, Piaui, Tocantins e, restritamente, do Cear4, e
sua &rea é de aproximadamente 400.000 km?, distribuidos em um formato poligonal alongado
na direcdo NE-SW, cujos limites erosivos refletem as reativacdes tectbnicas do seu substrato.
Varios autores como Goées & Feijo (1994), Goes (1995) e Goes & Rossetti (2001) consideram
a Bacia do Parnaiba como remanescente de uma extensa area de sedimentacgdo afro-brasileira
paleozdica, posteriormente fragmentada pela tecténica global e ja& modificada em decorréncia
da eroséo.

Segundo a proposta de Goes & Feij6 (1994), a bacia envolve trés ciclos deposicionais
controlados pela tectonica global, as sequéncias Siluriana (Grupo Serra Grande), Devoniana
(Grupo Canindé) e Carbonifero-Triassica (Grupo Balsas). Destas, as duas primeiras hospedam
as ocorréncias de opalas do Piaui, conforme o mapa geoldgico da regido (Figura 2.2), e,
portanto, serdo enfatizados na descricdo a seguir. Segundo Goes et al. (1993) e Godes (1995),
0s grupos Serra Grande e Canindé tiveram sua deposi¢do controlada pelo Lineamento
Transbrasiliano, que também teria impulsionado o vulcanismo bésico fissural presente em
grande parte da Bacia do Parnaiba atraves de suas reativacdes.

O Grupo Serra Grande ocorre nos limites da Bacia do Parnaiba e apresenta-se em
discordancia ao Grupo Canindé sobrejacente e compreende as Formacdes Ipu, Tiangua e
Jaicos, bem caracterizadas em subsuperficie, porém ainda ndo individualizadas em trabalhos
de cartografia geoldgica de superficie (Pedreira da Silva et al. 2003). Conforme Goes et al.
(1990), o Grupo Serra Grande representa a primeira deposi¢do marinha na Bacia do Parnaiba,



pois correspondente a um ciclo transgressivo-regressivo completo, onde foram depositados
sedimentos flavio-deltaicos a marinhos rasos. Em geral, ocorrem conglomerados e arenitos
continentais com possivel influéncia glacial da Formagdo Ipu, gradando para arenitos e
folhelhos marinhos da Formacéo Tiangud, que sdo sobrepostos por arenitos e conglomerados
fluviais da Formacdo Jaicos (GOes & Feijo 1994; Goes 1995). Destro et al. (1994)
identificaram uma reativacdo pds-devoniana do Lineamento Transbrasiliano, a partir de
deformagdes em arenitos do Grupo Serra Grande, que embora considerada uma idade incerta,
pode ser correlacionada com deformacgdes Neocretdceas observadas por outros autores ao
longo do lineamento (Chamani 2011).

O Grupo Canindé, segundo Pedreira da Silva et al. (2003), é composto pelas
Formacdes Itaim (considerada por muitos membro inferior da Formagdo Pimenteiras),
Pimenteiras, Cabecas, Longa e Poti. Os arenitos e folhelhos de plataforma rasa da Formacéo
Itaim gradam para arenitos com niveis de folhelhos depositados por influéncia de marés e
tempestades da Formacédo Pimenteiras (Pedreira da Silva et al. 2003). A Formacdo Cabecas €
composta por arenitos sigmoidais localmente intercalados a diamictitos, depositados na zona
neritica plataformal, com acdo de correntes e influéncia periglacial, enquanto a Formacéo
Longé consiste de arenitos finos e siltitos de plataformas dominadas por tempestades (Gdes &
Feij6 1994). O ciclo se encerra com 0s arenitos regressivos da Formacéao Poti, onde também
sdo identificadas concreg¢des do tipo “rosa do deserto”, que remetem ao clima arido (Goes et
al. 1997).

O magmatismo basico intrusivo ocorrido no Cretaceo se manifesta na forma de
soleiras e diques que constituem a Formacdo Sardinha, que recobre a Formacdo Corda, e,
portanto, esta inserida no contexto da Bacia das Alpercatas, como mostram Pedreira da Silva
et al. (2003). Entretanto, esses corpos igneos seccionam a Bacia do Parnaiba, inclusive nas
por¢cbes mais basais, onde as rochas sedimentares dos grupos Serra Grande e Canindé
hospedam as opalas estudadas (Gdes 1995). Conforme Pedreira da Silva et al. (2003), a
Formacdo Sardinha consiste de diabasios a basaltos pretos amigdaloidais, correlacionaveis aos
basaltos da Formacao Serra Geral, da bacia homonima (Goes & Feijo 1994). Esses corpos
maéficos foram intrudidos sob condigdes subaéreas e tém caracteristicas semelhantes aos da
Formacdo Mosquito, também definida por Aguiar (1969), e de idade Juro-Triassica (Veiga
Junior 2000). Esses pulsos magmaticos estariam associados ao amplo magmatismo basico que
se estendeu por todo o continente Gondwana, e concordantemente, suas idades refletem os

intervalos ativos do Lineamento Transbrasiliano (Gées et al. 1993; Veiga Junior 2000).
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Figura 2.1 — Mapa da Provincia Parnaiba. Modificado de Pedreira da Silva et al. (2003).
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2.2 MODO DE OCORRENCIA

As jazidas e ocorréncias de opala no Piaui, das quais as principais estdo em Pedro Il e
Buriti dos Montes, se distribuem segundo a direcdo NE-SW, coincidindo com a direcéo
Lineamento Transbrasiliano, que controlou a deposicdo dos grupos Serra Grande e Canindé
na fase inicial de desenvolvimento da Bacia do Paranaiba (Gées et al. 1993; Goes 1995).
Secundariamente, outras se alinham em um trend NW-SE, aproximadamente perpendicular a
essa estrutura, seguindo a configuragdo do Lineamento Picos-Santa Inés. Diques de diabasio
da Formacdo Sardinha se encontram dispersos por toda a regido onde ocorrem as opalas,
confirmando sua associacao com fases de reativacdo do Lineamento Transbrasiliano. Oliveira
et al. (1979) descrevem um sill com aproximadamente 150 m de espessura aos arredores de
Pedro II.

Rosa (1988) classificou os depoésitos de opalas da regido de Pedro Il em trés tipos:
primarios, eluviais e aluviais. Destes, 0s primarios sdo aqueles onde a opala esta na possivel
rocha geradora, nesse caso, em veios ou camadas nos arenitos e como intercalagdes em niveis
de brecha, siltitos e argilitos, na area de contato com o diabéasio, e no saprélito derivado do
diabasio. Sdo exemplos as ocorréncias de Boi Morto, Pajel, Ro¢a, Centro, Mamoeiro, Bom
Lugar, Limdo e Cachorro Morto (Rosa 1988). Os depdsitos eluviais foram alimentados a
partir dos primarios acima. Sdo exemplos os depdsitos de Barro Duro, Bom Lugar, Cachorro
Morto, Cariri, Crispim, Mamoeiro, Estreito, Morro do Meio, Pimenta, Rodrigues, Lajeiro,
Alto Bonito, Nazaré, Liméo, Enjeitado, Capuamo e Pitombeira. Os aluviais estdo nos leitos
dos rios em Pirapora, Barra, Baixa do Meio, Barro Duro, Bom Lugar, Cantinho, Cangula,
Pajeu Velho dos Lourenco, Cajazeiras, Carnauba, Gameleira, Goiabeira, Roca, Mamoeiro,
Morro do Meio e Rodrigues (Rosa 1988).

Nas jazidas e depdsitos priméarios de Boi Morto e Roga, em Pedro Il, as opalas
constituem veios e vénulas nos diabasios e arenitos, e em menor escala em siltitos e folhelhos.
A opala também preenche microfraturas em albititos, onde ocorre disseminada entre 0s
cristais de albita e substituindo os mesmos, bem como no saprolito derivado dos diabasio, ao
lado de esmectitas (Gomes 1990). Em Buriti dos Montes, as opalas também se encontram em
veios e vénulas em arenitos e diabasios, cujas fraturas foram preenchidas por oxihidréxidos de
Fe e caulinita. Nessa regido, foi encontrado um veio de opala laranja com aproximadamente
150 m de extensdo, além de depositos secundarios aluvionares (Gomes 2002).

As opalas de Buriti dos Montes também ocorrem como cimento de brechas na zona de
contato entre arenitos diques maficos. (Gomes & Costa 2001a; Gomes 2002). Associados as
opalas, localmente encontram-se veios de quartzo, calcedonia, barita e hematita (ou goethita).
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A calceddnia ocorre juntamente com a opala em algumas vénulas, assim como o quartzo, que
ocorre entre a opala e o arenito encaixante, ou formando pequenas drusas e veios
monomineralicos. Os dxi-hidroxidos de Fe formam concre¢des no contato arenito-diabasio,
entre os cristais de quartzo e a opala nos veios mistos, ou servem parcialmente de base aos
cristais de quartzo (Gomes & Costa 2001a). A barita se apresenta como veios dispersos em
toda a regido, inclusive em Buriti dos Montes e Pedro 1.

Gomes & Costa (2001c) descrevem fei¢Bes rlpteis nas opalas preciosas de Pedro Il e
as associam a uma reativacdo do Lineamento Transbrasiliano durante os estagios finais do
processo de formacéo das opalas. Fei¢cbes de mesma natureza também foram estudadas pelos
referidos autores nas opalas laranja de garimpos localizados nos arredores do povoado

Tranqueira, municipio de Buriti dos Montes.
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3 MATERIAIS E METODOS
3.1 MATERIAIS

As amostras utilizadas nesta pesquisa, provenientes dos municipios de Pedro Il e
Buriti dos Montes (Piaui), foram cedidas temporariamente pelo gedlogo Msc. Erico
Rodrigues Gomes, professor do Instituto Federal de Educacéao, Ciéncia e Tecnologia do Piaui
— IFPI. Dentre elas, algumas sdo compostas apenas por opala, outras por opala e quartzo,
drusas de quartzo hialino, porgdes dos veios de opala laranja e quartzo em contato com o
arenito encaixante, opala preciosa venular em diabasio e monocristais de quartzo hialino,

alguns com porcdes esfumacadas e outros com inclusdes sélidas aparentes.

3.2 METODOS

As amostras foram primeiramente descritas segundo seus aspectos macroscopicos,
com énfase em critérios como a cor, zonas de cor, efeitos dpticos, e inclusdes. Em seguida,
foram fotografadas e separadas em grupos de acordo com as caracteristicas supracitadas, e a
partir de entdo submetidas aos procedimentos usuais de preparacdo de amostra para analises
laboratoriais. Uma parte das amostras foi encaminhada a Oficina de Laminagdo do 1G-UFPA
para a confeccdo das laminas polidas e bipolidas, enquanto outras amostras de opala foram
pulverizadas em gral de agata. Estes materiais foram posteriormente submetidos a diferentes
procedimentos analiticos que integram quatro aspectos principais, essenciais a construcao de
um modelo genético para as ocorréncias de opala do Piaui: a micromorfologia e a mineralogia
das opalas e suas inclusdes sélidas, as composicdes e respectivas interacbes geoquimicas entre
esses minerais € a evolucdo dos fluidos hidrotermais responsaveis por sua génese.

O estudo micromorfoldgico foi baseado na descricdo preliminar das amostras, com
auxilio de microscopios do Laboratorio de Gemologia e Microscopia do IG-UFPA, e em
imagens de elétrons secundéarios (ES) e catodoluminescéncia (CL) obtidas por Microscopia
Eletrdnica de Varredura (MEV), a partir das quais foi possivel verificar o arranjo morfoldgico
interno das opalas, bem como caracterizar os diferentes padrdes de zoneamento em cristais de
quartzo. A caracterizacdo mineraldgica envolveu a identificacdo mineral das inclusfes solidas
e do grau de ordem-desordem das opalas a partir de analises de Difracdo de Raios-X
realizadas no Laboratério de Caracterizagcdo Mineral (LCM) do IG-UFPA. Algumas inclustes
foram identificadas com o auxilio de andlises quimicas semiquantitativas por Espectrometria
de Energia Dispersiva (EDS) em MEV no Laboratorio de Microscopia Eletronica de
Varredura (LABMEV) do IG-UFPA.
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As interacbes geoquimicas foram estudadas a partir da composicdo quimica total
(elementos maiores, tracos incluindo os terras raras) de amostras de opala obtida por
Espectrometria de Massa com Plasma Induzido e Emissdo Otica (ICP-MS/OES), na Acme
Analytical Laboratories Ltda. Também integraram as interpretacGes, composi¢des quimicas
pontuais obtidas por Microssonda Eletrénica (ME) no Laboratério de Microanélises (LMA)
da Universidade Federal de Minas Gerais (UFMG), e por EDS em MEV no LABMEYV do IG-
UFPA, para verificar as variagbes composicionais nas zonas de cor das opalas e nos
zoneamentos internos de cristais de quartzo. As analises microtermométricas empregadas no
estudo dos fluidos foram realizadas no Laboratorio de Microtermometria do 1G-UFPA e no
Laboratorio de Inclusbes Fluidas e Metalogénese (LIFM), do Centro de Desenvolvimento de
Tecnologia Nuclear (CDTN) na UFMG.

3.2.1 Procedimentos analiticos
3.2.1.1 Microscopia Eletronica de Varredura (MEV)

Utilizou-se o equipamento LEO ZEISS modelo 1430, com EDS Sirius-Gresham e
Mono-CL da Gatan acoplados. As condicGes para imageamento em elétrons secundarios (ES),
elétrons retroespalhados (ERE) e analises por espectrometria de energia dispersiva (EDS)
foram: corrente do feixe = 90 pa, voltagem de aceleracdo constante = 20 kV, distancia de
trabalho = 15 mm, tempo de andlise = 30 s com 3000 a 4000 c/s para cada andlise. As
condigdes foram as mesmas para as imagens de catodoluminescéncia (CL), mas com distancia
de trabalho = 13 mm. Foi utilizado um metalizador Emitech K-550 para o recobrimento das
amostras com ouro, durante 2 minutos para as analises de EDS e 30 segundos para 0

imageamento em CL.

3.2.1.2 Difracdo de Raios-X (DRX)

Foi utilizado um Difratdmetro de Raios-X modelo X Pert Pro MPD (PW 3040/60)
PANalytical, com gonidometro PW3050/60(0-0) e com tubo de raios-X cerdmico de anodo de
Cu (Kal= 1,540598 A) modelo PW3373/00, foco fino longo, filtro KB de Ni, detector
X’Celerator RTMS (Real Time Multiple Scanning) no modo scanning e com active length
2,122° com preparacdo de amostra pelo método do pd. Foram realizadas varreduras de 5° a
75° 20, com voltagem de 40 kV, corrente de 30 mA, passo 0,02° em 26 e tempo/passo de 10
s, fenda automatica e anti-espalhamento 4°, mascara 10 mm, movimento da amostra spinning,
com 1 rps. Os dados obtidos foram processados e interpretados com os softwares X’Pert Data
Collector e X Pert High Score, ambos da PAnalytical.
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3.2.1.3 Espectrometria de Massa com Plasma Induzido e Emissdo Otica (ICP-MS/OES)
Aliquotas de 200 mg previamente pulverizadas, de cada amostra, foram fundidas com
metaborato e tetraborato de litio, e este material foi dissolvido com &cido nitrico. Foram
determinados por ICP-OES e ICP-MS os elementos maiores, menores e tracos, incluindo os
elementos terras raras (ETR). C e S foram determinados por Leco. A perda ao fogo (PF) €

dada por diferenca de peso, apés a calcinacéo a 1000 ° C.

3.2.1.4 Microssonda Eletronica (ME)

Utilizou-se a microssonda eletronica JXA-8900 da JEOL para as analises quimicas
pontuais quantitativas, determinando-se por espectrometria de dispersdo de onda (WDS) os
teores de O, Si, Al, Fe, Ti, Na, K, Ba e Ge em quartzo e de O, Si, Al, Fe, Ti, Mn, Bae U em
opala. Foram utilizados padrdes lan Steele e Astimex, corrente de feixe = 300 nA e tensdo de

aceleracao = 25 kv.

3.2.1.5 Petrografia das Inclusdes Fluidas

Para o estudo petrogréafico das inclusBes fluidas, os cristais de quartzo hospedeiros
foram previamente formatados como laminas bipolidas. As inclusdes fluidas relativamente
grandes (observadas facilmente com lupa de 10x) também foram descritas previamente a
confeccdo das laminas bipolidas. A petrografia envolveu a descricdo minuciosa das diferentes
familias de inclusdes fluidas segundo a forma da cavidade, cronologia da origem (priméria,
pseudo-secundaria ou secundaria), nimero de fases em equilibrio a temperatura ambiente
(monofasica, bifasica, trifasica, polifasica), natureza (aquosa ou aquo-carbdnica), grau de
preenchimento (f) e modo de distribuigdo. As inclusdes também foram fotografadas e
desenhadas em papel vegetal, pois a descri¢do detalhada das inclusdes fluidas ¢ fundamental

para 0 bom desenvolvimento do estudo microtermomeétrico.

3.2.1.6 Microtermometria

Essa etapa consistiu na realizacdo de medidas das temperaturas de mudancas de fase,
executadas durante os ensaios de resfriamento e aquecimento. Para isso, foram utilizadas as
platinas microtermométricas Linkam THSMG 600 e FTIR 600, nos laboratérios da UFPA e
CDTN/UFMG respectivamente, e outra US-Fluid Inc também do CDTN/UFMG, todas
habilitadas para resfriamento e aquecimento, cujos limites térmicos aproximados sdo de —196
e 600 °C. As etapas de resfriamento foram executadas com o uso de N liquido, e a calibragéo
foi feita pela temperatura de fusdo do gelo em padré&o sintetico de agua pura (Tfy = 0,1 °C).
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Orange opals from Buriti dos Montes, Piaui: solid inclusions as genetic guides

Opalas laranja de Buriti dos Montes, Piaui: inclus6es sélidas como guias genéticos

RESUMO

As opalas laranja de Buriti dos Montes (Piaui, nordeste do Brasil) tém propriedades
gemologicas que favorecem seu uso como joOias; essas caracteristicas incluem as cores,
transparéncia, dureza e estabilidade relativamente elevadas. O exotico conteudo de inclusdes
solidas proporciona maior beleza as opalas da regido. Essas opalas foram originadas por
processos hidrotermais e sdo encontradas principalmente em vénulas e veios nos arenitos do
Grupo Serra Grande, seccionados por soleiras e diques de diabasio da Formacdo Sardinha.
Inclusdes solidas, tais como bolhas, agregados botrioidais, dendritos e nddulos, entre outras,
consistem principalmente de caulinita, hematita/goethita e quartzo, e influenciam a
composicdo quimica das opalas. O zoneamento intenso dos cristais de quartzo e os elevados
valores de Ba e Fe sugerem que os depositos de opala foram formados em ambiente
hidrotermal. Os diques de diabasio teriam sido responsaveis pelo aquecimento dos fluidos
hidrotermais. Os arenitos, ricos em solu¢des aquosas, também teriam contribuido com a silica
disponivel para a saturacdo dessas solugdes, e as fraturas permitiram a migracdo e
aprisionamento dos fluidos hidrotermais, resultando nos veios mineralizados.

Palavras-chave: Opala laranja, inclusdes sélidas, génese, hidrotermal.

ABSTRACT

Orange opals from Buriti dos Montes (Piaui, northeastern Brazil) have gemological properties
that favor their use as jewelry; these characteristics include their colors, transparency,
relatively high stability and hardness. The exotic content of solid inclusions provides greater
beauty to the opals of this region. These opals originated from hydrothermal processes and are
found mainly as veinlets and veins in the sandstones of the Serra Grande Group, sectioned by
diabase dikes and sills of the Sardinha Formation. Solid inclusions, such as bubbles,
botryoidal aggregates, dendrites, and nodules, among others, consist mainly of kaolinite,
hematite/goethite and quartz and influence the chemical composition of opals. Intense zoning
of quartz crystals and high values of Ba and Fe suggest that opal deposits were formed in a
hydrothermal environment. Diabase dykes could have been responsible for heating the
hydrothermal fluids. Sandstones, rich in aqueous solutions, also contributed to the available
silica for the saturation of these solutions, and fractures enabled the migration and entrapment
of hydrothermal fluids, resulting in the mineralized veins.

Keywords: Orange opal, solid inclusions, genesis, hydrothermal.

INTRODUCTION

In the Piaui State of northeastern Brazil, Pedro Il and Buriti dos Montes counties have the
most important opal occurrences of the country. The gemological qualities of these opals are
equivalent to the famous Australian opals. According to Gomes (2002), the orange opals from
Buriti dos Montes do not exert the same fascination as the precious opals from Pedro Il
because they do not show a play-of-colors. However, this variety has been highly appreciated
due to other features, which are also suitable for use in jewelry, such as their orange hues,
transparency, hardness and relatively high stability. The exotic content of solid inclusions
provides greater beauty to the orange opals found in this region. These inclusions occur
isolated or in various arrangements with millimetric to centimetric size that are intrinsic to
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Buriti dos Montes opals. Similar solid inclusions have been described in Mexican opals by
Koivula et al. (1983), Giibelin & Koivula (1986a, 1986b, 2005), Smith (1990) and Spencer et
al. (1992); Mexican opals are also well known in the international gemological market. As
shown by Gomes (2002), Gomes & Costa (2001), Marques (2011) and Marques et al. (2012),
Piaui opals originated from hydrothermal processes. In this context, this paper discusses the
morphology, mineralogical and chemical composition of solid inclusions, their interaction
with the orange opals and their genetic significance.

Localization and access: Buriti dos Montes County is located in the northeastern part of the
Piaui State, approximately 230 kilometers (km) east of the capital, Teresina. Access to Buriti
dos Montes County from Teresina is facilitated by federal and state highways that intersect
the region through Campo Maior and Castelo do Piaui.

Geological context and occurrence: The Piaui opals are hosted in the sedimentary rocks of
the Parnaiba Paleozoic Basin, which involves three depositional cycles controlled by global
tectonics, as proposed by Goées & Feijé (1994): the Silurian (Serra Grande Group), Devonian
(Canindé Group) and Carboniferous-Triassic (Balsas Group) sequences. The Jurassic (Pastos
Bons, Corda, Sardinha and Mosquito Formations) and Cretaceous (Grajatu, Cod6 and
Itapecuru Formations, in the north, and Areado Group and Urucuia Formation, in the south)
sequences were considered part of this basin but are directly related to the rupture of
Gondwana; therefore, their evolutions are distinct from the Parnaiba Basin. Gdes (1995) and
Rossetti et al. (2001) suggested the names Alpercatas, Grajal and Espigdo-Mestre for these
basins. The Serra Grande Group occurs within the limits of the Parnaiba Basin and presents
itself in discordance with the overlying Canindé Group. According to Gdes et al. (1990), the
Serra Grande Group represents the first marine deposition in the Parnaiba Basin,
corresponding to a complete transgressive-regressive cycle, where fluvial-deltaic to shallow
marine sediments were deposited and consolidated into Ipu, Tiangua and Jaicds Formations.
In general, continental sandstones and conglomerates with possible glacial influence (Ipu
Formation) are present in gradual contacts with sandstones and marine shales (Tiangua
Formation) that are overlapped by sandstones and fluvial conglomerates (Jaicds Formation).
The Cretaceous basic intrusive magmatism occurs in the form of sills and dykes that
constitute the Sardinha Formation and cross cut the Parnaiba Basin (Goes, 1995), including its
base, where the rocks of Serra Grande Group that host the studied opals are found. These
orange opals are found mainly as veins and veinlets, filling the fractures in Serra Grande
Group sandstones. They also occur in cementing breccias in the contact zone between host
rocks and mafic dykes. These primary deposits formed the source for the colluvial and
paleochannel deposits. Locally, there are veins of quartz associated with opals with goethite
dispersed between quartz crystals and opals (Gomes & Costa, 2001).

MATERIALS AND METHODS

One hundred forty six opal samples distributed into 20 lots, with an average of approximately
7 pieces each were used. These samples were collected by the geologist Erico Rodrigues
Gomes. The opals and their inclusions were characterized by their morphology,
micromorphology, and mineralogical and chemical compositions using the following
analytical techniques:

Optical stereomicroscopy: All samples were observed with a Zeiss stereomicroscope (model
Stemi 2000-C), described according to their macroscopic features and photographed.

X-Ray Powder Diffraction (XRD): XRD was carried out at the Mineral Characterization
Laboratory of the Geosciences Institute of Federal University of Pard (IG-UFPA). XRD was
used to determine the main mineral phases and crystalline order-disorder degree (crystallinity)
of the opals, which were prepared by the powder method. We used an X-ray diffractometer
(model X'Pert Pro MPD (PW 3040/60) PANalytical) with a PW3050/60 (6-6) goniometer and
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an X-ray tube ceramic with a Cu anode (Kal = 1.540598 A) model PW3373/00, long fine
focus, Ni Kp filter, X'Celerator Real Time Multiple Scanning (RTMS) detector in scanning
mode with an active length of 2.122°. Scans were conducted from 5° to 75° 20 with a voltage
of 40 kV, a 30 mA current, a 0.02° step in 20 and 10 s/step, an automatic and 4° anti-
scattering slit, a 10-mm mask, and a spinning motion of sample with 1 rps. The data were
processed and interpreted using an X'Pert Data Collector and X'Pert High Score software,
both from PANalytical.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS): ICP-MS was conducted at
Acme Analytical Laboratories Ltd. to determine the bulk chemical composition of the opals.
The samples were previously powdered into aliquots of 200 mg, melted with lithium
metaborate and tetraborate, and then dissolved with nitric acid. The major C, S, and trace
elements, including rare earth elements (REE), were determined. The loss on ignition (LOI) is
given by the difference in weight after calcination at 1000°C.

Scanning Electron Microscopy (SEM/EDS/CL): Fragments and polished thin sections of
opals, emphasizing their inclusions, were used for the morphological and mineralogical study
using secondary electron (SE) images and energy dispersive spectrometry (EDS) semi-
quantitative chemical analysis. All fragments of samples were fixed on stubs with carbon
double-sided tape and coated with gold for 2 minutes. The polished thin sections were also
used to obtain backscattered (BSE) and cathodoluminescence (CL) images, in addition to
EDS analysis. These thin sections were coated with gold for 2 minutes for EDS analysis and
30 seconds for CL images, with a coating thickness of 15 nm and 3 nm, respectively. A LEO
ZEISS SEM (model 1430) with a Sirius-Gresham EDS detector and a Gatan Mono-CL
belonging to the Laboratory of Scanning Electron Microscopy of the UFPA were used.
Operating conditions for the SE and BSE images and the EDS analysis were as follows: beam
current = 90 pa, accelerating voltage = 20 kV, work distance = 15 mm, scanning time = 30 s
with 3000 to 4000 cycles per second (c/s) for each analysis. The conditions for the CL images
were the same but with work distance = 13 mm.

OPAL STRUCTURE

The opals from Buriti dos Montes are semitransparent to translucent and have a wide range of
hues, from light yellow to brownish red. In the SEM images, it is possible to see that the
interstices between silica spheres forming the opal were partially filled by opal cement,
masking the typical subspherulitic aspect, giving rise to an almost massive feature (Figure 1A,
B). The sphere diameters range from 150 to 500 nm. Irregular spheres and compact
arrangements do not allow for the production of a play-of-colors, an effect that manifests
itself only when the spheres are perfect, uniform in size and have a regular packing without
any interstices filling (Wollaert et al., 1990). However, these opals have good transparency,
which may be related to the size of the spaces between the spheres. According to Schwartz
(1984), small interstices provide greater transparency to opals.
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Figure 1: A, B - Subspherulitic arrangement of the orange opals, whose cementation generates
a massive aspect. Secondary electron images obtained using SEM. Scale bar = 1.5 pm.

SOLID INCLUSIONS MORPHOLOGY

The different types of solid inclusions in the studied opals were identified and classified
according to morphology using criteria such as shape, color, size and texture as well as the
three-dimensional arrangement produced within the opals.

The inclusions, named bubbles, correspond to rounded cavities with diameters between 5 and
20 mm and are cream-white or brownish according to the filling, usually of host sandstones.
Some bubbles have a white film on the inner wall of the cavity, while others are completely
empty, which most likely indicates already-released gas content. There are bubbles
surrounded by tension fractures (Figure 2A) with an external appearance of microconcretions
and filled with opaline silica (Figure 2B). The botryoidal inclusions are sandy aggregates of
the host rock, with a botryoidal aspect and a general tendency towards rounding. Their color
varies from white to cream and brown to reddish tones. The spatial arrangement of these
inclusions within the opals allows for characterizing different morphologies, such as coral
reefs, stalactites, stalagmites and columns (Figure 2C). Dendritic inclusions (Figure 2D), with
a typical arborescent aspect, are dark, usually brown, and are associated with botryoidal
inclusions, bubbles and fractures.

The tabular or lamellar inclusions (Figure 2E) are groups of parallel lamellae or platelets of
sandy material. Microcrystals, isolated or grouped, are euhedral and well formed.
Microcrystals of quartz inclusions in these opals are frequent. Nodules, composed of materials
from the host rocks, represent sandy fragments that were not completely dissolved during the
migration of hydrothermal fluids. The helicitic inclusions or cobwebs (Figure 2F) are formed
by brown, irregular tiny needles, similar to strands of hair, together constituting an
arrangement similar to a cobweb. The tubes are cylindrical and elongated channels,
sometimes curved, with millimetric diameter, which may be empty or partially or completely
filled with sandy material. The filling gives reddish or whitish colors to the tubes.

Some features, such as flow structures (striations that represent the probable migration of
fluids through fractured host sandstone) and fractures, occur in isolation or in association with
botryoidal inclusions and bubbles. There are sealed fractures (Figure 2G - totally filled by
opal), dry fractures (unfilled fractures), tension fractures (semicircular fractures that surround
other inclusions), superficial fractures (external fractures, non-penetrative) and cracking
fractures (group of interconnected fractures that delimit small polygons with penetrative
character). Patches and color zones (Figure 2H), also frequent, are portions of opal with
variations of the main color.
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Figure 2: Opals from Buriti dos Montes with the main solid inclusions and associated
features. A - bubble with tension fracture, B - white opal bubble with Fe oxy-hydroxides in
the center, C - botryoidal-columnar inclusion with tension fractures, D - dendrites, E -
lamellar inclusions with botryoidal terminations, F - helicitic inclusions with dry fractures, G
- sealed fractures in red opal, H - red patch in orange opal. Scale bar = 1 mm.

MINERALOGICAL CARACTERIZATION

The mineralogical analysis by XRD revealed different order-disorder degrees in orange opals,
from amorphous opals (opal-A) to cristobalite-tridymite opals (opal-CT). Samples GB 7-28,
GB 8-37 and GB 6-2 are typical of opal-A, whose diffraction patterns show a main peak with
d =4.11 A (4.10/4.12), broad and high background, and another incipient in d = 2.50/2.51 A.
The high background and low resolution of the peak d = 4.32 A, sometimes almost
imperceptible, suggest low-order crystalline, approaching an amorphous state. Samples GB 2-
14 and GB 9-6 are typically opal-CT, characterized by interplane distances d = 4.10 A (4.11),
4.31 A (4.32/4.33), 2.50 A, 2.05 A and 1.63 A. Among the terms defined as amorphous and
cristobalite-tridymite, there are intermediate stages of order-disorder crystalline, as in the GB
1-24, GB 5-5, GB 4-5, GB 3-20 and GB 10 samples (Figure 3A, B). The presence of kaolinite
in the solid inclusions is indicated by reflections d = 7.17 A (7.18/7.19) and 3.58 A. The
interplane spacings d = 3.34 A (3.35), 1.54 A and 1.44 A refer to quartz microcrystal
inclusions in the opals. These quartz microcrystals as well as botryoidal and lamellar
inclusions, nodules and tubes formed predominantly by kaolinite have been confirmed by
EDS analysis.

In addition to these minerals, hematite and/or goethite were also found in the darker portions
of the botryoidal, dendritic and helicitic inclusions as well as in the nodules and in the center
of a bubble formed by white opal within yellow opal. Opaline pseudomorphs of gypsum or
barite (Figure 4A, B) were found locally, filling small cavities in opals. EDS analysis
indicated only Si and O, showing that these inclusions were completely replaced by the
opaline silica, preserving, however, the shape of the crystals. Hyaline quartz also occurs in
small druses and accompanying veins of opal. When imaged by CL using SEM, these crystals
reveal a pattern of concentric zoning perpendicular to the c-axis, showing various intensities
of luminescence. This feature is diagnostic of hydrothermal origin (Rusk et al., 2006; 2008)
and contrasts strongly with the extremely homogeneous texture, i.e., without zoning,
exhibited by grains of detrital quartz of the sandstones that host the mineralization. In CL
images, venules of hydrothermal quartz overgrown on detrital quartz were observed (Figure
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5A, B), indicating that fluids migrated through the interstices of the grains into the
sandstones. The thickness of hydrothermal quartz veinlets gradually increases toward the ore
veins, until the detrital grains are completely consumed, leaving neoformed euhedral quartz

crystals (Figure 5C).
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Figure 3: A, B - X-ray diffraction diagrams showing the different order-disorder degrees of
the studied opals, with variation between opal-A and CT, and intermediate levels, from the
base upwards. Klin - kaolinite, Opl - opal, Qz - quartz (abbreviations of mineral names based

on Whitney & Evans, 2010).

N

Flgure 4: A, B - Pseudomorphs of gypsum or barlte mluded |n orange opals Secondary
electron images obtained using SEM. Scale bar = 5 um.
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Figure 5: A, B - Detrital quartz grains (Qz1) of sandstones that host the opal mineralization
with hydrothermal quartz overgrowth (Qz2). C - Euhedral quartz crystal (Qz3) with internal
concentric zoning. Cathodoluminescence images obtained using SEM. Scale bar = 100 pm.
Qz - quartz (abbreviations of mineral names based on Whitney & Evans, 2010).

CHEMICAL COMPOSITION

The opals from Buriti dos Montes are composed mainly of SiO, (90.14 % on average) and
8.03 % water (based on LOI), 1.32 % Al,O3 and 0.2 % Fe,O3. The SiO, contents correlate
negatively with Al,O3; and Fe;O3, most likely due to the mineral inclusions, such as kaolinite
and hematite. Part of the silica-contents is also found as quartz inclusions. Al can also be a
potential Si replacement in the opal structures. Among the analyzed trace elements, only the
high values of Ba are highlighted, ranging between 195 and 1373 parts per million (ppm),
with an average of 808 ppm (Figure 6A). Other trace-element contents are very close to the
detection limits. Gomes (2002) emphasizes that barite veins are common in the sandstones
that host opals. The GB 4 sample, which is richer in Al,O3; and Fe,O3, displays the highest
contents of REEs (Figure 6B) and trace elements, most likely due to an association with the
solid inclusions of hematite and kaolinite. From EDS analysis, it was possible to identify
higher contents of Fe in patches and dark colored zones than in the opal matrix. Similarly,
reaction borders surrounding helicitic and dendritic inclusions have higher contents of Fe,
with an average of 4500 ppm compared with the surrounding opal with an average of 1700
ppm of Fe.
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Figure 6: A - Multi-elements diagram with the distribution of trace elements in the opals.
Trace element concentrations (ppm) are relatively higher in sample GB 4. B - Diagram
showing the distribution of REE in these opals and considerable enrichment in sample GB 4.
The contents were normalized by chondrite of Taylor & McLennan (1985).

DISCUSSION AND CONCLUSIONS

The vast content of solid inclusions, their arrangements, contact relationships, mineralogy and
chemical composition reinforce the hydrothermal genesis of orange opals from Buriti dos
Montes as suggested by Gomes (2002), and discussed by Marques (2011). Most inclusions
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are formed by materials from the host rocks or simply from particles that were involved by
fluids during their migration through the fractures in these sandstones. The hydrothermal fluid
flow is evident in flow structures present in the opals and on features representing partial
dissolution of some inclusions (e.g., the reaction borders around the helicitic and dendritic
inclusions). Other features, such as sealed fractures, patches and zoning of colors, refer to late
fluid flow and partial dissolution of hematitic plasma particles. The color zoning was created
by neoformation of Fe oxy-hydroxides such as hematite and goethite within the opals. The
possible existence of micro and nano-inclusions, rich in these minerals can also contribute to
this effect (Fritsch et al., 1999; 2002; 2006; Steffen, 2000; Gaillou et al., 2008). The lamellar
inclusions reveal a structure that can originate from the deformation of sandstones assimilated
by fluids, considering that the mineralized area is under the influence of the Transbrasiliano
Lineament. The opals from Buriti dos Montes are marked by high contents of Ba and Fe. Ba
may possibly constitute inclusions of barite, a common mineral in rocks of the region. Fe
occurs as oxy-hydroxides in solid inclusions, which give the distinct orange color to these
opals. The presence of barite, hematite and kaolinite also reinforces the context of a
hydrothermal environment for the origin of these opals. This hydrothermal genesis is also
confirmed by the presence of hyaline quartz with intense zoning in CL, in lateral contact with
opal in the veins, and as microcrystals included in the opals. This hypothesis is corroborated
by the morphology of the inclusions, by the mineral assemblage characterized by hematite,
barite and kaolinite, and by the simultaneous occurrence of inclusions and veins of typically
hydrothermal quartz.

This hydrothermal environment was most likely conditioned by the diabases of the Sardinha
Formation, which acted as the heat source responsible for heating the aqueous solutions
present in the sandstones of the Serra Grande Group. These sandstones also contributed to
most of the solubilized silica necessary for the saturation of the solution, while extensive and
numerous fractures were indispensable for trapping these hydrothermal solutions, thereby
hosting the mineralized veins.
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GEMAS

INTRODUCAO

Exuberancia, fascinio, beleza, raridade. Como definir
em uma palavra um mundo tdao vasto de formas e
cores que constituem as inclusoes solidas em opalas
laranja de Buriti dos Montes? Essas inclusoes assumem
as formas mais diversas, algumas lembram paisagens
que mais parecem miragens; cavernas repletas de
estalactites e estalagmites em um mundo microscépico.
Talvez um mergulho junto aos recifes de corais, mas
microscopicos. E o que dizer de uma bola de futebol,
ou da cabega de um soldado com seu capacete
preparado para a guerra? Estao ld em nossa imaginagao
microscopica. Essas sdo algumas das imagens que
conseguimos ver com um pouco de imaginagio e
aten¢ao as inclusdes, mesmo porque seus tamanhos
variam de centimétricos a milimétricos, mas o efeito
causado por elas é simplesmente inigualavel. Sao
relictos e deformagoes da rocha encaixante, assimilados
pela opala como um todo.

As opalas que serdo descritas aqui, sao encontradas
no municipio de Buriti dos Montes e arredores,
aproximadamente 230 km de Teresina, capital do
estado do Piaui. Nesta regiao, as rochas sedimentares
do Grupo Serra Grande (predominantemente arenitos),
que perfazem a por¢ao basal da Bacia do Parnaiba e
constituem importante aquifero na regidao nordeste,
foram intrudidas por diabasios da Formagao Sardinha
durante o Cretdceo. A intrusao dos diabdsios nestes
arenitos aquosos constituiu o ambiente geoldgico
apropriado para a formagao das opalas.

MATERIAIS E METODOS

As inclusoes solidas presentes nas amostras de
opala estudadas foram investigadas com auxilio de
microscopio Otico, visando a caracterizagio dos
distintos aspectos morfologicos; por difragao de raios-x
(DRX) para identificagdo dos minerais envolvidos;
por ICP-MS para determinagio da composi¢ao
quimica total das opalas; e microscopia eletronica
de varredura para imageamento e andlises quimicas
pontuais semiquantitativas por sistema de energia
dispersiva, além de catodoluminescéncia (MEV/SED/
CL). Todas as analises foram realizadas em laboratorios
do Instituto de Geociéncias da Universidade Federal do
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Para, exceto as andlises quimicas totais por I[CP-OES e
ICP-MS, efetuadas em laboratérios da Acme Analytical
Laboratories Ltd.

A ESTRUTURA DAS OPALAS

As opalas de Buriti dos Montes sao semitransparentes
a transhicidas e apresentam uma ampla variagdao na
tonalidade laranja, variando do amarelo claro ao
vermelho amarronzado. Em imagens de MEV mostram
subesferas de silica (opala), em que os intersticios das
esferas foram parcialmente ocupados por cimento
também opalino, que muitas vezes mascara o tipico
aspecto microesferulitico, originando uma fei¢do
quase maciga (Figura 1). O diametro das esferas varia
de 150 a 500 nm. Este arranjo e a variagdo no diametro
das esferas nao permitem que as mesmas produzam
0 jogo de cores, efeito que s6 se manifesta quando as
esferas sao perfeitas, possuem tamanho uniforme, e sao
dispostas segundo um empacotamento regular, em que
os intersticios ndo estao preenchidos (Wollaert et al.,
1990). Acredita-se que a boa diafaneidade apresentada
esteja relacionada ao tamanho dos espagos entre as
esferas, pois segundo Schwartz (1984) e O’'Donoghue
(1983), intersticios pequenos proporcionam maior
transparéncia as opalas.

Figura 1: Transi¢ao do aspecto macigo ao subesferulitico, produzido
pela cimentagao entre as esferas que constituem as opalas. Imagem de
elétrons secunddrios obtida em MEV.
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AS INCLUSOES SOLIDAS

Segundo Liccardo (2010), toda irregularidade optica
no interior de uma gema pode ser considerada
inclusio. Em outras palavras, uma inclusio pode
ser qualquer corpo estranho ou defeito em seu
interior, como minerais, cavidades contendo fluidos,
clivagens, fraturas e fissuras, geminagdes, zonagoes
ou distribuigao irregular de cor, e falhas estruturais
(Liccardo, 2010). Quando presentes em uma gema,
as inclusdes podem ser indesejaveis, por interferir na
cor e na resisténcia mecanica da mesma, diminuindo-
lhe o valor comercial, como no caso dos diamantes,
esmeraldas e outros berilos, rubelitas e granadas.
Qualquer inclusio no diamante, por menor que seja,
reduz drasticamente o valor da gema, pois interfere
diretamente no grau de limpidez (clarity) e na avaliagao
gemoldgica final (Costa & Luz, 2008).

Entretanto, hd casos em que as inclusées sao apreciadas
e contribuem para a sua valorizagio, a exemplo de
inclusdes dendriticas e agulhas de rutilo ou turmalina
em quartzo, dgatas dendriticas, e especialmente das
inclusoes sdlidas em opalas laranja de Buriti dos
Montes. As inclusdes podem resultar ainda na produgao
de efeitos opticos que agregam valor a muitos tipos de
gemas. O asterismo exibido por rubis e safiras lapidadas
em cabochdo é causado por reflexao da luz em finas
inclusoes fibrosas ou aciculares (Schumann, 2006). O
efeito chatoyance ou olho-de-gato é produzido pela
reflexdo da luz por fibras paralelas, agulhas ou canais
ocos no crisoberilo e outros (Schumann, 2006). A
adularescéncia da conhecida pedra-da-lua ou adularia
¢ provocada por diminutas exsolugdes de albita em
feldspato potdssico, enquanto que a aventurescéncia
tipica da pedra-do-sol ou feldspato aventurino é
causada por particulas de mica dourada em feldspato
(Liccardo, 2010), ou simplesmente por inclusoes
minerais placosas (Schumann, 2006).

Ha virios registros na literatura sobre a ocorréncia
de inclusoes em opalas. Fritsch et al. (2002) relatam
inclusoes de palygorskita como causa da cor em opalas
roseas do México e Peru, Fritsch et al. (1999, 2002,
2006), Steffen (2000), e Galillou et al. (2008) associam
a cor das opalas laranja com inclusoes de minerais de
ferro em sua estrutura. Sobre as opalas brasileiras, a
ocorréncia de inclusoes foi descrita por Gomes & Costa
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(2001a,2001b,2001c), Gomes (2002), Bahiaetal. (2010)
e Marques (2011). A grande abundancia de inclusoes
solidas ¢ uma caracteristica marcante das opalas de
Buriti dos Montes, enaltecida pela boa transparéncia
das mesmas. Essas inclusoes solidas foram classificadas
segundo a sua morfologia (forma, cor, tamanho e
textura), bem como o arranjo produzido por elas no
interior das opalas. Os principais tipos distinguidos
§40:

Bolhas, que repi‘esentam cavidades com formas
arredondadas ou ovaladas, com diametro variando de
5 a 20 mm, aproximadamente. As bolhas podem estar
vazias (provavelmente continham gases) ou apresentam
uma pelicula branca na parede interna da cavidade. Ha
também aquelas que contém no seu interior relictos
areniticos provenientes dos arenitos que hospedam os
veios de opala.

Essas bolhas apresentam coloragao creme esbranquicada
ou amarronzada de acordo com a variagdio na
tonalidade do relicto arenitico. Outras bolhas mostram
a superficie externa fraturada semelhante ao aspecto de
uma concre¢ao gretada. Algumas bolhas se apresentam
combinadas entre si, resultando em um efeito incomum.
Outras lembram a cabega de um soldado portando
capacete (Figura 2 A).

Figura 2: Imagem de inclusées tipo bolhas na opala
laranja de Buriti dos Montes. A: Bolhas que lembram a
uma cabega de soldado portando capacete, por exemplo.
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Figura 2: Imagens de inclusées tipo bolhas nas opalas laranja de Buriti
dos Montes. B: Bolha cujo aspecto concreciondrio lembra as suturas de
uma bola de futebol. C: Secgao transversal de uma bolha preenchida
por opala branca e oxihidroxido de ferro no nicleo.

Outro aspecto interessante é uma bolha com feigoes
concreciondrias, onde os poligonos desenhados pelas
fraturas em sua superficie lembram as costuras poligonais
das bolas de futebol (Figura 2 B). As bolhas podem estar
preenchidas com opala branca, com oxihidroxido de
ferro em seu nucleo (figura 2 C).

Botrioidais, que representam agregados de material
arenoso das rochas encaixantes, com notavel aspecto
botrioidal, ou seja, um conjunto de formas ar-
redondadas agrupadas aleatoriamente, como se fossem
vérias esferas interligadas. Sua coloragdo varia entre
branco, creme e marrom ou tons avermelhados de
acordo com a mineralogia, ou seja, as cores mais claras
e escuras se manifestam quanto maior o contetdo de
caulinita ou oxihidréxidos de ferro, respectivamente. O
arranjo espacial deste tipo de inclusao no interior das
opalas provoca belos efeitos.

Algumas dessas inclusoes, por exemplo, apresentam-se
segundo um arranjo tipo recifes de corais (Figura 3 A).
Outras se organizam em formas colunares lembrando
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aquelas que se formam no interior das cavernas
a partir do gotejamento da agua enriquecida em
materiais dissolvidos da rocha hospedeira, e, portanto
lembram as estalactites, estalagmites e colunas (Figura
3 B e C), s6 que aqui nas opalas laranja estio em um
microuniverso, micrométrico.

Figura 3: Inclusées tipo botrioidais que espacialmente lembram recifes
de corais (A), e feigoes ligeiramente colunares como estalactites e
estalagmites (B ¢ C).

Dendriticas, obviamente, lembram formas arborescentes
ou dendritos (Figura 4). As cores variam de marrom
a creme, prevalecendo as mais escuras, formadas por
oxihidréxidos de ferro. Essas inclusdes geralmente
ocorrem associadas a outros tipos de incluses como
as bolhas e as botrioidais. Algumas inclusées den-
driticas apresentam aspecto cavernoso, ou seja, pos-
suem cavidades internas, na maioria das quais se
desenvolveram cristais aciculares hialinos.

DIAMOND NEWS | 2012



Figura 4: Inclusoes

dendriticas

disseminadas em

opala amarela (A ¢

C), e associadas a

fraturas. Apresentam

iridescéncia

* (B). Algumas
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Fraturas sdo estruturas que aparecem no interior ou
na superficie das opalas, geralmente em virtude de
ressecamento do material, associadas ou ndo a outras
feigoes como bolhas e inclusdes botrioidais. Dentre
elas, as fraturas cicatrizadas (preenchidas por opala)
sao observadas mais facilmente nas opalas com maior
transparéncia, pois estas permitem a distingao das
diferentes cores correspondentes ao material fraturado
e o preenchimento da fratura. Na figura 5 (A e B), as
opalas amarela e vermelha contém fraturas preenchidas
respectivamente por opala incolor e laranja.

As fraturas secas siao aquelas que nao possuem
preenchimento (Figura 5 C), e as de tensio sdo fraturas
circulares ou semicirculares que contornam outras
inclusoes (Figura 5 D).
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Figura 5: As fraturas cicatrizadas estao representadas
nas figuras A e B, as fraturas secas e de tensio em C ¢
D, onde aparecem associadas a inclusoes botrioidais.
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Lamelares ou tabulares (Figura 6) sio constituidas
de pequenas lamelas ou plaquetas paralelas formadas
por material arenoso e/ou areno-argiloso contendo
caulinita. Esta estruturagao pode ser consequente de
uma pressao sobre o fluido, causando deformagao
nas por¢oes do arenito encaixante englobadas por
ele. Algumas dessas inclusoes apresentam terminagao
botrioidal colunar.

Figura 6: Inclusoes lamelares com terminagao botrioidal colunar em
opala amarela.

Manchas de cor sio mudangas de cor nas opalas,
em forma de manchas ou zonagdes (Figura 7). Essas
variagoes de cor nas opalas podem estar associadas a
particulas de plasma hematitico ou inclusdes micro e
nanométricas de oxihidroxido de ferro. Gaillou et al.
(2008) consideram que a cor nas opalas depende das
impurezas quimicas e em alguns casos, de inclusoes
minerais, assim, a cor nas opalas de fogo, estaria
associada ao contetido de Fe*+ na forma de nanocristais.
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Microcristais sao inclusbes de um ou mais cristais
euédricos e bem formados de um mineral (ou varios),
como por exemplo, de quartzo (Figura 8 A). Parte desses
cristais aparece dispersa no interior das opalas. Outros
aparecem contornando-as nas bordas dos veios. Gomes
(2002) descreve ainda o recobrimento dos microcristais
de quartzo por peliculas de caulinita. Foram identificadas
inclusdes de microcristais pseudo-mérficos de barita ou
gipsita totalmente substituidos por opala.

Nodulares (Figura 8 B) siao formadas por pequenos
nédulos de material arenoso e/ou areno-argiloso pro-
veniente das rochas encaixantes da opala. Representam
relictos areniticos da encaixante en-globados pelo
fluido gerador da opala.

Heliciticas ou teias (Figura 8 C) sao formadas por
diminutas agulhas de hematita semelhantes a fios
de cabelo, que em conjunto configuram um arranjo
semelhante a uma teia de aranha. Essas inclusoes
se assemelham as dendriticas devido ao arranjo tri-
dimensional quase arborescente que produzem, no
entanto o material que as constitui ¢ muito mais fino,
resultando em um aglomerado de fios.

Tubos ou canais (Figura 8 D) sio formados por con-
dutos alongados, aproximadamente cilindricos, com
diametros milimétricos, por vezes encurvados. Podem
estar vazios, parcialmente ou totalmente preenchidos
por material arenoso e/ou areno-argiloso proveniente
das rochas encaixantes das opalas. O preenchimento
da aos tubos uma coloragio avermelhada e/ou esbran-
quicada segundo as proporgdes de oxihidroxidos de
ferro e caulinita.

Figura 7: A:
Zonagdo de

cor laranja ¢
amarela em
opala de cor
bdsica vermelha.
B: Mancha de
cor vermelha
em opala de cor
basica laranja.

1,5 mm
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ORIGEM DAS OPALAS LARANJA

As opalas de Buriti dos Montes apresentam carac-
teristicas marcantes, que remetem aos processos que
as originaram. Como exemplo, as inclusoes sélidas
apresentadas podem refletir os estagios de formagao das
opalas. As incluses botrioidais, dendriticas, lamelares,
nodulares, microcristais, teias e tubos exibem formas
variadas, porém seu conteido mineraldgico, cores
e lexturas sio muito semelhantes, isso porque sio
constituidas de material arenoso proveniente das
rochas encaixantes, ou seja, sao na realidade relictos
dos arenitos hospedeiros dos veios de opala. As
bolhas remetem a fases gasosas durante a formagio da
mineralizagdo, por isso muitas delas sao apenas moldes
ou cavidades, quando certamente resultaram do escape
do material de preenchimento por fraturas.

Manchas de cor podem estar relacionadas a inclusdes
ricas em oxihidréxido de ferro, conforme demonstrado
por Fritsch et al. (1999, 2002, 2006) ¢ Galillou et al.
(2008), e neste caso, essas inclusdes podem ter sido
dissolvidas no fluido gerador das opalas. Algumas
inclusoes heliciticas, mostram-se parcialmente dis-
solvidas, resultando em bordas de reagdo na opala (Fi-
gura 9). Outras fei¢oes como as fraturas se formam por
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Figura 8: A: Microcristais de quartzo inclusos
em opala laranja. B: Inclusoes nodulares nas
cores marrom ¢ branca. C: Aglomerados de
Jios ou agulhas que constituem as inclusées
em teia ou heliciticas. D: Tubos preenchidos
por material arenoso de cor marrom inclusos
em opala laranja.

resfriamento ou ressecamento do material e, portanto
representam fases tardias durante a formagao das
opalas.

Considerando-se o contexto geoldgico da regido de
Buriti dos Montes, os dados obtidos sugerem que
opalas laranja de Buriti dos Montes se formaram
através da precipitagio de silica dissolvida contida
em fluidos hidrotermais. A origem da silica e da
agua componentes dos fluidos estaria nos arenitos do
Grupo Serra Grande e a fonte térmica nas intrusoes
de diabasios da Formacao Sardinha, conforme Bahia
et al. (2010) e Marques (2011). Os fraturamentos pré-
existentes nos arenitos proporcionaram as armadilhas
para resfriamento do fluido e precipitagio da silica
como opala e quartzo. Dessa maneira, as inclusoes de
arenitos e suas modificagdes comprovam a importancia
dos arenitos para alojar as opalas, pois representam
porgoes da rocha encaixante assimiladas durante a
percolagao do fluido através das fraturas.

Além da opala, a atividade hidrotermal que deu
origem a ela ¢ reforcada pela presenga de quartzo com
zoneamento concéntrico de simetria hexagonal, que é
descrito na literatura como tipico dessa ambiéncia.
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Figura 9: Inclusdo do tipo teia composta por hematita, imagem

de elétrons retroespalhados (ERE) em MEV. E possivel observar o
contorno da inclusdo por uma borda de reagao de opala, onde os
teores de Fe sao mais altos em relagao a opala circundante, formada
provavelmente pela interagdo entre a incluséo e o fluido, por
dissolugdo parcial das bordas do material incluso.

CONCLUSOES

As inclusoes solidas das opalas laranja de Buriti dos
Montes atribuem beleza e raridade a essa gemas, tendo
em vista os variados arranjos em que se apresentam e
efeitos exuberantes que produzem. Sao elas certamente
que conferem também a tonalidade laranja ao conjunto,
ou seja, a opala como um todo. Além disso, as mesmas
servem como guias na identificacdo dos processos
genéticos que originaram as opalas. As inclusoes,
de modo geral, relictos dos arenitos hospedeiros, a
presenca de hematita, barita e caulinita, e a ocorréncia
simultanea de inclusoes e veios de quartzo hidrotermal
testemunham essa origem.

O ambiente geoldgico onde as opalas laranja de Buriti
dos Montes se formaram, tem, portanto, caracteristicas
unicas e essenciais a sua formag¢ao, como a interacao
entre as rochas sedimentares do Grupo Serra Grande
e igneas da Formacao Sardinha, os veios de barita e as
extensas e numerosas fraturas que serviram para alojar
os veios mineralizados. Nesse contexto, os diabdsios
foram imprescindiveis comoa fonte de calor responsavel
pelo aquecimento das solugoes hidrotermais, enquanto
os arenitos contribuiram com toda a silica disponivel
necessaria a saturagao das solugdes e as fraturas foram
as armadilhas indispensdveis ao aprisionamento das
solugdes hidrotermais.
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5 INCLUSOES FLUIDAS: SISTEMA HIDROTERMAL
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HYDROTHERMAL SYSTEM OF PEDRO Il AND BURITI DOS MONTES (PIAUI,
BRAZIL): A GENETIC MODEL FOR GEMOLOGICAL OPALS

Gisele Tavares Marques, Marcondes Lima da Costa, Francisco Javier Rios, Régis Munhoz
Kras Borges, Raimundo Netuno Nobre Villas, Erico Rodrigues Gomes

ABSTRACT

Precious and orange opals from Pedro Il and Buriti dos Montes, in the Brazilian State
of Piaui, constitute Brazil’s most important opal occurrences. Their gemological quality is
equivalent to that of famous Australian opals. They are found mainly as veins and veinlets,
filling fractures in sandstones of Canindé and Serra Grande groups, which are crossed by
diabases of the Sardinha Formation. The data investigated here point to a hydrothermal origin,
including the mineralogical assembly dominated by quartz, barite, kaolinite and iron
oxyhydroxides; the perfectly euhedral crystal morphology of quartz, halite, sylvite, cobalt
pentlandite, apatite and other inclusions. Other factors which indicate a hydrothermal origin
include the reaction borders around solid inclusions, the presence of pseudomorphs and
corroded crystals, and the chemical composition of opals. The minimum trapping temperature
of fluids was low, between 50 and 100 °C at Buriti dos Montes, and reaching approximately
400 °C at Pedro Il. Such temperatures and the wide range of salinities suggest that at least two
fluids of different sources contributed to the hydrothermal system that generated the opals

from Piaui, while the diabases would have constituted the source of heat to this system.

Keywords: Genetic Model; Opal; Hydrothermal; Mineralogy; Geochemistry;

Microthermometry

1 — Introduction
Opal is one of the most known and admired gemstones in the world, due to its rarity

and beauty, which are accentuated by optical effects. In some cases, the play-of-color can
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provide to an opal specimen a greater value than an emerald, for example. The Pedro Il and
Buriti dos Montes municipalities, in the State of Piaui, contain the most important opal
occurrences in Brazil, and the gemological quality of opals from this region is equivalent to
that of famous Australian opals. Sauer (1982) describes the precious opal occurrences in
Pedro Il as the only producing field in Brazil, exploited since the mid-1960s. According to
Gomes and Costa (2001b), informal accounts indicate that opals have been exploited
intermittently in the State of Piaui since the 1940s, by businesses and miners using
rudimentary techniques and tools. However, the genesis of these opals has not yet been
established. Rosa (1988) was a pioneer in the study of Piaui opals, and this author as well as
Oliveira et al. (1979) attributed the origin of opals to lateritic processes. Gomes (1990)
studied the same occurrences and concluded that they had hydrothermal origin, contradicting
the previous hypothesis. More recently, Gomes (2002), Gomes and Costa (2001a, 2007),
Marques (2011) and Marques et al. (2012) confirmed that the origin of Piaui opals is related
to hydrothermal processes. However, none of these authors determined the physical and
chemical characteristics of hydrothermal fluids which generated the opals. These fluids are
characterized here, in addition to the morphology, mineralogical and chemical composition of

opals, their solid inclusions and associated minerals.

2 — Geological setting

The municipalities of Pedro Il and Buriti dos Montes are located in the northeast of the
State of Piaui, approximately 230 km east of the capital, Teresina (Fig. 1). This region occurs
within the Parnaiba Paleozoic Basin in the homonymous geologic province, and is influenced
by the Transbrasilian Lineament. The Parnaiba Basin involves three depositional cycles
controlled by global tectonics, as proposed by Goées and Feijo (1994); the Silurian (Serra

Grande Group), Devonian (Canindé Group) and Carboniferous-Triassic (Balsas Group)
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sequences. Diabase dikes and sills of the Sardinha Formation cross this basin, including the
base, where the studied opals are found. According to Goes et al. (1990) the Serra Grande
Group, where orange opals occur, represents the first marine deposition event in the Parnaiba
Basin, and is dominated by conglomerates and continental sandstones with glacial influence
(Ipu Formation), which are gradually overlapped by sandstones and marine shales (Tiangua
Formation), and then by sandstones and fluvial conglomerates (Jaic6s Formation; Gdes and
Feijo 1994; Gobes 1995). In the Canindé Group, the Cabecas Formation which hosts the
precious opals is composed of sigmoidal sandstones locally intercalated with diamictic
sediments of the plataformal neritic zone, with periglacial influence (Gbes and Feijo 1994;
Goes et al. 1997; Pedreira da Silva et al. 2003). Both precious and orange opal varieties are
found mainly as veins and veinlets, filling fractures in sandstones of the Canindé and Serra
Grande groups, respectively. They also cement breccias in the contact zone between host
rocks and mafic dikes that cross them. These primary deposits constitute the source of
colluvial and paleochannel deposits. Apart from opals, numerous veins of barite and quartz,
sometimes associated to goethite, are found in this region (Gomes and Costa 2001a; Gomes
2002). In general, precious opals from Pedro Il exhibit a play-of-color effect which constitutes
their main characteristic. These opals are mainly white, cream-colored or bluish with a milky
appearance, semitranslucent to opaque, and do not contain apparent solid inclusions, except
some dendrites which create a dark color. However, orange opals from Buriti dos Montes do
not exhibit play-of-color, and thus represent a common type of opal. They are light yellow to
brownish red in color, semitransparent to translucent, and contain a large variety of solid
inclusions, some of which are similar those found in Mexican opals, also internationally

recognized.
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3 — Analytical methods

Several methods were used to characterize Piaui opals. Their order-disorder degrees
and the mineralogical composition of solid inclusions were studied by X-ray powder
diffraction (XRD) using a powder diffractometer (X'Pert Pro MPD (PW 3040/60) by
PANalytical with CuKa radiation (PW3373/00)) at the Laboratdrio de Caracterizacdo Mineral
(LCM), Universidade Federal do Pard (UFPA). The XRD data were processed using the
X’Pert Data Collector and X’Pert High Score software packages, both by PANalytical. The
composition of some solid inclusions, the compositional variations in the opals, and the
morphology of opals and quartz crystals were studied using a scanning electron microscope
(ZEISS LEO-1430), with a SiriusSD energy dispersive detector coupled and
cathodoluminescence (CL) (Gatan Mono-CL), at the Laboratério de Microscopia Eletrénica
de Varredura (LABMEV) of UFPA. Samples were coated with gold for 2 min for energy
dispersive spectroscopy (EDS) analysis and 30 seconds for CL images, resulting in coat
thicknesses of 15 and 3 nm, respectively. Major, minor and trace elements were identified
using an induced coupled plasma - optical emission spectrometer/mass spectrometer (ICP-
OES/MS) at the ACME Analytical Laboratories (Vancouver). Additionally, some chemical
characterizations were carried out with an electron microprobe (JEOL JXA-8900), using 3
channels (TAP, PETJ, and LIF crystals) and synthetic crystal standards from the lan Steele
and Astimex collections, at the Laboratorio de Microanalises (LMA), Universidade Federal de
Minas Gerais (UFMG). The petrography of solid inclusions found within opals and fluid
inclusions hosted in quartz crystals was performed using a Zeiss Axiolab-Pol microscope at
the Laboratorio de Gemologia of UFPA. Microthermometric data were collected at the
Laboratorio de Inclusbes Fluidas of UFPA, using a Linkham THMSG-600 heating—freezing
stage. Additional microthermometric measurements were performed on a Linkham FTIR-600

heating—freezing stage and on a US-Fluid Inc. heating—freezing stage, both at the Laboratorio
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de Inclusdes Fluidas e Metalogénese, Centro de Desenvolvimento de Tecnologia Nuclear
(LIFM-CDTN) of UFMG. A synthetic standard of pure water was used for the calibration by
ice melting temperature (Tm,cg) with estimated precision near 0.2°C. The data were processed
with the aid of the Flincor 1.4 software package. The salinity of the unsaturated and saturated
fluids was calculated respectively from the Tmce values using the Bodnar (1993) equation of
state, and from the halite dissolution temperature (Tsy) values using the method of Brown and
Lamb (1989) on Flincor. Densities of the unsaturated and saturated fluids also were calculated
on Flincor (Brown and Lamb 1989) using liquid-vapor homogenization temperatures (Thyi.y)

and Tmycg, and by Thy.v and Tsy, respectively.

4 — Results
4.1 — Internal morphology and order-disorder of opals

The main visual difference between Pedro Il and Buriti dos Montes opals is the play-
of-color effect, which is present in the first type and absent in the second. Schwartz (1984)
and Ward (2000) relate play-of-color to diameter and alignment of silica spheres, and the
uniformity of their arrangement. These characteristics also reflect the order-disorder degree,
or crystallinity of opals. Opals from Pedro Il, which display play-of-color, contain regular
packages of perfect silica spheres, all well-formed and with little or no opaline cement in the
spaces between the spheres (Fig. 2 a, b). The diameter of the spheres ranges from 1 to 24 um.
On the other hand, in the orange opals from Buriti dos Montes the spheres are not perfect and
they are irregularly arranged with much opaline cement in the interstices between them. This
masks the typical subspherulitic aspect, and results in an almost massive feature (Fig. 2 c, d).

In these opals, sphere diameters range from 150 to 500 nm.
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Fig. 2 Silica spheres that forming the internal structure of Pedro Il (a, b) and Buriti dos Montes (c, d) opals in

SEM images obtained in fresh surfaces of opal samples. Scale bar = 3 um

The mineralogical analysis by XRD confirmed the different order-disorder degrees in
Piaui opals indicated by SEM images, from amorphous opal (opal-A) to cristobalite-tridymite
(opal-CT). The precious opal is a typical opal-A (Fig. 3 a). The XRD pattern of precious opal
shows a single broad and diffuse peak at 4.11 A, and in some cases, small background
elevations that indicate the 2.51 and 2.05 A d-spacing. These features and the high
background between 5 and 40° 20 are typical characteristics of amorphous opals. On the other
hand the degree of crystallinity in orange opal varies widely, from opal-A to opal-CT (Fig. 3
b). Some samples display only the 4.11 and 2.51 A peaks, while others also show 4.32, 2.05
and 1.63 A reflections with greater peak definition and lower background elevation in the
region before 40° 20. Inclusions of quartz crystals were revealed by a peak at 3.34 A in these

diffraction patterns.
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Fig. 3 Comparison of XRD patterns of Pedro 11 () and Buriti dos Montes (b) opals. The order-disorder degrees

increase from base to upwards. Mineral names according to Witney and Evans (2010)

4.2 — Morphology and mineralogy of solid inclusions

Piaui opals contain a wide variety of solid inclusions (Fig. 4), which were classified
according to morphology emphasizing their shapes, colors, sizes and textures. The solid
inclusions are not visible (Fig. 4 a, b, d) in most samples of precious opals from Pedro I, but
microcrystals and dendrites are the main types of inclusions in these opals. Orange opals
display bubbles, dendrites, microcrystals, nodules, tubes, as well as botryoidal, lamellar and
helicitic aggregates which were previously described by Marques (2011) and Marques et al.
(2012). However, the mineralogical composition of the solid inclusions is more complex in
precious opals than in the orange variety.

Hollandite dendrites (Fig. 4 b, c, €) are common in opals from Pedro 11, and they occur
in isolation or associated to thin blades of barite. Dendrites formed by grouped and partially

dissolved cubic microcrystals of halite-sylvite were also observed. Apatite (Fig. 4 €)
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constitutes the most common microcrystal included in the precious opals. In general these
crystals are euhedral, forming hexagonal prisms, and contain traces of F, Cl, Ce and Sr, which
may substitute each other in the internal structure of apatite at the M and X sites, respectively.
Occasionally, these crystals are extremely corroded. Co-pentlandite microcrystals (Fig. 4 g)
occur agglomerated, and rarely associated to rosettes of barite, but always into green precious
opals. Their shapes are euhedral such as cubes and octahedrons, with sizes of approximately
2-3 um. In general, barite forms thin blades which constitute rosettes and are associated with
hollandite, halite-silvite, Co-pentlandite, pyrite (Fig. 4 f) and Cr-magnetite crystals. In some
samples of precious opals euhedral crystals of pyrite were occasionally observed, and more
rarely anhedral microcrystals of Cr-magnetite.

In the orange opals, the solid inclusions named nodules, tubes, lamellar (Fig. 4 m) and
botryoidal aggregates (Fig. 4 I) are composed of kaolinite in the light-colored areas, and Fe-
oxyhydroxides in the dark areas. The majority of bubbles (Fig. 4 h, i) are empty, constituting
only cavities. However, some bubbles are lined by a white kaolinite film. A single occurrence
of a bubble filled by white opal and Fe-oxyhydroxides in the center also was found. Dendritic
(Fig. 4 k) and helicitic inclusions (Fig. 4 n) as well as patches of color (Fig. 4 o) are formed
by thin particles of Fe-oxyhydroxides, which produce the red and orange colors in the
surrounding opal. Euhedral hyaline quartz microcrystals (Fig. 4 j) are included in the orange
opals and at vein boundaries. Locally, pseudomorphs of barite fill small cavities in the orange
opals, where EDS analysis indicated only Si and O. This shows that silica replaced these

inclusions completely and preserved the crystal shape.
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Fig. 4 Main types of solid inclusions in samples of precious (a-g) and orange opals (h-0). a — Precious opal with
bluish play-of-color venules hosted in diabase, where is not possible to identify any inclusion. b — Green and
white opal sample with small hollandite inclusions (black points). ¢ — Hollandite dendrite into precious opal with
bluish green play-of-color. d — Precious opal samples with multicolor play-of-color and without apparent solid
inclusions. e — Pale greenish opal with white patches, which contain hollandite dendrites in the center, and
apatite microcrystals in the white cavities in the basis of image. f — Bluish opal with pyrite microcrystals
included (dark patches). g — Green opal with reddish play-of-color and dark patches formed by Co-pentlandite
microcrystals agglomerated. h, i — Bubbles with micro-concretionary aspect into yellow opal samples. j — Quartz
microcrystals included in orange opal. k — Fe-oxyhydroxides dendrites included in yellow opal. | — Botryoidal
inclusions surrounded by tension fractures into orange opal. m — Orange opal sample with lamellar inclusions. n

— Helicitc inclusions into orange opal. 0 — Red patch in yellow opal. Scale bar = 2 mm
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4.3 — Chemical composition of opals

In general, Piaui opals are composed mainly of SiO, and water (given by loss on
ignition, LOI). Al and Fe were the major elements in precious opals, with average contents of
92.01 wt % SiO,, 8.03 wt % H,0, 1.32 wt % Al,O3 and 0.2 wt % Fe,Os. In orange opals,
these averages are 90.14 wt % SiO,, 6.53 wt % H,0, 0.91 wt % Al,O3 and 0.12 wt % Fe,0s.
No contrasting chemical compositions were found between the two types of opals. The Al
content could potentially represent Si replacement. The largest amount of Al,03 (3.92 wt % -
Fig. 5) was found in the GB 4 sample, and is due to inclusions of minerals such as kaolinite.
Similarly, the Fe,O3; contents can be related to hematite/goethite inclusions. Ca contents is
greater in precious opals which have many apatite inclusions, despite phosphorus contents

being near the detection limit (0.01 wt %).
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Fig. 5 Dispersion diagrams of oxides (Al,Os, Fe,O3 and CaO) and H,O in relation to SiO,, showing that the
sample GB 4 is the most enriched in Al and Fe, whereas the samples from Pedro 11 have the highest contents of

Ca, and all the samples are very similar in water
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The content of trace element Ba ranged from 195 to 1373 ppm, and averaged 808 ppm
(Fig. 6). This element may occur as barite inclusions in the opaline body, as indicated by
SEM analysis. Additionally, the content of Sr, Rb, Ni and Co is slightly enriched compared to
other elements. Sample GB 4, which is the most enriched in Al,O3; and Fe,O3, displays the
highest content of LREE (Fig. 7). Two hypotheses may explain this occurrence. The first and
most probable is that the LREE are associated with kaolinite inclusions, which represent the
only difference among the orange opal samples which were analyzed. According to
McLennan (1989) and Aja (1998), kaolinite can absorb REE during hydrothermal processes,
weathering and diagenesis. The second hypothesis is the REE enrichment of fluids during the
percooling of the host rocks, which contain REE minerals such as monazite and xenotime.
Similarly, sample GP 22-2 contained the greatest amount of HREE which is most likely
related to apatite inclusions since such inclusions include these elements. Clark (1984)
described Ce as the dominant REE in apatite while Nd, Gd, Dy or Yb are also present, and
Amli (1975) demonstrated the relative mobility of the REE in apatite by the exsolution of

monazite and xenotime inclusions in this mineral.
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1373 ppm in GB 4 sample
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respectively. The contents were normalized by chondrite of Taylor and McLennan (1985)

4.4 — Morphology and chemistry of associated quartz

The CL images were obtained in polished thin sections representative of the ore veins,
host sandstones and the boundaries between them. The opal, which constitutes the center of
veins, does not display any features under CL, therefore it was not imaged. On the contrary,
quartz exhibits various textures which allow the different types of the mineral to be
distinguished. Detrital quartz grains of sandstones (Qzl - Fig. 8 a) are sub-rounded to sub-
angular and fractured. They are homogeneous under CL, with some patches but without any
zoning pattern. These grains represent the first generation of this mineral named Qz1 which
obviously was formed before mineralization events. Near the veins, Qz1 become corroded,
fractured, and are gradually replaced by subhedral crystals (Fig. 8 b, ¢). This new type of
quartz is represented by small veinlets or fillets of hydrothermal quartz (Qz2 - Fig. 8 d),
which is strongly zoned and displays varying intensities of luminescence. Qz2 was formed in
the interstices of pre-existing grains, outlining the remains of Qz1. These veinlets produce
features similar to those of resorption surfaces described by Miiller et al. (2000), even though

the latter refer to the growth of magmatic crystals. Larsen et al. (2009) also describe the
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appearance of the first alteration of magmatic quartz crystals from the accumulation of
hydrothermal fluids at the edges of the crystals. In this case, the grains of detrital quartz in
contact with active hydrothermal fluids may have been partially dissolved along the edges and
reabsorbed of some surfaces, followed by overgrowth/recrystallization in the form of Qz2. In
other words, such features suggest that a silica-rich fluid was precipitated between the quartz
grains of sandstones and at the same time overgrew them by dissolving the edges of Qz1,
which was followed by immediate resorption and formation of Qz2.

Gradually, the wveinlets increase in size and begin to form large crystals of
hydrothermal quartz (Qz3 - Fig. 8 e, f, g, h), with euhedral shapes and strong growth zoning.
These zones are arranged concentrically yielding crystal symmetry, perpendicular to the c-
axis and displaying various intensities of luminescence. Some Qz3 crystals exhibit fractures
healed by non-luminescent quartz (Qz4 - Fig. 8 i) that cut across Qz3 growth zoning. This
indicates that Qz4 was produced after others types, as previously suggested by Muller et al.
(2000) and Larsen et al. (2009). Also, dissolution/corrosion textures (Qz5 - Fig. 8 j) interrupt
Qz3 zoning. Qz5 is CL-dark and similar to the cobweb texture described by Rusk and Reed
(2002). Qz5 can originate from partial dissolution of Qz3 due to the development of intense
networks of healed fractures (Qz4), followed by the mixing of resultant fluids and
resorption/recrystallization as Qz5. Larsen et al. (2009) associated corrosion textures to the
infiltration of hydrothermal fluids through cracks and the production of a new generation of
the mineral. The features described here enable an easy distinction between quartz crystals
and non-luminescent opal, where Qz2, Qz3 and opal correspond to the main mineralization

stage. On the other hand, Qz4 and Qz5 correspond to subsequent hydrothermal processes.
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Fig. 8 Quartz crystals in SEM-CL images. a — Detrital quartz grains (Qz1) of ore host sandstones. b — Edges
partially corroded of detrital quartz grain (Qz1), which is surrounded by small venules of hydrothermal quartz

(Qz2). c, d — Hydrothermal quartz overgrowth (Qz2) modifying the original shape of detrital quartz grains (Qz1).
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e, f, g, h — Large euhedral crystals of hydrothermal quartz (Qz3), whose growth zoning show various intensities
of luminescence. i — Healed fractures by non-luminescent quartz (Qz4) in Qz3 crystal. j — Dissolution/corrosion
textures (Qz5) completely stopping Qz3 zoning. The numbers into circles represent some points analyzed by
electron microprobe and that are summarized in Table 1. Scale bar = 100 um. Mineral names according to

Witney and Evans (2010)

Zoning in quartz crystals is associated to several factors such as the presence of CL-
activator elements (Boggs et al. 2001; Rusk and Reed 2002; Rusk et al. 2006; Jacamon and
Larsen 2009), among which Al and Ti are considered to be the most important (Marshall
1988; Rusk et al. 2008; Larsen et al. 2009). In this study, Na, K, Ge, Al, Ti, Fe and Ba were
analyzed by electron microprobe in crystals of hydrothermal quartz (Qz3) representative of
the mineralized veins, and in two specimens of detrital quartz originated from the host
sandstones. Of these, data could be obtained only for Al and Ti. Amounts of other elements
were not quantified or were below the detection limits. Contents of Al were highly variable,
particularly in the Buriti dos Montes samples where it ranged between 50 and 6,012 ppm.
Contents of Ti always remained below 210 ppm (Table 1). In samples from Pedro II, Al
contents ranged from 50 to 2,424 ppm, and Ti contents were below the detection limit. The
low values for Ti as well as the absence of K and Ge suggest that the temperatures of
hydrothermal fluids were low, < 400 °C (as per Rusk et al. 2008). Additionally, no
relationship between Al and Ti contents was observed except that the hydrothermal fluid at
Pedro Il had greater mobility than at Buriti dos Montes, since Ti contents were low and this is

a poorly mobile element.
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Table 1 Al and Ti elemental concentration (ppm) in relation to CL-intensity into quartz crystals analyzed by

electron microprobe. Al and Ti limits of detection (LOD) = 50 ppm

Point Opal Deposit CL-Intensity Al (ppm) Ti (ppm)
1 Buriti dos Montes Dark-grey 1,233 138
2 Buriti dos Montes Dark-grey 64 66
3 Buriti dos Montes Dark-grey 3,466 18
4 Buriti dos Montes ~ Medium-grey 1,963 36
5 Buriti dos Montes  Medium-grey 2,440 90
6 Buriti dos Montes  Medium-grey 2,053
7 Buriti dos Montes Dark-grey 529
8 Buriti dos Montes Light-grey 455
9 Buriti dos Montes ~ Medium-grey 69 186
10 Buriti dos Montes Black 6,012 210
11 Buriti dos Montes Light-grey 206 162
12 Buriti dos Montes ~ Medium-grey 4,271 162
13 Buriti dos Montes Dark-grey 191 54
14 Buriti dos Montes  Medium-grey 5 66
15 Pedro Il Medium-grey 2,011 36
16 Pedro Il Medium-grey 1,863 6
17 Pedro 1l Light-grey 11 24
18 Pedro Il Dark-grey 2,360 12
19 Pedro Il Dark-grey 2,424 0
20 Pedro Il Medium-grey 693 0
21 Pedro Il Dark-grey 603 0
22 Pedro Il Dark-grey 1,953 6
23 Pedro Il Medium-grey 1,402 0
24 Pedro Il Medium-grey 1,048 0

4.5 — Fluid inclusions

4.5.1 — Petrography

Fluid inclusions studies were performed on polished wafers of quartz, which is a

constituent of the mineralization and given that opals did not show any fluid inclusions. The

only exception was a single sample from Pedro Il with a two-phase (L+V) aqueous fluid

inclusion, measuring an exceptional 0.5 cm, but which leaked during the preparation of the

section. The studied fluid inclusions were trapped in the quartz crystals, and are aqueous two-

phase (L+V) and three-phase (L+V+S) types at room temperature. Sizes and shapes of the
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two-phase fluid inclusions are extremely variable, however those measuring 6-16 um, oval or
stretched, spherical and negative crystals predominated. The degrees of fill (f) of these
inclusions ranged from 0.5 to 0.95, with the greatest frequency at 0.8. Two-phase fluid
inclusions occur in samples from both Pedro Il and Buriti dos Montes, as primary clusters and
isolated, and also as pseudosecondary trails. The three-phase (L+V+S) fluid inclusions were
found only in samples from Pedro II. They are stretched and spherical in shape and f ~ 0.8,
following the general tendency of other populations. Among these L+V+S inclusions, some
measure 6-16 um in size and occur in isolation and as pseudosecondary trails, while others are
larger inclusions (40-350 um) whose primary occurrence is marked by a clear distribution
along growth lines of host quartz crystal. The solid phase of the L+V+S inclusions is
represented by cubic halite crystals. Some these inclusions became multiphased after
freezing/reheating cycles due to their high metastability, resulting in L+V+S;+S, and
L+V+S;+S,+S3 inclusions, where the solid phases are formed by large halite crystals and

smaller sylvite crystals.

4.5.2 — Fluid composition

Among the fluid inclusions analyzed, were identified H,O-NaCl-KCI, H,O-NaCl-
FeCl, and H,O-NaCl-KCI-CaCl, systems through eutectic temperatures (Te), which were
not recognized in some samples. Systems containing NaCI-KCl and FeCl, were found in both
opal occurrences. However, frequency histograms (Fig. 9 a, b) show that NaCI-KCI fluid is
more frequent at Pedro Il, and appears as unsaturated and saturated inclusions whereas CaCl,
fluids were found only in samples from Buriti dos Montes. Two-phase fluid inclusions of the
H,O-NaCI-KCI and H,O-NaCl-FeCl, systems are always spatially related whereas NaCl-
KCl-saturated fluids (L+V+S inclusions) occur in isolation in samples from Pedro Il. On the

other hand, in samples from Buriti dos Montes L+V fluid inclusions containing FeCl, are
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associated to both H,O—NaCI-KCI and H,O0-NaCI-KCI-CaCl, systems, whereas NaCIl-KCI-
and CaCl,-rich fluids are not correlated. In general, Tm\ce data reveals wide variation in
salinity in the two-phase inclusions of the three aqueous systems identified in samples from
both deposits (Fig. 9 c). Tmce range from approximately — 23 to — 1 °C. As expected, Tmce
of the H,O-NaCI-KCI three-phase inclusions were lowest due to the greater salinity, but they
also varied widely. Additionally, the Tmce of three- and two-phase fluid inclusions are
similar Antarcticite was not identified in the H,O—-NaCI-KCI-CaCl; fluid inclusions during
the freezing/reheating cycles. Furthermore, the melting behavior of hydrohalite was
metastable, making it impossible to measure the hydrohalite melting temperature (Tmuy),
which is also reported as final melting temperature of ice (Tfmcg). The frequency histogram
for Tht (Fig. 9 d, e) shows that deposits behaved differently. Fluid inclusions from Pedro |1
homogenized at the two main intervals, one between approximately 65 and 140 °C, and the
other around 240-340 °C. Conversely, fluid inclusions from Buriti dos Montes homogenized

mainly at 45-95 °C. Microthermometric data are summarized in Table 2.
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Table 2 Summary of the properties of fluid inclusions analyzed. N = number of fluid inclusions analyzed, Sal =

salinity, Tss = sylvite dissolution temperature, P = primary fluid inclusions, PS = pseudosecondary fluid

inclusions
Pedro 1l
Properties H,O-NaCI-KCl H,O0-NaCIl-KCl H,O-NaCl-FeCl,
(L+V+S) (L+V) (L+V)
N 23 83 24
Type P-PS P-PS P-PS
f 0.8 0.5/0.95 0.7/0.9
Te (°C) -30/-23 -30/-15.9 —37.3/-3438
Tmice (°C) -219/-8.2 -21.7/-07 -134/-0.6
Density (g/cm®) 1.086/1.190 0.906 /0.977 0.974/1.025
Sal (eq. wt% NaCl) 28.27/45.85 1.23/23.05 1.05/9.6
Tht (°C) 91.3/405 90.1/325 82.3/111.1
Tsy (°C) 132.3/385 - -
Tss (°C) 100.4/127.2 - -
Buriti dos Montes
Properties H,O0-NaCI-KClI H,O-NaCl-FeCl, H,0-NaCI-KCI-CaCl,
(L+V) (L+V) (L+V)
N 10 21 31
Type P-PS P-PS P-PS
f 0.8/0.9 0.8/0.9 0.8/0.9
Te (°C) —-245/-20.7 —38.4/-33.6 -55.1/-50.0
Tmice (°C) -93/-21 -178/-27 -239/-07
Density (g/cm®) 1.0/1.077 0.896 /1.088 0.982/1.135
Sal (eg. wt% NacCl) 3.55/13.18 4.49/20.82 1.23/21.47
Th: (°C) 58.8/165.2 58.6 /333.5 45/238.3

Two main groups can be observed when plotting Tht data against salinity (Fig. 10).
The first (region indicated by a dashed line) is composed of fluid inclusions of Buriti dos
Montes samples where aqueous fluids containing NaCI-KCI, FeCl, and CaCl, coexist, Tht
are generally lower ranging from 50 to 100 °C, and salinity reaches 20 eq. wt % NaCl. The
second group consists only of H,O-NaCIl-KCI fluid inclusions from Pedro Il, and displays a
dilution trend (dashed arrow). Three-phase fluid inclusions with Thy ranging from 150 to 400
°C, with 28 to 46 eq. wt % NaCl, are scattered following the halite saturation curve. The

salinity and Thy of two-phase inclusions of this composition decrease gradually from
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approximately 23 eq. wt % NaCl at 340 °C to 5 eq. wt % NaCl at 100 °C. Between these
groups, some fluid inclusions from Buriti dos Montes including those with indefinite eutectics
are found. The latter have weakly high temperatures or correspond to leakage or necking
down phenomena. Assuming that Thr corresponds to the minimum temperature of fluid
trapping, at least two trapping events are possible: one involving hot brine and the other

involving a cold and less saline fluid.
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Fig. 10 Salinity versus Thy diagram suggesting at least two different fluids. Dashed area represents the group
formed by fluid inclusions on samples from Buriti dos Montes with low Thy and salinity. Dashed arrow indicates
a dilution trend related to other fluid from Pedro Il, with initially high Th and salinity. PIl = Pedro Il, BM =

Buriti dos Montes
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5 — Discussion
5.1 — Opal crystallinity and gemological properties

Piaui opals have outstanding gemological properties, including optical effects and
transparency. These features result from internal arrangements and are influenced by solid
inclusions. The perfect and aligned silica spheres in precious opals form a three-dimensional
network that causes the diffraction of visible light, and thus the play-of-color effect (Sanders
1964; Murray and Sanders 1980). This effect may be accentuated by others factors, such as
the white body color and the absence of opaline cement, for example. In precious opals from
Pedro Il the absence of cement or any other material in the spaces between the spheres, as
confirmed by SEM images and without any HF attack, plays a role in the beautiful play-of-
color, which is intensified by the white background. In contrast, this effect is not present in
orange opals due to the irregular arrangement of the deformed silica spheres. Despite this,
orange opals are more transparent than precious opals due to the presence of smaller silica
spheres (Schwartz 1984), between 150-500 nm. Solid inclusions are present in booth precious
and orange opals, but are more evident in the second type given the greater transparency.
Body color and its variations, including color patches and zoning, also represent gemological

qualities which contribute to the value of orange opals.

5.2 — Solid inclusions as causal agents for color in opals

The color of minerals, and especially of gemological varieties, has been the object of
many studies. Color can result from internal factors such as color centers and chromophore
elements in the chemical composition, or from the influence of other phases including mineral
inclusions. Many authors have demonstrated that the colors in opals are frequently associated
to inclusions. Fritsch et al. (1999, 2002) showed that the orange body color of fire opal is

attributed to nanoinclusions of Fe oxides, and that the intensity of the orange color correlates
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with Fe concentration. Pink opals from Mexico and Peru display this color due to inclusions
of palygorskyte associated with an organic substance which belongs to the quinone family,
adsorbed by the palygorskyte (Fritsch et al. 2004), whereas the blue color of opals from Peru
results from inclusions of chrysocoll, which is a Cu-silicate mineral (Fritsch et al. 1999). Here
we observed that the color of Piaui opals is also related to mineral inclusions. All studied
green opal samples from Pedro Il contained Co-pentlandite microcrystals (~ 3 pum) that were
identified by SEM-EDS and XRD analyzes (Fig. 11 a, b). These crystals are euhedral and
grown according to cubic and octahedral forms. As observed by optical microscopy, in thicker
areas of opal where these crystals agglomerate (Fig. 11 a), the intensity of the green color
increases, while in thinner areas where less inclusions are found, the green color is attenuated.
Small dissolution halos were also observed around these crystals. In orange opals from Buriti
dos Montes, color and its variations are related to Fe-oxyhydroxides. Greater contents of Fe
(2380-3660 ppm - Fig. 12 a) were found by SEM-EDS analysis in patches and zones of
darker color than in the opal’s matrix. Similarly, reaction borders surrounding helicitic and
dendritic inclusions contained more Fe, over 3,000 ppm, compared to the surrounding opal
with an average Fe content of 1,770 ppm (Fig. 12 b). These features reveal that hydrothermal

fluids interacted with solid inclusions, which allowed the dissolution phenomena.



64

Opl + F-A
p p\

Fig. 11 a — Photomicrographs and SEM images showing that the color patches into green opal are formed by Co-
pentlandite microcrystals agglomerated, which also were identified by XRD and EDS analysis. b — XRD pattern
indicating microcrystals of F-apatite and pentlandite as the main components of the white and green zones on the
green opals from Pedro Il. Black scale bar = 2 mm, white scale bar = 3 pm. Mineral names according to Whitney

and Evans (2010)
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Fig. 12 a — Photomicrograph showing that the Fe contents is higher than 2000 ppm in zonings of orange color
(black points) and lower than 2000 ppm in the surrounding opal (white points). b — Solid inclusion composed by
Fe-oxyhydroxides in opal. It is possible to observe a reaction border in the contact zone between the inclusion
and host opal, formed by partial dissolution of this inclusion. This aspect is confirmed by Fe contents that
increase with the proximity of the inclusion (black points) and decrease in the surrounding opal (white points).
All analyzes were performed by SEM-EDS on samples from Buriti dos Montes and are expressed in ppm. Black

scale bar = 1 mm, white scale bar = 100 um
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5.3 — Hydrothermal origin

In an attempt to develop genetic models to understand Piaui opal deposits, multiple
occurrences have been studied over the years. The origin of Piaui opals was the subject of
conflicting hypotheses for several decades. Oliveira et al. (1979) and Rosa (1988) were the
first to study them, and they concluded that Piaui opals originated from lateritic processes.
Later, Gomes (1990, 2002), Gomes and Costa (2001a, 2001b, 2007) and Marques et al (2012)
suggested a hydrothermal genesis based on various criteria, but none of these authors studied
the hydrothermal fluids responsible for the mineralization. No genetic model was formally
proposed, and this resulted in confusing interpretations.

Collyer and Kotschoubey (2000) agreed that Piaui opals are of hydrothermal origin.
They suggested a possible relationship between the hydrothermal processes which originated
opals in Sdo Geraldo do Araguaia (State of Pard, Brazil), and a stage of the hydrothermal
activity which occurred from the Late Jurassic to the Late Cretaceous in the Parnaiba Basin,
as a consequence of the opening of the Atlantic Ocean. We believe that Piaui opals originated
from hydrothermal processes, because all data converge to this hypothesis. Additionally, there
is a similarity between occurrences of Piaui opals and the mineralization of amethyst,
chalcedony, agate and opal in the State of Rio Grande do Sul. Both deposits occur in
analogous geologic contexts marked by the presence of sedimentary rocks, mainly sandstones
such as Botucatu and Cabecas/Serra Grande, in association with basaltic rocks. These deposits
developed by hydrothermal events, which in turn were caused by Cretaceous basic
magmatism that affected the Parnaiba and Parana basins, i.e., the events were controlled by
the same regional geological factors.

All data from the various analyses carried out in this study point to a hydrothermal
origin for Piaui opals, including the mineralogy and morphology of solid inclusions, the

geochemical signature of opals and the morphology of quartz under CL, in addition to the
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physico-chemical characteristics of hydrothermal fluids revealed by microthermometry. The
morphology and mineralogy of different types of solid inclusions, and the beautiful effects
produced by them, result from hydrothermal processes that lead to the formation of opals. The
mineralogical assembly indicates a hydrothermal origin, because it is dominated by minerals
often associated with this type of environment such as quartz, barite, kaolinite and Fe-
oxyhydroxides. Crystal morphology is another important factor: perfectly euhedral crystals of
halite, sylvite, Co-pentlandite and apatite are common inclusions in precious opals. According
to Jamtveit (1999), hydrothermal systems can produce spectacular examples of naturally
grown mineral crystals, which occasionally reach sizes of several centimeters. Thus, it is
improbable that crystals with such perfect habits originated by processes other than
hydrothermal.

Conversely, reaction borders around helicitic and dendritic inclusions of Fe-
oxyhydroxides and pseudomorphs of barite were observed in orange opals. Extremely
corroded apatite crystals which were partially replaced by opaline silica were found in the
precious opals. These features indicate that late hydrothermal fluids promoted the partial
dissolution of some minerals, which were certainly the earliest to form. Similarly,
corrosion/dissolution features were observed in quartz crystals on CL images. Larsen et al.
(2009) described similar textures in quartz crystals in the magmatic-hydrothermal transition of
Oslo Rift granites. The CL images revealed various stages of mineralization. It is possible to
identify small veinlets of hydrothermal quartz in the interstices of detrital grains. In most
altered areas of the rock, veinlets thickness increase gradually whereas the cores of remaining
detrital quartz become smaller and take on a subhedral aspect. This indicates that the
hydrothermal fluid caused the dissolution of pre-existing quartz and then precipitated the

hydrothermal phase of the mineral, which constitutes the veins coupled with opal.
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Some elements such as Al, Fe, Ca, Ba, Ni, Co and REE play an important role in the
chemical composition of these opals because they are directly related to the solid inclusions.
These elements were likely incorporated into hydrothermal fluids through the partial
dissolution of solid inclusions and of host rocks during the flow. Therefore the high REE
content in the opal samples also indicates a hydrothermal environment. REE were certainly
available on the sedimentary and basic host rocks during the hydrothermal event, because
some EDS analyses confirmed the presence of monazite and xenotime on diabases. According
to Clark (1984), clay minerals such as kaolinite are usually abundantly present in sedimentary
rocks, and may contain the bulk of the REE present in the bulk rock because these minerals
have much greater REE and Y concentrations than carbonates or quartz.

The absence or low contents of Ti in the quartz crystals analyzed by electron
microprobe suggest that temperatures of hydrothermal fluids were low, < 400 °C as per Rusk
et al. (2008). These temperatures were corroborated by microthermometric data, which
revealed fluid trapping at 50-100 °C at Buriti dos Montes and from this temperature range to
400 °C at Pedro Il. These temperature ranges are perfectly compatible with many
hydrothermal systems of the world, and are in agreement with the temperatures proposed by
Collyer and Kotschoubey (2000) for opals from S&o Geraldo do Araguaia, State of Para.
Likewise, the models discussed by Gilg et al. (2003), Duarte et al. (2009) and Hartmann et al.
(2012) to explain the genesis of amethyst-chalcedony-agate-opal from the State of Rio Grande

do Sul propose low temperatures for these deposits.

5.4 — A genetic model for Piaui opals
The breaking of Gondwana caused the opening of the South-Atlantic Ocean and the
separation of the South-American and African plates. These tectonic events of global scale

occurred starting around 135 Ma (Jurassic) until approximately 60 Ma (Cretaceous), causing
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the reactivation of several large structures such as the Transbrasilian Lineament, and
consequently driving the basic magmatism that affected a great portion of the Parnaiba and
Parana basins. These events are associated with widespread basic magmatism which affected
the entire Gondwana continent at that time (Goes et al. 1993; Veiga Junior 2000; Pedreira da
Silva et al. 2003).

The sills and dikes of the Sardinha Formation cut across the bottom of this basin (Fig.
13 a, b), where the Serra Grande Group and Cabecas Formation (Canindé Group) sandstones
occur and where the volume of dikes is greater. These mafic intrusions constituted the main
heat source, which was fundamental to the initiation and development of the hydrothermal
environment. It is also likely that these intrusions provided fluid for the final stages of
magmatic crystallization in the hydrothermal system. This hypothesis would explain the
occurrence of three-phase fluid inclusions, with considerably greater salinity and temperature
than other populations. However, more information including stable isotope data would be
necessary to confirm this. The Cabecas and Serra Grande sandstones, home to the
homonymous aquifers, provided the water necessary to increase the volume of fluids. Also,
their high porosity and intense fracturing served to transport, trap and cool hydrothermal
fluids. Therefore, the intrusion of Sardinha diabases increased the thermal gradient in this
region, generating convective cells of hot fluids, which started to migrate through fractures
and pores of sandstones (Fig. 13 ¢) while also opening new fractures by thermal expansion,
due to the temperature difference in relation to the host rocks. These fluids were subsequently

trapped and cooled as opal and quartz, and their mineral inclusions (Fig. 13 d).



70

i+ 4+
++++++++++++ + +
R S S e

HYDROTHERMAL QUARTZ
OVERGROWTH

DETRITAL QUARTZ GRAIN
HYDROTHERMAL QUARTZ

REMAINING CORE OF DETRITAL

HOST SANDSTONE QUARTZ

SOLID INCLUSIONS

Fig. 13 Schematic model summarizing the main process involved in the genesis of Piaui opal deposits. a, b —
Firstly, the sedimentary rocks of Parnaiba Basin were intercepted by diabase sills and dikes of the Sardinha
Formation. C — In follow, the heat generated by this, in addition to the water and silica available, starts the
hydrothermal fluids circulation, through fractures and porosity of the sandstones. D — The hydrothermal fluids

were subsequently focused in the fractures and deposited as opal and quartz, and their mineral inclusions

In the area of Pedro II, the hydrothermal fluid which originated from the interaction of
these factors certainly received more heat, and perhaps some contribution of magmatic water,
due to the greater amount of intrusions as compared to Buriti dos Montes. This resulted in
fluids with initially different temperatures and salinity. The halite-bearing fluid inclusions,
homogenization temperatures and salinity data confirm that hydrothermal fluids reached
higher temperatures (at least ~ 400 °C) and were more enriched in salt at Pedro Il (reaching

45 eq. wt % NaCl), whereas the majority of the temperatures and salinities were lower in both
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opal deposits, especially in Buriti dos Montes (~ 100 °C and 3-20 eq. wt % NacCl). This
gradual decrease in temperature and salinity suggests the dilution and cooling of the hot brine
by mixing with a less saline and cooler fluid, in the Pedro Il region. This cold and less saline
fluid could be meteoric water or groundwater from the sandstones, however more data is
required to determine its origin.

Meanwhile, the fluid initially containing H,O—NaCl-KCl received Fe and Ca ions that
were mixed in and originated in fluids containing FeCl, and CaCl, at both locations.
However, Ca in the Pedro 11 fluid was completely consumed to form apatite inclusions, due to
the considerable amount of phosphate which was available in this environment. This was not
the case at Buriti dos Montes, where opals do not contain apatite inclusions. This hypothesis
explains the absence of fluid inclusions of the system H,O — NaCl — KCI — CaCl, in Pedro Il
samples. Similarly, Co-pentlandite crystals were formed in green opals from Pedro Il. Fe, Ni
and Co available in the diabases were partially removed from mafic minerals, sufficiently to
form Co-pentlandite microcrystals, which precipitated as inclusions in opals. The other solid
inclusions were formed by analogous processes.

The action of hydrothermal fluids on host sandstones can be observed more clearly in
SEM-CL images where the fluids gradually percolated through the detrital quartz grains,
dissolving them and recrystallizing as hydrothermal quartz overgrowth at the edges (less
altered rock areas) and as euhedral hydrothermal quartz crystals (in the ore veins). The fast
cooling of fluids resulted in opal bodies and quartz. However, it seems that the continuous
flow of fluid at the borders of the veins allowed heat exchange with the host rock for a
prolonged period, long enough to cause slow cooling at the borders of the veins and,

consequently, the growth of quartz crystals.
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6 — Conclusions

The hydrothermal system responsible for the formation of Pedro Il and Buriti dos
Montes opal deposits was one of the consequences of the magmatic events associated to the
break of Gondwana, and similarities with the geological setting of the amethyst deposits of
Rio Grande do Sul support this idea. Diabase dikes were the main heat source in this system,
given the absence of other alternatives. But the source of the fluids is not yet clearly
understood. Based on our data there are three potential sources of hydrothermal fluids: 1 —
magmatic waters provided by igneous intrusions, 2 — groundwater contained in Cabecas and
Serra Grande sandstones, and 3 — meteoric waters.

Despite the differences between the opals and associated minerals in both deposits, we
believe that the ore was formed from various processes within a single hydrothermal system
that affected the entire region. Moreover, Piaui opals would be equivalent to the amethyst
deposits from the State of Rio Grande do Sul, with differences in scale and intensity. In
general, the minimum trapping temperature of fluids was low, between 50 and 100 °C at
Buriti dos Montes and reaching approximately 400 °C at Pedro Il. The reaction borders
around solid inclusions and features of corrosion found in these minerals and in quartz
crystals reveal that subsequent late hydrothermal fluids were superimposed on each other.
Geochemistry data confirmed that the opal body colors are influenced directly by the solid
inclusions. We did not determine why Co-pentlandite microcrystals cause a green color in
Pedro Il opals, but the relationship between the green color and the presence of these

inclusions was clearly established.
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6 CONCLUSOES

A morfologia e as texturas das inclusdes sélidas ndo se limitam aos belos efeitos que
produzem, mas representam testemunhos dos processos hidrotermais que originaram as opalas
estudadas. Algumas delas, como nddulos, agregados botrioidais e dendriticos, por exemplo,
representam relictos dos arenitos encaixantes que foram assimilados pelos fluidos que
geraram as opalas. Dentre outras inclusdes, as formas dos microcristais, indicam que varios
minerais se formaram durante o hidrotermalismo, juntamente com as opalas.

Além disso, algumas das propriedades gemoldgicas mais importantes das opalas estéo
diretamente ligadas as inclusbes. Jogo de cores, transparéncia e cor certamente sdo 0s
aspectos mais representativos dessa relacdo. O jogo de cores tipico da opala preciosa de Pedro
Il é provocado pelo empacotamento regular das esferas de silica que as constituem, e a
auséncia de cimento ou qualquer outra particula entre elas reforca a beleza desse efeito. As
opalas laranja, por outro lado, ndo apresentam jogo de cores, mas tém maior transparéncia
devido ao tamanho das esferas. Tais caracteristicas refletem com veracidade a cimentacao
original das amostras porque nenhuma delas foi previamente exposta ao vapor de HF como
varios autores recomendam, ou seja, nenhuma amostra foi estruturalmente alterada.

Os matizes das opalas de Buriti dos Montes, que variam de vermelho a amarelo,
passando pelo laranja, sdo claramente produzidos pela solubilizacdo do Fe na silica opalina,
especialmente ao redor das inclusdes dendriticas e heliciticas constituidas por oxihidroxidos
de Fe. Similarmente, os dados obtidos indicam que a cor verde nas opalas preciosas é causada
pela interacdo destas com as inclusdes de Co-pentlandita.

O conjunto de minerais associados as opalas conduz a uma assinatura mineralogico-
geoquimica marcada pelos elevados teores de Fe e Al nas opalas com inclusbes de
hematita/goethita e caulinita, e assim também com aumento consideravel dos teores de ETR
nas opalas em que se concentram as inclusGes de caulinita e apatita. Entre os elementos-traco,
Ba é o principal, e provavelmente foi incorporado pelo fluido hidrotermal, tendo em vista que
veios de barita sdo encontrados com frequéncia nessa regido da Bacia do Parnaiba.

As estruturas de fluxo observadas nas opalas laranja, a corroséo e dissolugéo parcial
dos cristais de quartzo hialino e de varias inclusdes mineraldgicas, as vénulas de quartzo
hidrotermal sobrecrescidas aos grdos de quartzo detritico dos arenitos hospedeiros, assim
como 0 proprio zoneamento dos cristais de quartzo corroboram decisivamente a hipotese de
que essas opalas tém origem hidrotermal. Os intervalos de temperatura obtidos para a

mineralizagdo coincidem exatamente com a estimativa baseada nos teores de titanio no
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quartzo hidrotermal sugerida por Rusk et al. (2008), que relaciona a auséncia ou baixos teores
de Ti com temperaturas inferiores a 400 °C.

Apesar da diferenca entre os tipos de opala que ocorrem em Pedro Il e Buriti dos
Montes, é provavel que o sistema hidrotermal responsavel pela génese desses depdsitos tenha
sido parte de um conjunto de eventos hidrotermais em escala continental. Isso porque,
considerando-se os depdsitos de opala do Piaui e de ametista-calcedénia-agata-opala do Rio
Grande do Sul, inimeros fatores sustentam essa hipétese: 1 — as semelhancas entre os tipos de
mineralizacdo, 2 — o contexto geoldgico local e regional, 3 — a compatibilidade entre as idades
das rochas envolvidas, e 4 — as temperaturas de formacdo das mineralizagdes.

Nesse contexto, a ruptura do Gondwana teria provocado reativacGes do Lineamento
Transbrasiliano e um grande magmatismo basico fissural, que por sua vez foi responsavel
pelo aporte de calor, e talvez de fluidos, que gerou as primeiras células convectivas de fluidos
guentes. A partir disso, a dgua contida nos arenitos certamente alimentou o sistema e se
enriqueceu em silica através dos proprios arenitos. Este fluido hidrotermal foi posteriormente
aprisionado em sistemas de fraturas e nelas se resfriou, precipitando a opala e minerais
associados.

Ainda restam duvidas quanto a(s) verdadeira(s) fonte(s) de fluido(s), mas os dados
obtidos indicam pelo menos duas. Uma delas certamente forneceu fluidos quentes e salinos
que atingiram cerca de 400 °C e 45 eg. wt% NaCl, enquanto a outra contribui com fluidos de
temperaturas e salinidades extremamente baixas, com aproximadamente 100 °C e 3-20 eq.
wt% NaCl. A resposta para esse questionamento poderia ser alcancada através do estudo dos
isétopos estaveis dos dois depdsitos de opala, de Pedro 11 e Buriti dos Montes, que poderiam

enriquecer estas interpretacdes ou apontariam outras hipoteses.
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