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“Tolerancia é a consequéncia
necessaria da percepcao de que
somos pessoas faliveis: errar é
humano, e estamos o tempo todo
cometendo erros.”

Voltaire
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RESUMO

O carbonatito Fazenda Varela (CFV) ocorre na parte central do Complexo Alcalino de Lages
(CAL), que consiste em varios corpos isolados, distribuidos em uma area de 1.200 kmz, que
intrudiram rochas sedimentares e vulcénicas da Bacia do Parana durante o Cretaceo e tiveram
seus posicionamentos relacionados a reativagdo de estruturas NE-SW e ENE-WSW do
Cinturdo Ribeira (Pré-Cambriano). O CFV é o Unico carbonatito conhecido no CAL, seu
posicionamento foi controlado por uma falha NE-SW e, em superficie, ocorre como veios que
cortam arenitos arcoseanos da Formacdo Rio Bonito, formando uma brecha feldspatica,
afetada por fenitizacdo potéssica, cuja zona de ocorréncia foi delimitada por geoquimica de
solo e sedimentos de corrente. Os dados de solo e sedimento de corrente da area do CFV
foram tratados por anélise multivariada e integrados com dados regionais. Na parte sudoeste
do CAL foram identificadas anomalias com altos teores de P e ETR, comumente observadas
em areas proximas de carbonatitos. O levantamento geofisico (magnetometria e
gamaespectrometria) da area do CFV evidenciou a existéncia de um corpo continuo, com
diametro de 600m, sob uma cobertura de rochas sedimentares com 50 m de espessura. Dois
outros alvos foram identificados nas proximidades do CFV. Geoquimicamente, as rochas do
CFV sé@o magnesiocarbonatito, calciocarbonatito ferruginoso e ferrocarbonatito. A paragénese
magmatica é composta principalmente por dolomita, Fe-dolomita e ankerita, e
subordinadamente por pirocloro, apatita, barita, ortoclasio e quartzo. A paragénese
carbotermal é constituida por calcita, ankerita, parisita-(Ce), apatita microcristalina, zircdo
(grandes cristais poiquiliticos), barita, quartzo e pirita. Veios hidrotermais tardios compostos
por calcita, parasita-(Ce) e hematita cortam o CFV e a brecha feldspatica. A mineralizacdo de
ETR é praticamente restrita a parisita-(Ce) na qual os teores de ETRL chegam a 52% e o
padrdo de distribui¢do dos ETR é muito similar aqueles do carbonatito. A apatita carbotermal,
classificada como fluorcalcioapatita, possui contetdos de Sr e Zr (até 1,17 wt% de ZrO;) e Y
(até 0,69% em peso de Y,03) altos, sugerindo que o fluido formador da apatita e do zircéo
tem afinidade alcalina e pode ter sido misturado ao residuo carbonatitico tardio. As
caracteristicas gerais do CFV sdo semelhantes as dos carbonatitos primarios do cla nefelinito,
incluindo-se as mineralizagcOes de barita, apatita e parisita-(Ce) da fase carbotermal. As altas
razdes Nb/Ta e Zr/Hf evidenciam processo de cristalizagéo fracionada. A datacdo por U-Pb de
zircdo poiquilitico forneceu a idade de 78 £ 1 Ma, que corresponde aos estagios iniciais da

evolucdo do CAL e corrobora o modelo petrogenético de Scheibe.



ABSTRACT

The Fazenda Varela carbonatite (FVC) occurs in the central part of the Lages Alkaline
Complex (LAC), which consists of several isolated bodies distributed over an area of 1,200
kmz2, which intruded sedimentary and volcanic rocks from the Parana Basin during the
Cretaceous and their positions are related to reactivation of NE-SW and ENE-WSW
structures of the Ribeira Belt (Precambrian). FVC is the only known carbonatite in LAC, its
positioning was controlled by a NE-SW fault and, on the surface, it occurs as veins that cut
arcosean sandstones of the Rio Bonito Formation, forming a feldspatic breccia, that was
affected by potassic fenitization, whose zone of occurrence was delimited by soil
geochemistry and stream sediments. The FVC area soil and stream sediment data were treated
by multivariate analysis and integrated with regional data. In the southwestern part of LAC,
anomalies with high levels of P and ETR were identified, commonly observed in areas close
to carbonatites. The geophysical survey (magnetometry and gamma-ray spectrometry) of the
FVC area showed the existence of a continuous body, with a diameter of 600m, under a
sedimentary rock cover with 50 m thick. Two other targets were identified in the vicinity of
the FVC. Geochemically, the rocks of FVC are magnesiocarbonatite, ferruginous
calciocarbonatite and ferrocarbonatite. Magmatic paragenesis is composed mainly of
dolomite, Fe-dolomite and ankerite, and subordinately by pyrochlore, apatite, barite,
orthoclase and quartz. Carbothermal paragenesis consists of calcite, ankerite, parisite-(Ce),
microcrystalline apatite, zircon (large poikilitic crystals), barite, quartz and pyrite. Late
hydrothermal veins composed of calcite, parasite-(Ce) and hematite cut CFV and feldspar
breccia. REE mineralization is practically restricted to Parisite-(Ce) where LREE contents
reach 52% and the distribution pattern of REE is very similar to those of carbonatite.
Carbothermal apatite, classified as fluorcalcioapatite, has high Sr and Zr (up to 1.17 wt%
ZrOy) and Y (up to 0.69 wit% Y,03) contents, suggesting that the apatite and zircon forming
fluid has alkaline affinity and may have been mixed with the late carbonate residue. The
general characteristics of the FVC are similar to those of the nephelinite clan primary
carbonatites, including the carbothermal phase barite, apatite and parisite-(Ce)
mineralizations. The high Nb / Ta and Zr / Hf ratios show fractional crystallization process.
U-Pb dating of poikilitic zircon provided the age of 78 £ 1 Ma, which corresponds to the early

stages of LAC evolution and corroborates Scheibe's petrogenetic model.
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1 INTRODUCAO

As rochas do Complexo Alcalino de Lages (CAL) tém sido constantemente
estudadas (SCHEIBE, 1974, 1976, 1979, 1986; SCHEIBE; FORMOSO, 1982;
SCHEIBE et al., 1984; SCHEIBE et al., 1985, TRAVERSA et al., 1994,
MENEGOTTO; FORMOSO, 1998; DANNI, 1998; COMIN-CHIARAMONTTI, 2002;
MANFREDI et al., 2013) devido ao grande potencial econémico que o complexo
apresenta. Desde os anos 70, Szubert e Vergara (1975) ja realizavam estudos sobre
os depdsitos de bauxita presentes na regido, que sao extraidos até os dias atuais.
Em geral, o carbonatito tende a ser a rocha economicamente mais importante nos
complexos alcalinos-carbonatiticos, visto que € o hospedeiro de diversos tipos de
minérios considerados estratégicos.

Os carbonatitos sdo a principal fonte de ETR, cuja demanda cresceu muito
nos ultimos 30 anos, em virtude da sua importancia na industria de tecnologia e pela
possibilidade da China, que detém mais de 95% da producdo, restringir a
exportacdo. Muitas outras commodities séo explotadas de carbonatitos, destacando-
Se 0s agrominerais, cuja procura tem sido incentivada por iniciativas do governo, em
virtude do carater agricola do Brasil, que precisa importar a maior parte dos
fertilizantes consumidos.

O Governo Federal, por meio da CPRM (Servico Geoldgico do Brasil), criou o
Projeto Fosfato Brasil, do qual este trabalho faz parte, para buscar novas reservas
de P,Os com a finalidade de suprir as necessidades desse elemento no pais. A
apatita € o mineral de minério de P e é encontrada em grande concentracdo em
rochas carbonatiticas, que representa a principal fonte de P,Os produzida no pais.

Os carbonatos, minerais que caracterizam a rocha como carbonatito,
desempenham um papel importante na agroindustria como corretivo de solo. A
pesquisa em rochagem também tem sido incentivada, de modo a encontrar
alternativas sustentaveis e de baixo custo a fertilizantes quimicos para remineralizar
o solo. Além da importancia do carbonatito como fonte de insumos para a agricultura
e a industria de tecnologia, essa rocha também é fonte de minerais industriais, como
vermiculita, barita, titanita, calcopirita, uraninita, fluorita, cal, dentre outros.

A principal fase do carbonatito Fazenda Varela (CFV) aflorante é o

magnesiocarbonatito, que apresenta calcita tardia em forma de veios ou como



crescimento nos limites dos carbonatos primérios e esta associada a
parisita/synchysita e barita. Também foram identificadas facies carbo-hidrotermais
enriquecidas em apatita, pirocloro e quartzo.

De acordo com Hogarth (1989), os carbonatitos primarios séo ricos em calcita
e sua cristalizacdo pode persistir até as fases mais tardias, em menores
guantidades. A dolomita normalmente precipita depois da calcita, formando
magnesiocarbonatito. Os ferrocarbonatitos ricos em Fe-dolomita, ankerita e siderita
sdo considerados pelo autor supracitado como facies tardia. O Estagio final é
caracterizado por estagios tardios de cristalizacdo do carbonatito, que sé&o
caracterizados pela cristalizacdo de calcita em forma de veios, que cortam o
carbonatito e as rochas silicaticas associadas. Segundo Wooley e Kampe (1989), as
fases ferrocarbonatiticas sdo as mais enriquecidas nos elementos de alto potencial
ionico (HFS), como ETR, Th, U, Nb, Ti, Ta, dentre outros elementos. As fases
calciticas séo as mais ricas em apatita.

A partir dessa premissa e considerando as diversas fases composicionalmente
distintas encontradas nas campanhas de campo recentes, apresenta-se, neste
trabalho, o resultado do estudo que consistiu em novas pesquisas de carater
prospectivo. Tal pesquisa integra estudos geologico, geofisico, geoquimico,
mineralodgico e geocronologico para identificar as diversas fases magmaticas e/ou
hidrotermais observadas nesse corpo carbonatitico, bem como a distribuicdo da sua

mineralizacao e a sua relacdo com as demais rochas alcalinas do CAL.

1.1 JUSTIFICATIVA E OBJETIVOS DO TRABALHO

O Carbonatito Fazenda Varela (CFV) foi estudado por Scheibe (1979) e
Scheibe e Formoso (1982) para conhecer o potencial dessa rocha como jazida de
fosfato e de carbonato, para o uso de fertilizantes e corretor de solos,
respectivamente. Apesar de mineralizagdes de ETR, P,Os e Nb, elementos comuns
em carbonatitos, apresentarem grande importancia econbmica atualmente, os
minerais portadores desses elementos ainda ndo foram suficientemente estudados
no CFV. Estudos recentes realizados por Manfredi et al. (2013) demonstraram o
forte potencial do CFV para a mineralizacdo, principalmente para ETR.

O CFV é uma rocha porosa e que altera com muita facilidade, por isso, raros

afloramentos foram encontrados. Estudos referentes aos diferentes graus de
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alteracdo foram realizados por Menegotto e Formoso (1998). Entretanto, o resultado
deste trabalho nao foi suficiente para entender a distribuicdo e o fracionamento dos
elementos, a abrangéncia e a zonacdo quimica do corpo. Por isso, a utilizacdo de
meétodos geofisicos e de geoquimica de superficie foi extremamente atil para avaliar
o tamanho e a dispersao da mineralizagao.

O estudo da variacao na distribuicdo de ETR em minerais portadores, como
parisita/synchysita e apatita pode ser correlacionavel ao ambiente de formacdo dos
carbonatitos (SMITH et al., 2000), pois, segundo Raimbault (1985), os ETR sdo um
importante indicador da fonte e das condi¢des fisico-quimicas do fluido hidrotermal.

Embora as rochas alcalinas de Lages ja tenham sido datadas por Rb/Sr e
K/Ar por Scheibe et al. (1985) e Scheibe (1986), nenhum estudo geocronolégico foi
realizado no CFV. Acredita-se que o carbonatito esteja relacionado geneticamente
com as demais rochas do complexo, no entanto, foi necessaria a realizacdo da
datacdo de zircdo formado na ultima fase de mineralizacdo, para confirmar que os
eventos de formacgao estao correlacionados.

Portanto, os principais objetivos com este trabalho foram: a) caracterizar as
facies do carbonatito Fazenda Varela e a avaliacdo do seu potencial em ETR,
fosfato apatitico, niébio e outros possiveis elementos com importancia econémica; b)
descrever os minerais de minério e as suas paragéneses, para determinar a
sequéncia de eventos hidrotermais que a rocha foi submetida durante o resfriamento
e c) verificar se a idade do carbonatito € similar a das demais rochas alcalinas do
Complexo de Lages.

Como objetivos especificos se pretendeu: a) determinar a forma e o tamanho
do corpo carbonatitico com a utilizacdo de técnicas indiretas, como magnetometria e
gamaespectometria; b) identificar as estruturas tectdbnicas que controlam a intrusao;
c) procurar anomalias regionais, por estudos de geoquimica de sedimento de
corrente, para tentar encontrar as outras facies do CFV no Complexo Alcalino de
Lages; d) determinar a idade da intrusdo; e) realizar estudos de geoquimica mineral
para compreender o fracionamento dos ETR e outros elementos traco e associar
esses resultados ao estudo de inclusdes fluidas e f) estudar o zoneamento quimico

do corpo e identificar anomalias pelos estudos de amostras de solo.
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1.2 LOCALIZACAO DA AREA DE ESTUDO

O Carbonatito Fazenda Varela esta localizado na cidade de Correia Pinto, SC,
ao norte da cidade de Lages, cujas coordenadas geograficas sdo 27°39S e 50°17’'W
(UTM SG 22 6941319.871913N 570694.888622E, Sistema Coérrego Alegre) (Figura.
1). A area é abrangida pela folha topografica de Lages, escala 1:100.000 (SG-22-Z-
c-V, IBGE), compreendida entre as coordenadas 50°00’ — 50°30’ de longitude oeste,
e 28°00’ a 27°30’ de latitude sul. O acesso se da pela estrada BR 116 Lages-Correia
Pinto. Percorre-se, aproximadamente, 23,5 km desde Lages, vira-se a direita numa
estrada vicinal, que leva a antiga Fazenda Varela e se segue aproximadamente 5

km até os dois morros (Figura 2), que se localizam a 300m ao norte da estrada.
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Figura 2: Fotografia dos morros que compreendem o carbonatito Fazenda Varela.

O = oeste, N = norte.

1.3 ESTRUTURA DA TESE

No capitulo 1 (Introducdo) sdo apresentadas as consideracdes inciais sobre o
Carbonatito Fazenda Varela.

No capitulo 2 (Revisédo Bibliogréafica) é apresentado um levantamento de todas as
informacdes relevantes sobre as principais teorias de formacéo dos Carbonatitos e
de suas mineralizagdes.

O capitulo 3 (Contexto Geoldgico da Area): discorre-se sobre o Complexo Alcalino
de Lages, para informar o leitor sobre os principais estudos realizados na area de
estudo.

O capitulo 4 (Resultados) é composto por 3 artigos submetidos em periddicos
nacionais e internacionais:

1. MANUSCRITO 1: MAGNETOMETRY AND GAMMA-RAY SPECTROMETRY
APPLIED ON THE INVESTIGATION OF THE FAZENDA VARELA
CARBONATITE AND ASSOCIATED HYDROTHERMAL REE AND P
MINERALIZATION (LAGES ALKALINE COMPLEX, SOUTHERN BRAZIL) —
Este artigo discorre sobre as principais carateristicas morfolégicas/estruturais
adquiridas a partir de métodos geofisicos;
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2. MANUSCRITO 2 : THE GEOCHEMICAL DISTRIBUTION OF PHOSPHORUS,
RARE EARTH ELEMENTS, NIOBIUM AND BARIUM IN SOILS AND
STREAM SEDIMENTS AROUND THE FAZENDA VARELA CARBONATITE,
LAGES ALKALINE COMPLEX, BRAZIL — Neste trabalho é apresentado os
dados de geoquimica obtidos a partir da coleta de solo e sedimento de
corrente (SC);

3. MANUSCRITO 3: MINERALOGICAL, GEOCHEMICAL, GEOPHYSICAL AND
GEOCHRONOLOGICAL DATA FROM THE FAZENDA VARELA
CARBONATITE (SOUTHERN BRAZIL): FIRST COMPREHENSIVE MODEL
AND CHARACTERIZATION OF THE ASSOCIATED REE-P-BA
CARBOTHERMAL MINERALIZATION. - Este trabalho caracteriza o
carbonatito quimica e petrologicamente, além de sugerir um modelo para a
formacao do carbonatito Fazenda Varela.

O fechamento da tese e integracéo dos trés artigos € realizado no capitulo 5

(Conclusodes).
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2 REVISAO BIBLIOGRAFICA

2.1 MAGMATISMO ALCALINO CONTINENTAL

As rochas alcalinas s@o caracterizadas pelo déficit em SiO, em relacdo ao
Na,O, K,0 e CaO, que estédo presentes em minerais como K-feldspato, piroxénios e
anfibélios sddicos, feldspatoides e outras fases ricas em alcalis. Segundo Mitchell
(1996), ndo existe um consenso entre 0s pesquisadores sobre a quantidade de
Na,O e K,O necesséria para uma rocha ser considerada alcalina. Segundo Shand
(1922), isso ocorre se a rocha for deficiente em Si e/ou Al. Em geral, os principais
estudiosos concordam que rochas subsaturadas em silica com feldspatoides podem
ser consideradas alcalinas, entretanto, rochas supersaturadas em silica com a
presenca de Na-anfibdlios e Na-piroxénios também podem ser alcalinas, pois esses
minerais séo deficientes em Al,Os.

As rochas mais exoticas desse grupo possuem nomes especificos, no
entanto, as mais comuns podem ser classificadas com base nas normas da IUGS
(LE BAS; STRECKEISEN, 1991) pelo método modal-textural, que utiliza a propor¢éo
dos minerais maiores, que sao plotados no diagrama QAPF (LE MAITRE et al.,
1989), ou pelo método quimico, a partir da utilizacdo de diagramas, como o0s binarios
alcalis x silica/alumina, quando os minerais forem muito finos.

De acordo com Mitchell (1996), a maioria das rochas alcalinas é derivada de
um magma com composicdo bem especifica, que é gerado em diferentes
profundidades do manto e, posteriormente, diferenciado, formando magmas
alcalinos derivados, que podem ser plutdnicos, vulcanicos ou hipoabissais. Esse
autor dividiu as rochas alcalinas em diversos clas petrogenéticos: a) Olivina basalto
alcalino (basalto — traquito — fonolito); b) Nefelinito (gabro — teralito/tesquenito —
nefelina sienito), que é subdividido em miasquito ou peralcalino (nefelinito — fonolito
— carbonatito; ijolito — nefelina sienito); c¢) Melilitito (melilitolitos, melilititos, melnoitos,
carbonatitos); d) Kamafugitos; e) Leucititos tipo provincia Romana; f) Kimberlitos e Q)
Magma potassico e ultrapotassico, derivados a partir de manto litosférico
metassomatizados (orangeitos, lamproitos e outras rochas potassicas mais dificeis

de classificar).
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As rochas alcalinas ocorrem em praticamente todos os ambientes, embora
sejam encontrados predominantemente em terrenos continentais. Menos de 1% das
rochas igneas aflorantes séo rochas alcalinas e ocorrem mais frequentemente como
plutbnicas hipoabissais e vulcanicas. Essas rochas estdo comumente associadas a
carbonatitos (BELL et al., 1998). Segundo Biondi (2003), os carbonatitos ocupam no
méaximo 30% do volume total da estrutura desses complexos. Os complexos
carbonatiticos podem ser vulcanicos ou plutbnicos, com dimensfes variadas,
podendo ter muitos quildmetros de diametro, como Gulinski na Russia, com diametro
de 40 Km. As rochas alcalinas e os carbonatitos estéo relacionados a ambientes
tectbnicos compressivos e distensivos, porém, a maioria ocorre em intraplacas

continentais.

2.2 CARBONATITOS

2.2.1 Nomenclatura e classificagéo

Carbonatitos séo definidos pela IUGS como rochas que contém mais de 50%
de carbonatos primarios e pelo menos 20% do peso em SiO, (LE MAITRE, 2002).
Essas rochas séo relativamente raras, compondo menos de 1% das rochas da
crosta terrestre.

As variedades de carbonatito sédo classificadas de acordo com o carbonato
dominante, como calcita carbonatito, dolomita carbonatito, dente outros (WOLLEY;
KEMPE, 1989). O termo ferrocarbonatito é definido pela IUGS de duas maneiras:
pela mineralogia, caso o carbonato principal seja rico em Fe, ou de acordo com a
composicdo quimica (LE MAITRE et al., 1989). A classificagcdo quimica somente é
recomendada quando a composi¢cdo mineraldgica ainda ndo € conhecida. Nesse
caso, € utilizado o diagrama ternario CaO-MgO-(FeO+Fe,O3+Mn) (%peso),
apresentado em Wooley e Kempe (1989), que sugere a seguinte classificacao:

a) Calciocarbonatito, quando CaO/(CaO + MgO + FeO + Fe,O + Fe,O3 +

MnO) > 0,8;

b) Magnesiocarbonatito, quando CaO/(CaO + MgO + FeO + Fe,O + Fe,O3 +

MnO) < 0,8 e MgO > FeO + Fe,0 + Fe,0g;

¢) Ferrocarbonatito, quando CaO/(CaO + MgO + FeO + Fe,O + Fe, 030 +

MnO) > 0,8 e MgO > FeO + Fe,0 + Fe,0g;
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Alguns problemas surgem na aplicagdo da terminologia de ferrocarbonatito.
N&o fica claro, na classificacdo pela mineralogia, se o carbonato principal do
ferrocarbonatito pode ser ankerita ou somente siderita. No caso da classificacao
guimica, a rocha pode ter conteudo total de Fe suficientemente alto para ser plotada
no campo dos ferrocarbonatitos, porém, o Fe pode residir em outros minerais, como
magnetita, hematita ou silicatos de Fe e ndo nos carbonatos.

Por essa razéo, Gittins e Harmer (1997) apresentam conclusdes sobre a
verdadeira definicdo de ferrocarbonatitos. Para os autores, os ferrocarbonatitos sao
rochas carbonatiticas que cortam calcitas e dolomita carbonatitos primarios e sao
considerados estagios tardios do magmatismo carbonatitico de uma regido. Para
eles, a melhor forma de classificar um ferrocarbonatito é pela aplicacdo da proporcao
modal em um diagrama ternario CaO-MgO-FeO+Mn. Segundo os autores, o0 Fe,O3
deve ser excluido, pois ndo entra na estrutura dos carbonatos. A partir dessa
proposicéo, a rocha sera classificada como:

a) Calciocarbonatito = (CaO/CaO+MgO+FeQ) > 0,75;

b) Magnesiocarbonatito = (CaO/CaO+MgO+FeQO) < 7,75 e MgO/(FeO +

MnO)>1;

c¢) Calciocarbonatito ferruginoso = 0,5 < (CaO/CaO+MgO+FeO) < 0,75 e

d) MgO/(FeO + MnO) < 1;

e) Ferrocarbonatitos = (CaO/CaO+MgO+FeQO) > 0,5 e MgO/(FeO + MnO) < 1.

2.2.2 Caracteristica de Campo

Segundo Barker (1989), os carbonatitos podem ser intrusivos, vulcanicos e
hidrotermais e nunca foram encontrados sob a forma de um grande platon
homogéneo. Apresentam-se, normalmente, como intrusbes hipoabissais e,
raramente, como fluxo de magma e tefras. Estagios tardios de carbonatitos de Fe e
Mg (ferrocarbonatitos) podem apresentar forma de veios e/ou evidéncias de
substituicAo metassomatica de carbonatitos primarios (calciticos) ou de outras
possiveis rochas encaixantes (BARKER, 1989).

As principais evidéncias utilizadas para distinguir uma rocha carbonatitica s&o
as feicbes estruturais; texturas primarias magmaticas, embora, algumas vezes,

essas texturas podem ser dificeis de diferenciar de feicdes secundarias, ou podem
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ter sido apagadas por fluxo plastico (WENK et al., 1983), aspectos de solucéo e
reprecipitacdo, dentre outras causas (BARKER, 1989).

Os carbonatitos intrusivos hipoabissais ocorrem como enxames de diques
paralelos ou radiais, cone sheets, plugs, diatremas e chaminés subvulcanicas,
podendo conter estruturas de fluxos bem desenvolvidas representadas pela
orientacdo paralela dos fenocristais de calcita. Em razdo da baixa viscosidade do
fluido carbonatitico, a rocha geralmente apresenta feicdes de resfriamento rapido.
Nos diatremas, o carbonatito forma a matriz de brechas (DIMROTH, 1970).

Em raz&do da sequéncia de cristalizacdo dos carbonatitos, cada fase pode
apresentar feicOes distintas. De acordo com Kapustin (1986), os carbonatitos
primarios sdo 0s maiores corpos e, normalmente, possuem forma de plugs ou cone
sheets. Le Bas (1984) afirma que a dolomita carbonatito € mais comum em maiores
profundidades. O segundo estigio é mais recorrente na forma de diques, cone
sheets e em zona de cisalhamentos dos plugs primarios. O terceiro estagio consiste
basicamente em veios e diques. O estagio pés-carbonatitico é constituido por veios
hidrotermais finos e stockworks (Baker, 1989).

2.2.3 Ocorréncia

Complexos carbonatitos foram encontrados em todos os continentes. Entre os
350 carbonatitos conhecidos, mais da metade est&o localizados na Africa (Figura 3).
Existe registro da ocorréncia de carbonatitos desde o Pré-cambriano até o Recente,
com significativa concentra¢cdo no Mesozoico (WINTER, 2001).

Os carbonatitos tendem a formar provincias, cuja atividade ocorre por longos
periodos (WINTER, 2001). Normalmente, sdo encontrados no centro dos complexos
alcalinos ou como corpos isolados. A maioria dos carbonatitos esta intrudida em
intraplacas continentais estaveis, embora alguns ocorram em margens continentais
e podem estar associados a orogénese, a sistemas de rifteamento (WINTER, 2001)
e, raramente, em bacias oceanicas (intraplacas): um na llha de Cabo Verde e outro
nas llhas Canarias (WINTER, 2001). De uma forma geral, os carbonatitos estao
associados as falhas maiores ou formando lineamentos, cujas origens e controle
estrutural sdo pouco conhecidos. Observa-se que a progressao das idades ao longo

desses lineamentos é rara, ao contrario do que poderia se esperar se fossem
gerados por hot spots (WINTER, 2001).
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Figura 3: Localizag&o dos principais carbonatitos do mundo, modificado de
Wooley e Kjarsgaard (2008)

A maioria dos carbonatitos esta associada a complexos intrusivos pequenos
compostos por rochas silicaticas alcalinas (nefelina sienito, ijolitos e urtitos),
eventualmente com ultramaficas, kimberlitos ou lamprofiros. A associacdo desses
magmas possivelmente é genética e devem ter sido originados a partir do mesmo
magma parental.

Os carbonatitos africanos, geralmente, sdo encontrados préximos ao sistema
Rift do Leste Africano e, subordinadamente, no sudoeste da costa africana.
Normalmente, as rochas estdo encaixadas nas falhas maiores, que foram geradas
pelo rifteamento. Segundo Wooley (1989), os carbonatitos da Africa datados entre
139 e 116 Ma encontrados em Angola, Zimbabwe, Malaui e Tanzénia estdo
relacionados a abertura do Pangeia. O carbonatito Phalaborwa (ZA) é o mais antigo
que se tem conhecimento, com 2.047 Ma e que foi datado pelo método U-Pb
(ERIKSSON, 1984; WOOLEY, 1989). Importantes carbonatitos também sao
encontrados na América do Norte (Thor Lake, Canadd e Montain Pass, na
California), na Groelandia (Qaqgarssuk e Quigussaq) e na Russia (Kola Peninsula).

Na Ameérica do Sul, os principais carbonatitos estdo concentrados no Brasil,
embora poucos afloramentos sdo encontrados no territorio brasileiro, devido ao
clima tropical e equatorial imido, que promove intensa alteracdo intempérica, que

resulta em um manto lateritico espesso. A maioria pertence ao mesozoico, embora
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Angico dos Dias (SILVA et al., 1988) e Mutum (BIONDI, 1999) ressaltem que sejam
de idade Pré-cambriana (2.011 £ 6 Ma e 2.600 - 2.900 Ma, respectivamente).

Segundo Gomes et al. (1990), a maioria dos carbonatitos brasileiros esta
associada a ultramaficas e a rochas alcalinas, pluténicas ou vulcanicas. Essas
rochas tendem a ser calciticas e, mesmo as dolomiticas, sdo enriquecidas em
calcita. Os dois carbonatitos brasileiros ricos em ferro mais importantes sado Seis
Lagos (GIOVANNINI et al. 2013) e Fazenda Varela. A pouca abundancia dos
ferrocarbonatitos pode ser decorrente dos processos intempéricos, que dificultam
suas identificagoes.

Segundo Gomes et al. (1990), muitos dos complexos alcalino-carbonatitos
brasileiros se encontram na borda leste da Bacia do Parana (Figura 4). Esses
carbonatitos apresentam duas idades diferentes: a) entre 110 e 130 Ma e b) entre 60
e 90 Ma. Alguns carbonatitos tém idades intermediarias (entre 100 e 110 Ma). A
tectbnica regional tende a controlar as intrusdes carbonatiticas (ALMEIDA, 1971)
que, geralmente, ocorrem sob a forma de nicleos macicos ovais ou circulares e de
diques e veios, estando, claramente, associados as estruturas de arco (GOMES et
al. 1990). Segundo Almeida (1983), tanto Lages como Anitapolis sdo encontradas
em regido de flexura, que separa duas fei¢cdes tectonicas opostas: o arco de Ponta
Grossa e a sinclinal de Torres, que provavelmente exercem o controle tectbnico

dessas duas intrusoes.
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Figura 4. Mapa de localizagéo das ocorréncias alcalinas no sudoeste do Brasil:
Modificado de Ulbirich e Gomes (1981), Gomes e Ruberti (1990) e Brod (2008)

2.2.4 Composicdo Quimica e Mineraldgica

As composicfes médias dos elementos maiores, menores, traco e terras
raras presentes nos carbonatitos podem ser vistas em Woolley e Kempe (1989). Os
autores compilaram mais de 200 andlises de carbonatitos oriundos de diversas
localidades para propor o diagrama ternario de classificacdo quimica dos
carbonatitos, que foram denominados calciocarbonatito, magnesiocarbonatito e
ferrocarbonatito. Neste trabalho, eles observaram que o teor de silica aumenta nas
fases finais, podendo ser comumente encontrado quartzo nos ferrocarbonatitos.

Sao caracteristicas comuns nos ferrocarbonatitos: conteddo menor de

carbonatos em relacdo aos calciocarbonatitos, devido a alta quantidade de minerais
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ndo-carbonaticos encontrados; maior razdo Sr/Ba; Al € geralmente baixo, tendo
pouca variacao entre as fases iniciais e finais; P, assim como o Nb, é abundante e
com conteudo similar ao das demais fases, F € sempre mais abundante do que o Cl
e a razdo F/Cl aumenta nos ferrocarbonatitos.

Os carbonatitos s&o geralmente enriquecidos em ETR, principalmente nos
leves, e a sua importancia seré discutida no item 2.3 desta tese.

Segundo Hogarth (1989), além de carbonatos, os carbonatitos podem conter
mais de 280 minerais e muitos deles sdo economicamente importantes, destacando-
se: pirocloro (Nb), barita (Ba), anatasio e rutilo (Ti), zircdo (Zr), magnetita (Fe),
apatita (P e ETR), monazita e minerais da série bastnaesita-synchysita (ETR) e
vermiculita.

Diversos autores (KAPUTIN, 1971; LE BAS, 1981; SOLOV, 1985; HOGARTH
(1989), BARKER, 1989) tém afirmado que os carbonatitos podem ser formados por
cristalizacao fracionada em quatro fases, seguindo a seguinte ordem: Ca — Mg —
Mg + Fe — Fe + Mn. Segundo Salov (1985) e Hogarth (1989), cinco estagios
podem ser formados:

a) | (primario): possui Sr-calcita como carbonato principal, pode conter

aegirina-augita, flogopita, K-feldspato, andradita, wollastonita, monticellita;

b) IlI: os carbonatos sdo representados por Sr-calcita e dolomita e os silicatos

por aegirina-augita, forsterita, albita e tetraferriflogopita;

c) lll: calcita, ankerita, alstonita e strontianita como principais e,

tetraferriflogopita, serpentina, aegirina-augita, como varietais e acessorios;

d) IV (tardio): os carbonatos s&o Mn-calcita; siderita; ankerita; parisita;

bastnaesita e magnesita e os silicatos aegirina, clorita, sericita, quartzo,

flogopita;

e) V Pos-carbonatitico: calcita, Mn-calcita, baritocalcita, aegirina, zeolitas,

muscovita, frenita.

Segundo os autores supracitados, os carbonatitos primarios séo ricos em
calcitas e com conteudo de até 2% de Sr. Normalmente, a calcita precipita antes da
dolomita. A calcita pode persistir até os ultimos estagios, embora seja mais pobre
em Sr nas fases finais, pois, nesse estagio, o Sr é particionado entre a apatita e a
barita. A ankerita cristaliza depois da dolomita e é enriquecida em Mn (até 2%).

Outros minerais importantes em carbonatitos sdo a apatita, o pirocloro e o anfibdlio.
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A apatita € muito abundante nos estagios | e Il. Nos demais, pode estar
presente, contudo, geralmente ocorre como mineral secundario, sendo formada a
partir de reprecipitacdo da apatita primaria. Quando ndo ha apatita suficiente nos
primeiros estagios para consumir o ETR e o0 F, esses elementos acabam sobrando
para as fases finais e precipitam em fluorcarbonatos de ETR. O pirocloro, que é um
mineral tipico de muitos carbonatitos, surge no final do primeiro estagio e persiste
até o estagio Ill. O anfibdlio € possivel em todas as fases, principalmente nos
estagios intermediarios. O estagio final, pods-carbonatitico é caracterizado por calcita
tardia, em veios que cortam o carbonatito e as rochas associadas.

Alguns dos minerais de ETR s&o potencialmente importantes para a formagéo
de jazidas em carbonatitos. Os mais comuns sdo os fluorcarbonatos de ETR
(bastnaesita, synchysita, parisita e roentgenita), monazita, xenotima e loparita, que
constituem o principal minério das jazidas economicamente mais importantes em
exploragéo.

A bastnaesita constitui cerca de 90% da produgdo mundial de ETR. A
synchysita ocorre como mineral subordinado, associada a bastnaesita, em quase
todos os casos onde essa é explotada. A parisita e a roentgenita sao
comparativamente raras.

A férmula geral dos minerais do grupo dos fluorcarbonatos de ETR é
nXYCO3-mCaCO3, em que X= ETRL; Y= (F,OH); e m= 0 (bastnaesita) ou 1
(synchysita, parisita, roentgenita); n=1 (bastnaesita, synchysita), 2 (parisita) ou 3
(roentgenita). Observa-se que existem também minérios lateriticos de ETR, com

ions adsorvidos em argilominerais como a caulinita e a halloysita.
2.2.5 Origem dos Carbonatitos

As géneses dos carbonatitos tém gerado amplas discussdes no meio
académico. Na década de 1960 foram realizados varios experimentos de sintese de
carbonatitos (TUTTLE; GUITTINS, 1966) para explicar a origem desses magmas,
pois, anteriormente, se pensava que poderiam ser oriundos de calcarios
remobilizados, xendlitos de marmores ou precipitados de solu¢des hidrotermais.

Atualmente, é consenso que os carbonatitos sdo rochas igneas formadas a
partir de fusdes no manto, porém, a génese das rochas alcalinas e carbonatitos é

complexa e existem diferentes teorias para explicar suas origens. Dentre elas se
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destacam: a) fusdo parcial direta do manto (lherzolito hidrocarbonatado), b)
cristalizacdo fracionada e c) imiscibilidade de liquidos a partir de um magma
parental. Evidéncias em trabalhos de geologia experimental realizados por Wyllie
(1989), Wyllie et al. (1990) e Lee e Wyllie (1994) demonstram que os carbonatitos
podem ser gerados pelas trés possibilidades. Gittins (1989) e Winter (2001) nédo
acreditam ser possivel a geracdo de carbonatitos por diferenciacdo fracionada de
magmas silicaticos primarios, devido a impossibilidade desses magmas
concentrarem altas quantidades de carbonatos, Nb e ETR, que sédo elementos
caracteristicos de carbonatitos.

Considerando que os carbonatitos podem ser formados por varios processos,
Mitchell (1995, 2005) e Woolley et al. (1996) criaram um critério genético-
mineralégico usado para separar um tipo de carbonatito de outro. Segundo esses
autores, os carbonatitos foram divididos em dois grupos: carbonatitos primarios e
residuos carbohidrotermais. Os priméarios podem ser subdivididos dentro um grupo
genuino de carbonatitos magmaticos, que sdo formados a partir de diversos
magmas derivados do manto, que estdo associados aos clas dos melilitos,
nefelinitos, ailikitos e kimberlitos, esse ultimo é mais bem denominado como calcita
kimberlitos. Cada tipo de magma e de carbonatitos associados sdo considerados
geneticamente distintos e formados em diferentes profundidades no manto superior,
com diferentes graus de fuséo parcial.

Carbonatitos associados aos grupos melilitito e nefelinitos podem ter uma
multiplicidade de origens e serem formados por fracionamento, cristalizagédo
fracionada ou por imiscibilidade de liquidos. O cla nefelinitos &, provavelmente, a
associacdo mais comum de carbonatitos com rochas alcalinas (nefelina sienitos,
nefelinitos, fonolito, melteigito, ijolito e urtito. Os carbonatitos deste cla sdo formados
por calcita, dolomita e ankerita e os estagios finais envolvem a geracdo de fluidos
carbotermais que resultam na formacdo de minerais de ETR, Sr e Ba. Os calcita
kimberlitos sdo pouco volumosos e formados tardiamente por diferenciacdo, nao
estando relacionados a outros carbonatitos ou aos seus magmas parentais. A
origem e as relagbes genéticas do natrocarbonatito de Odoinio Lengai sdo
consideradas uma distinta variedade de magmatismo primario.

Rochas ricas em carbonatos associadas com diversos magmas potassicos ou
sédico peralcalinos, saturados a subsaturados e derivados predominantemente de

metassomatismo do manto litosférico, junto com rochas ricas em carbonatos de ETR
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de génese indeterminada, sdo melhores classificadas como residuo carbotermal em
vez de carbonatito. Rochas ricas em carbonatos formadas por reacoes
pneumatoldticas ou fusdo anatética de rochas crustais ndo podem ser consideradas

carbonatitos.

2.2.5.1 Carbonatitos gerados a partir de um magma primario

Segundo Eggler (1989), fusbes mantélicas de composicao peridotito-lherzolito
pobre em volateis podem produzir magmas com composi¢cdes que variam entre
komatiitos, picritos, basaltos toleiticos e alcalinos (WYLLIE, 1987; EGGLER; 1989;
LEE; WYLLIE, 1998). Composicfes alcalino-carbonatiticas necessitam que a fonte
mantélica esteja alterada metassomaticamente, ou seja, esteja rica em volateis. A
composicado dos magmas derivados de |herzolitos varia com a pressao, temperatura
e conteudo de H,O e de CO,. A adicdo de CO;, nas rochas metassomaticas do
manto torna a geracdo dos magmas alcalinos mais provaveis (WINTER, 2001).

Se houver contetudo de H,O e de CO, suficientes no manto astenosférico, a
pluma ira ascender ao longo da geoterma, causando a fusédo do lherzolito (WYLLIE,
1989; WYLLIE et al., 1990) e gerando pequenas quantidades liquidos carbonatiticos
em temperaturas mais baixas, em virtude do seu enriquecimento em volateis. Os
carbonatitos primarios normalmente cristalizam no limite litosfera-astenosfera. Caso
o carbonatito acumule em algum conduto, a pressédo de volateis pode causar um

fluxo explosivo resultando em kimberlitos.

2.2.5.2 Carbonatitos como resultado de diferenciacdo de magmas silicaticos

alcalinos primarios

Em profundidades entre 60 e 80 Km, os anfibdlios alcalinos de peridotitos
hidratados fundem com menores temperaturas que os demais minerais da
paragénese, gerando um fluido enriquecido em alcalis. Nefelinitos e melilititos séo
produtos dessas fusfes, quando o grau € inferior a 10%. Para que os magmas de
baixa fusdo parcial enriquecido em CO,-H,O atinjam a crosta superior, a
temperatura deve ser alta, por isso, 0 magma gerado é silicatico, que pode dissolver

até 20% de carbonatos. Posteriormente, ocorre a cristalizacdo fracionada das fases
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ndo carbonatadas, enriquecendo o fluido em CO, até a sua saturacdo, resultando
em um liquido residual.

De acordo com Gittins (1989) e Winter (2001), nefelinitos parentais ndo tém
CO, o suficiente para produzirem os carbonatitos associados e € improvavel que
magmas resultantes de cristalizacdo fracionada sejam tdo enriquecidos em
elementos incompativeis como o0s carbonatitos. Portanto, é improvavel que os
carbonatitos possam ser gerados a partir de cristalizacdo fracionada de magmas

silicaticos alcalinos.

2.2.5.3 Carbonatitos como produto de imiscibilidade

Feicbes de campo como texturas e brechamento sugerem que carbonatitos e
rochas alcalinas silicaticas possam ser imisciveis. A imiscibilidade foi demonstrada
por diversos pesquisadores (GROOS; WILLIE, 1966,1973; FERGUSON; CURRIE,
1971; WENDLANDT; HARRISON, 1978; FREESTONE; HANILTON, 1980) a partir
de estudos experimentais. Como discutido no trabalho de Gittens (1989), trés fases
imisciveis coexistem nos sistemas NaAlSizOg — Na,CO3; — CO, e NaAlSiz;Og-Na,COs-
H,O: magma silicatico alcalino, carbonatito sédico liquido e fluido volatil alcalino, que
causa a fenitizacdo das rochas encaixantes.

A composicdo do magma carbonatitico inicial, conforme ja abordado
anteriormente, deve ser calcitica, pois € a primeira fase a cristalizar, sendo que as
demais composi¢cdes seguem a ordem de formacdo definida por Hogarth (1989).
Segundo Winter (2001), o magma carbonatitico se separa do liquido silicatado em
temperaturas acima de 1100°C e fraciona em temperaturas em torno de 600°C. Os
liquidos imisciveis de calcita carbonatito podem conter mais de 80% de CaCO; e

pelo menos 5% de Na,COs.

2.3 IMPORTANCIA DOS ETR

2.3.1 Geoquimica dos ETR e sua importancia para o entendimento da génese

dos Carbonatitos

O comportamento dos ETR tem sido objeto de muitos estudos, devido a sua

utilidade em resolver muitos problemas petrolégicos, mineraldégicos e geoquimicos.
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O estudo da particdo dos ETR em sistemas igneos € adequado as pesquisas
petrogenéticas.

Os ETR consistem em 15 elementos quimicos conhecidos como lantanideos
(La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb e Lu), que quimicamente
séo similares ao Y e ao Sc. Eles sé@o elementos litéfilos (enriqguecidos na crosta
terrestre), que ocorrem invariavelmente juntos nos sistemas naturais. Eles possuem
raio ibnico muito similar e todos séo trivalentes, embora o Ce possa ocorrer com a
valéncia +4 e o Eu +2 em alguns ambientes. O Ce*" é importante no estudo dos
processos intempéricos, enquanto o Eu®" concentra nos plagioclasios das rochas
igneas durante o processo de cristalizacdo fracionada, gerando uma anomalia
negativa no padrao de distribuicdo de ETR dessas rochas (denominada anomalia de
Eu). Em virtude da variacdo na valéncia do Ce, o La é mais apropriado para estudos
experimentais.

Os ETR normalmente ocorrem como elementos traco na maioria dos tipos de
rocha (sedimentares, igneas e metamorficas). Esses elementos se concentram em
diversos minerais formadores de rochas como na titanita, apatita, zircao, epidoto,
granada e nos argilominerais. Eles sdo encontrados com maior abundancia em
carbonatitos e em alguns pegmatitos graniticos e sieniticos. Carbonatitos,
kimberlitos, alguns lamproéfiros, granitos, skarnitos e outros depositos
metassomaticos podem conter altas concentracfes de ETR. Além disto, alguns
minerais de ETR podem ocorrer em fases detriticas de rochas sedimentares.

Os ions de ETR tém um raio ibnico muito grande, o que dificulta suas
entradas em minerais que contém elementos com baixo nimero de coordenacao,
como olivinas, piroxénios, magnetita e feldspatos. Esses minerais sdo essenciais
nas rochas basicas. Por isso, os ETR sdo incompativeis nessas rochas e se
acumulam no magma residual. Nos minerais que possuem sitios maiores, a entrada
dos ETR é favorecida, como, por exemplo, na apatita, no zircdo e na granada. Por
isso, rochas como pegmatitos, sienitos e carbonatitos sdo concentradoras e
importantes fontes de ETR.

Com base no raio idnico, os ETR séo classificados como elementos terras
raras leves (ETRL, do La ao Eu) e elementos terras raras pesados (ETRP, do Gd ao
Lu, incluindo o Y). Alguns autores classificam em trés grupos, nos quais Sao
incluidos os elementos terras raras médios (ETRM, do Nd ao Gd). Entretanto, os

depdsitos de ETR séo classificados como do tipo ETRL ou ETRP, embora ambos
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possam ocorrer em um mesmo depdsito. Observa-se que minerais e depdsitos de
ETRL sdo mais abundantes. Além disso, os ETRL tendem a acumular-se em rochas
altamente fracionadas, como nas rochas basicas e nos carbonatitos, enquanto os
ETRP, e especialmente o Y, tendem a concentrar-se em rochas acidas fracionadas,
como os granitos alcalinos e os pegmatitos.

Os ETRL (La-Eu), também chamados de elementos do grupo do Ce, tém raio
iGnico muito préximo ao do Ca** e do Th*', enquanto que os ETRP (Gd-Lu), que sdo
os elementos do grupo do Y, tém raios idnicos menores e que mais se aproximam
ao do raio do Mn?*, quando tem um mesmo nimero de coordenac&o. Contudo, nos
processos de substituicdo, os ETR entram na estrutura de um mineral em
proporcdes diferentes, em funcdo das diferencas de raio atbmico com o elemento
substituido e das diversas condi¢cbes geoquimicas do meio. Os ETRP podem ter
distintos niumeros de coordenacdo com o oxigénio, que variam de VI a IX, mais
comumente com valor VIII, enquanto os ETRL tém numeros de coordenacdo com
esse anion com valores entre VIl e XII.

As substituicbes de ETR trivalentes por Ca requerem algum tipo de
mecanismo de compensacéo de cargas, como a dupla substituicdo, de (ETR** + Na)
por 2Ca. Porém, em alguns casos, como nas substituicdes de Eu?* por Ca, de Y**
por Ce*" ou de Th**por Ce*, as razdes séo 1:1. As substituicdes na fluocerita-(Ce),
a gagarinita-(Y) e a tveitita-(Y) comumente sdo mais simples, enquanto na fluorita
pode conter ETR e Th em solucéo sélida. O tnico modo de substituicdo do V"'Ca na
fluorita por Ce** ou Th* é por uma dupla substituicdo envolvendo o Na. Destaca-se
que, além do tamanho do raio ibnico, a carga iGnica, a temperatura, a pressao e a
composicdo do sistema influenciam na particdo dos ETR. Como dito anteriormente,
0 Eu pode existir em dois estados de oxidacédo (+2 e +3) nos sistemas magmaticos,
0 que é decorrente do potencial redox do magma.

O raio idnico do Eu®* é maior do que o do Eu*" em qualquer coordenacéo e o
coeficiente de particdo do Eu?* é maior em muitos minerais, principalmente,
naqueles que envolvem a substituicdo pelo Ca*?, evitando substituicbes adicionais
para o balanco de cargas. Por isso, a entrada do Eu®* nos plagioclasios e em outros
minerais de Ca em magmas basicos causa nos magmas residuais uma anomalia
negativa de Eu.

De acordo com Henderson (1996), os estados de oxidacdo com carga

superior a 3+ nos ETR s&o teoricamente ausentes nos sistemas magmaticos. O Ce**
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e o Eu®

ocorrem nos sistemas aquosos, tendo um comportamento diferente se
comparado aos demais ETR. Por isso, rochas igneas que possuem interacdo com
sistemas aquosos podem ter uma anomalia positiva de Ce**. Além disso, a presenca
de anomalias de Ce em rochas igneas ou metamorficas inalteradas pode ser um
indicador da fonte do material ter componentes supracrustais.

Sverjensky (1984) estudou o equilibrio redox dos ions de Eu em solugbes
aquosas. No seu trabalho, ele mostrou que a razdo Eu®'/Eu®" é fortemente
dependente da temperatura, porém, pouco da pressdo. Acima de 250°C, a forma
dominante é o Eu* (na forma elementar ou em complexos), todavia, a 25°C é
predominante no estado trivalente. Em temperaturas intermediarias, estao presentes
os dois estados de oxidacdo. Brookins (1989) observou que o comportamento do Ce
estd em contraste com o comportamento dos outros ETR e que o ce* possui um
campo de estabilidade muito reduzido (em baixo pH) e a presenga de um
significativo campo de estabilidade do CeO, (em pH neutro e alcalino).

Destaca-se que muitos autores tratam os ETR como elementos imoveis
guando realizam a modelagem de processos como a alteracdo de rochas, a
contaminagdo crustal, dentre outros aspectos. No entanto, em meios aquosos
(aguas do mar, fluidos hidrotermais, inclusdes fluidas e agua subterranea), os ETR
sdo moéveis, mesmo tendo baixa solubilidade. Segundo Gieré (1996), as terras raras
tém forte tendéncia a formar complexos aquosos, como nos cations isolados, que
ocorrem somente em solucdes a baixas temperaturas. Em fluidos hidrotermais, uma
variedade de ligantes, incluindo F’, CI, OH", SO,* e CO3* pode complexar os ETR
(BAU; DULSKI, 1995). O aumento da mobilidade dos ETR em meio aquoso depende
de diversos fatores como pH, Eh, temperatura e de outros fatores.

O efeito do fluido rico em ETR em uma rocha encaixante depende da razdo
rocha/fluido, dos constituintes minerais e das reacdes cinéticas. Infelizmente, essas
relacbes ainda ndo foram muito bem estabelecidas, embora alguns importantes
avancos tenham sido feitos no estudo da complexagdo em meios aquosos
(HENDERSON, 1996).

A complexagédo dos ETR € importante em muitos sistemas aquosos naturais
com pH neutros e alcalinos, porém muito menos em sistemas acidos, em que 0s
ions de ETR tendem a ser mais estaveis (HENDERSON, 1996). O autor mostra,
nesse trabalho, um exemplo no qual muitos complexos sado dependentes do pH: o
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complexo EuCO3" é uma espécie mais comum em um pH entre 6 e 9, no entanto,
com pH superior a 9, a espécie mais comum é Eu(CO3)?.

Além do pH, outros parametros influenciam na complexacéo. A temperatura é
um fator importante, j4 que para a maioria dos ETR (exceto o Eu*"), a estabilidade
aumenta com a temperatura sobre algumas centenas de Celcius. A estabilidade dos
complexos também aumenta com o decréscimo do raio e, consequentemente, com o
aumento do numero atémico.

De acordo com Henderson (1996), os haletos formam importantes complexos
em sistemas de aguas naturais. Evidéncia disso é a associacdo de minerais de F
com enriquecimento de ETR em muitos depdsitos metassomaticos. Os ETR
trivalentes formam fortes complexos com o F, cuja for¢ca das ligacdes aumenta de La
para Lu. Entretanto, os ions de ETR geram complexos relativamente fracos com o
Cl. Walker e Choppin (1967), Brookinns (1989) e Gramaccioli et al. (1999)
apresentaram as constantes de estabilidade dos complexos de flior com Sc, Y e
ETR. Segundo eles, a uma temperatura de 25°C, quanto maior for a constante de
estabilidade (k) de um ion de ETR, mais facil esse ion forma complexos.
Ragnrsdottir (19XX) demonstra no seu trabalho que, para fluidos salinos a 500°C e

2kbar, os ETRL formam espécies com Cl e F, enquanto os STRP apenas com o F.

2.3.2 Uso e aplicacdes dos ETR

Os elementos terras raras (ETR) tém um grande numero de aplicacbes em
diferentes tipos de industrias e processos, sendo utilizados em diversos setores,
como os de metalurgia, petrdleo, quimica e ceramica. Pelo fato de serem
indispensaveis para a producéo de energia limpa, como no caso do carro elétrico e
para 0s processos avancados de filtragem de agua, tém sido denominados de
“Green Elements”, pois reduzem a dependéncia em combustiveis fosseis, que
produzem modificagées no clima global. Dentre as inimeras aplica¢des, destaca-se
a producdo de armas, que as tornam importantes para as industrias bélicas, sendo,
por isso, de interesse estratégico de muitas nacgoes.

Os ETR séao importantes catalisadores para o controle da poluicdo e
conversores cataliticos para substratos automotivos, em que 0 cério é um
ingrediente chave no processo da catalise automotiva, além de baterias

recarregaveis e células combustiveis dos carros hibridos. Destaca-se que para
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essas fungdes é estimado o consumo de mais de 40.000 toneladas de ETR por ano,
pois cada motor elétrico Prius necessita de 1 quilograma de neodimio e cada bateria
de 10 a 15 kg de lantanio.

Métodos avancados de filtragem de agua sao importantes na seguranca das
nacdes, nas atividades domésticas ou mesmo em casos militares, devendo-se
destacar a criacdo das plataformas de geracao de energia elétrica. Filtros com ETR
possibilitam remover arsénio e micrébios das aguas. Os imés de neodimio séo
usados em turbinas edlicas para a geracdo de energia e tém aplicacdo potencial
para outros tipos de geracao de energia renovavel.

Os ETR também sao utilizados em produtos farmacéuticos, bem como no
controle de misturas e secantes. Eles séo utilizados em agentes de contraste,
imagens por ressonancia magnética (MRI), tomografia por emissdo de pésitrons
(PET), tracadores de radiois6topos e emissores. Os ETR também sdo usados como
sensores de oxigénio, podendo ser utilizados em muitos equipamentos que
controlam os indices desse elemento fundamental para a vida.

Os ETR também formam compostos utilizados no polimento de vidros. Eles
sdo usados em corantes e possibilitam descolorir os vidros, aumentam o indice de
refracdo, sdo redutores de dispersao, estabilizadores de radiacdo e absorventes.
Destacam-se, ainda, seu uso em telas de computadores, televisores e outros
equipamentos, pois utilizam fosfato de eurdépio, o que permite a iluminacdo por
detras das telas. Os ETR sdo amplamente utilizados em ceramicas estruturais para
carregadores, cobertura de motores de jatos, moldes, refratarios e pigmentos. Os
ETR, quando utilizados em catalisadores, permitem a quebra de fluidos em refinarias
de petroleo.

Para a defesa das nacbes, os ETR séo utilizados em lasers, direcdo e
controle de misseis, como o Patriot (Phased Array Tracking to Intercept of Target) e
em radares, também como displays visuais, contadores de medidas eletrbnicas,
comunicacdo e blindagens. Os ETR também séo utilizados em binéculos, mira de
rifles e lasers e designadores de aeronaves, telescépios, microscépios,
equipamentos de protecdo dos olhos, fototelémetro, equipamentos para a visédo
noturna, lentes de cameras, filtros e lentes protetoras. Aeronaves utilizam imas
permanentes de samario-cobalto nos geradores de eletricidade e pequenas
guantidades de ETR sdo usadas para moverem os “flaps”, leme de aeronaves e

outras embarcacoes.
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Na eletrbnica, os ETR sdo usados em capacitores, catodos, eletrodos,
semicondutores, termistores (resistores que decrescem de resisténcia conforme a
elevacdo da temperatura), tubos de ondas (TWTSs), circuladores de radio freqiiéncia
e tordides, granadas de ferro-itriot (YIG) ferritos. SAo componentes essenciais na
producdo de lampadas fluorescentes tricromaticas, lampadas de mercurio, lampadas
de arco de carvao, mantas de gas, “auto headlamps” e fésforo incandescente.

Além das citadas, os ETR tém outras inUmeras aplicacbes em diversos
campos da induastria, confirmando a importancia das descobertas de novas reservas

para o avanco tecnoldgico de diversas nacdes.

2.4 IMPORTANCIA DO ESTUDO DE MINERAIS DE FOSFATO EM
CARBONATITOS

As rochas alcalino-carbonatiticas sdo importantes fontes de P,Os. O P € um
insumo essencial para a agricultura e, associado ao K e ao N, forma a principal fonte
de nutrientes utilizados para a producéo de fertilizante, o chamado NPK. Em razédo
do crescimento exponencial da populacdo e consequente aumento da demanda por
alimentos, o elemento se tornou estratégico para muitas nacfes agricolas,
principalmente para o Brasil, quarto maior produtor de alimentos do mundo.
Segundo a ANDA (2018), o consumo de NPK em 2017 foi de 34,5 Mt, sendo 8,2 Mt
produzidos no pais e 26,3 Mt oriundos de importacdo, gerando uma deficiéncia de
76% do total de fertilizante consumidos. Poucos dados séo divulgados da producéo
e do consumo dos insumos separadamente. De acordo com a ANDA e o SIACESP,
0 consumo apenas do P em 2008 foi de 3,2 Mt, sendo 46% oriundo de importacao.

O P é importantissimo na fotossintese, pois é o responsavel na geracédo da
energia necessaria para o desenvolvimento dos vegetais. Esse elemento participa
no processo de metabolismo de plantas e animais e se concentra, principalmente,
nos 0ssos e dentes. O fosforo (P) ocorre como o ion P,0s5 e é, essencialmente, um
elemento litéfilo. Todavia, pode ser considerado também siderofilo (afinidade com o
ferro) e bidfilo, ja que pode estar presente na estrutura de seres organicos. Segundo
Taylor (1964), a média do P na crosta terrestre é de 1.050ppm. Os depdsitos
mundiais de fosfato se concentram em rochas de origem sedimentares, igneas e

biogenéticas, sendo os dois primeiros mais importantes sob o ponto de vista
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econdmico. A apatita € o principal minério de fosfato e ocorre como acessoério em
quase todos os tipos de rocha, além de ser um dos minerais ndo silicatados mais
abundantes da crosta.

O fésforo é utilizado em diversos setores, embora seja na agricultura que ele
ganha maior destaque, ja que ndo possui substituto. O minério de fosforo esti
contido em rochas sedimentares, igneas e com origem biogenética, sendo
aproveitado, principalmente, como fertilizante, como insumo basico para a industria
do P ou de seus compostos. A principal matéria-prima para o fertilizante é o acido
fosférico (H3PO4), que advém de dois processos. De acordo com Souza (2001), no
primeiro se obtém o fésforo elementar pela reducédo térmica do fosfato de calcio em
forno elétrico, o qual é posteriormente oxidado e absorvido pela agua, que resulta no
acido fosférico. O segundo é baseado na reacdo de &cido sulfurico com o
concentrado fosfatico. Os produtos intermediarios para os fertilizantes fosfatados
sdo os fosfatos diamoénicos, monoamonicos, superfosfato simples, superfosfato
triplo, termofosfato e o fosfato natural de aplicacdo direta.

O mineral de fésforo mais comum encontrado em complexos alcalino-
carbonatiticos é a fluorapatita Caio(PO4)F2, sendo a hidroxiapatita caracteristica de
fosforitos.

A apatita pode ter substituicbes diadéquicas em todos os sitios
cristalogréficos. O Ca** é comumente substituido por Mn, Sr, Na, Y, ETR, U e Th,
enquanto que o (PO4)™> é comumente substituido por (CO3)? e o F por CI, OH™ e por
(CO3)? Essa variabilidade composicional possibilitou classificar a apatita em
diversas variedades, como, por exemplo:

a) Fluorapatita — Ca5(P0O4)3F: apatita encontrada, principalmente, nas rochas

igneas, comumente associada a minerais ferro-magnesianos.

b) Cloroapatita — Cas(PO4)sCl: pode ocorrer em rochas igneas basicas, rochas

metassomatizadas ricas em Cl e ambientes marinhos. Essa é a forma menos

comum de apatita.

¢) Hidroxi-apatita — Cas(PO4)3OH: encontrada em guano e em seres-vivos.

d) Carbonato-hidroxiapatita — Cas(P0O4CO3)30OH: associada a fosseis, seres

vivos e em fosforitos.

e) Carbonato-fluorapatita — (Ca, Na, Mg)s(PO4, CO3)3(F, OH): associada a

fosforitos marinhos.
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Essas composi¢Bes sdo teoricas, pois na natureza se encontra apatita com
diferentes proporc¢des dos ions acima citados. Observa-se que essa variabilidade na
composicdo da apatita € muito importante para determinar 0 seu comportamento
quimico (por exemplo, a solubilidade) e fisico (por exemplo, a densidade).

Em estudos experimentais de sintese de apatita hidrotermal, Latil e Maury
(1977) concluiram que a fluorapatita € a forma mais estavel, porém, os anions OH" e
CI" podem formar solucdes sdlidas com o fluor.

Segundo Hogarth (1989), a apatita de carbonatitos contém quantidades
significativas de C na sua estrutura, visto que foi precipitada a partir de um fluido
carbonético, sendo as geracfes mais tardias, as mais ricas nesse elemento.

Substituices de PO,> foram estudadas por diversos autores (NATHAN,
1984; HOGGARTH, 1989; McCONNELL, 1974), que afirmaram que, além da entrada
de CO3? no sitio tetraédrico, as substituicBes mais importantes nesse sitio séo pelo
Si e pelo S. Esses autores encontraram correlacdo positiva entre 0 aumento de Si e
o contetdo de ETR, indicando que as substituicdes do P pelo Si ocorrem para
compensar as substituicbes catidnicas, com cations trivalentes de ETR entrando no
lugar do Ca®*. De acordo com Roeder et al. (1987), essas substituicdes também sado
acompanhadas pela entrada de Na*, cuja soma Na* + Si** teria correlagéo positiva
com ETR®* ou ETR®* + Y*" (Eq.1).

A substituicdo de Ca por ETR (HUGHES et al., 1991; RONSBO, 1989), pode ser

observada a segquir:
ETR* + Si* o Ca®* + P% e ETR® + Na* & 2Ca?*

A apatita € o mineral mais importante no controle de variacdo de ETR nas
rochas igneas. Na apatita de carbonatitos, a substituicio por ETR reflete a
composi¢cdo do magma e a sua evolugéo. Fleischer e Altschuler (1986) estudaram
os lantanideos e o itrio em apatita com origens diferentes e concluiram que o0s
granitos pegmatiticos sdo mais ricos em ETRP e Y e pegmatitos alcalinos mais ricos
em ETRL, pois a variagdo da composi¢cao da apatita varia gradacionalmente com a
composi¢cado do magma.

De acordo com Hogarth (1989), o conteuddo de ETR na apatita pode
ultrapassar 15% (PETER et al.,, 1987). A alta razdo ETRL:ETRP é tipica de
carbonatitos, podendo chegar a 300:1 (HOGGARTH, 1989). A apatita supergénica,
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associada a alteracdo de apatita primaria de rochas alcalino-carbonatiticas,
apresenta, em geral, teores bem mais baixos em ETR, mostrando que esses
substituintes sdo preferencialmente lixiviados (KAPUSTIN, 1977; HOGGARTH,
1989; WALTER, 1991; PEREIRA, 1995; TOLEDO et al., 1998; FERRARI, 2000;
SANTOS, 2001).

A apatita apresenta baixa solubilidade em fluidos neutros e alcalinos. A sua
solubilidade aumenta com a diminuicdo do pH e da temperatura. Sposito (1989)
afirmou que quanto mais acido e pobre em Ca for o meio, mais soluvel € a apatita.
Nessas condicdes, a precipitacdo do P é controlada, principalmente, pela presenca
de Al e de Fe, que favorecem a cristalizagdo de fosfato de Fe e Al (vivianita) estavel
em superficie (LINDSAY, 1979).

Em complexos carbonatiticos, a apatita tende a se manter inalterada
(TOLEDO; PEREIRA, 2001) no regolito. A apatita pode resistir & alteracdo da rocha
por certo tempo, formando um residuo. No entanto, com a exposi¢ao prolongada ao
intemperismo, ela pode ser dissolvida, redepositando em outro ambiente ou
cristalizando fosfatos secundarios como a crandalita, a francolita e a wavellita,
tipicos de alteracdo de rochas aluminosas de clima subtropical a tropical. Monteiro
(2009) observou que o principal produto da alteracéo intempérica da apatita primaria
foi para membros com composi¢éo intermediaria entre francolita e fluorapatita.

Segundo Albuquerque (1996), os maiores depdsitos de fosfato lavrados do
mundo séo de origem sedimentar. No Brasil, esses sdo encontrados em complexos
alcalinos-carbonatiticos, porém, os depdsitos sedimentares brasileiros conhecidos
tém reservas pequenas e de dificil exploracdo. Nesses complexos, a apatita pode
ser gerada em ambientes magmaticos, pdés-magmaticos, hidrotermais e
supergénicos. Alguns complexos podem apresentar diversas geracfes de apatita, o
gue pode dificultar o processo de exploracdo e o beneficiamento, pois quanto mais
homogéneo € o minério, mais eficiente é o processo.

De acordo com Abram (2011), os depdésitos de fosfato podem ser divididos
de acordo com 0s seus processos formadores:

a) Complexos Magmaticos: sao associados a complexos alcalinos, alcalino-

carbonatitico, hiperalcalino, ultrabasicos ou rochas pegmatiticas alcalinas ou

acidas que cortam calcéarios e marmores;

b) Depdsitos Sedimentares: fosforitos e rochas fosfatadas;
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c) Depdésitos Residuais: deposito de fosfato proveniente de enriquecimento
residual em apatita devido a alteracdo supergénica de rochas fosfaticas, tanto
igneas como sedimentares;

d) Deposito de acumulagcéo organica ou zoogenos (guano): acumulacdes de

excrementos de aves.

Os depdsitos magmaticos consistem em concentracdes anémalas de apatita
geneticamente ligada a processos igneos. Os depdésitos de apatita ocorrem como
corpos intrusivos ou acamadados, como veios hidrotermais ou como substituicbes
disseminadas, em regifes de alteracdo proximas aos limites da intrusdo ou em
pegmatitos.

Os maiores depdsitos magmaticos estdo associados a complexos alcalino-
carbonatiticos. Os processos de génese dos magmas tém um papel muito
importante para a formacéo dos depdésitos de apatita. A maioria desses depadsitos é
gerada a partir de processos de cristalizacdo fracionada e da imiscibilidade de
liguidos, bem como por desgaseificacdo e metassomatismo, que sdo agentes
importantes na formacgao de depdsitos minerais, ndo sé de fosfato, como também de
barita e fluorita ou de minerais portadores de ETR. O processo de mistura de
magmas tem um papel oposto aos demais, ja que favorece a diluicdo do fosfato,
porém, os de assimilacdo ndo tém uma grande influéncia na formacdo dos
depdsitos.

A apatita comumente inicia a cristalizacdo antes da olivina e pode continuar
cristalizando até o ultimo instante da camara magmatica, sendo que a precipitacdo
depende do momento da saturagcdo do magma em fésforo. Nos magmas alcalinos
silicaticos ricos em CO,, pode ocorrer a cristalizacdo fracionada, gerando cumulados
de rochas maficas e ultramaficas, cujos residuos sdo ricos em carbonatos e apatita +
magnetita + olivina, constituindo os foscoritos. Nesse processo, a apatita, que &€ mais
densa que o liquido, precipita e forma cumulados associados com olivina, piroxénio,
flogopita, perovskita e magnetita. No processo de imiscibilidade pode ocorrer a
separacdo de dois liquidos: um silicatico e um carbonatitico. A partir do liquido
carbonatiticos, pode-se separar, ainda, um liquido foscoritico, que € enriquecido em
P, Nb e ETR, como nos depdsitos de Araxa (GO) e Cataléo | (GO).

Segundo Brod (2008), as mineraliza¢cées sao principalmente controladas pelo
ambiente tectbnico, origem do carbonatito, dimensao do corpo, afiliagdo do magma

parental, estilo de diferenciacéo (cristalizacdo fracionada, imiscibilidade de liquidos,
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desgaseificacdo e metassomatismo), estagio de evolucdo magmatica, tipo de
emplacement e concentracdo residual por intemperismo. Nesse caso, pode-se
promover o acumulo em lateritas ou a remocao e acumulo nas bacias sedimentares.
Os depdsitos igneos normalmente nao ultrapassam 5% de fosfato, sendo os

processos de intemperismo 0s maiores agentes de concentracao de P,Os.

2.5 PRINCIPAIS DEPOSITOS ASSOCIADOS AS ROCHAS ALCALINO-
CARBONATITICAS

Os carbonatitos e as rochas alcalinas associadas comumente sao importantes
reservas de ETR, P,Os, Nb, Ti, Cu, Mb, Zr, Mn, Sr, Ta, V, U, Th, Fe, vermiculita,
barita, fluorita e nefelina. No Brasil, os principais depdésitos de minérios em
carbonatitos e rochas alcalinas estéo associados ao solo lateritico devido ao intenso
intemperismo, que, frequentemente, concentra fluorapatita, pirocloro, barita,
magnetita, bauxita e minerais portadores de U e Th.

Os carbonatitos sédo a fonte primaria de ETR. Depdsitos econdmicos de ETR
nado sdo comuns e poucos depdsitos controlam a producdo mundial, sendo que
cinco dos dez maiores depdsitos do mundo estdo associados a carbonatitos.
Observa-se na Figura 5, os principais carbonatitos fonte de ETR no mundo.

T o oD

Lovozero f
Q

Tomtor

.

Bayan Obo

rima Hill ﬁ mo
+—— Wigu Hill =0

\Kangakunde Hill M

v I

)

Catalaol & II, Araxi, Tapira)
Salitre, Serra Negra,

. Produtores
. Desativados
O Nao-explotados

Figura 5: Distribuicdo dos carbonatitos portadores de ETR no mundo, modificado
de Brod (2008)



37

Dentre os principais portadores de ETR, destacam-se:

a) Bayan Obo (Mongodlia, China), que constitui a maior mina conhecida de

ETR do mundo (HAXEL et al., 2002) e ocorre em marmores de origem

controversa: sedimentar segundo Meng (1982) e Chao et al. (1992) ou

metamorfismo de carbonatito segundo Yuan et al. (1992), Le Bas (1997) e Le

Bas et al. (1992);

b) Mountain Pass (California, USA) em carbonatito (MARIANO; MARIANO

JUNIOR, 2012);

c) Thor Lake (Canada) em sienito peralcalino (BAKER et al.; 2011);

d) Kangankunde (Malawi) em carbonatitos (WALL; MARIANO, 1996);

e) Olympic Dam (Australia) em sistemas hidrotermais sobre metassedimentos

e granitoides (GROVES; VEILREICHER, 2001);

f) Mount Weld (Australia) em zonas lateritizadas de carbonatitos (MARSH et

al., 2013);

g) Kiruna (Suécia) em rochas vulcanicas com afinidade alcalina a subalcalinas

(GEIJER, 1950);

h) Khibina (ZAITSEV et al., 1998), Lovozero (ZAITSEV et al., 2002), Afrikanda

(KUKHARENKO et al., 1965) e Kovdor (Peninsula de Kola, Russia,

KRASNOVA, 1988) em rochas ultramaficas hidrotermalizadas.

Relativo aos depésitos de ETR, o Brasil ocupava a 62 posicdo no ranking
mundial. No entanto, dados divulgados pela USGS (2011) indicam que o
Marrocos/Saara Ocidental detém cerca de 80% destes elementos, seguido pela
China, Argélia, Siria, Africa do Sul, Jordania e EUA. Os principais depositos
brasileiros sao:

a) Araxa, com 4,4% de ETR (burbankita, carbocernaita, ancylita, huanghoita e

monazita) na rocha (ISSA FILHO et al., 1984) e 13,5% no minério de

gorceixita e goyazita (MARIANO, 1989);

b) Catalao I, GO (PEREIRA, 1995), onde se estimam reservas de

aproximadamente 2 Mt., com aproximadamente 12% desses Oxidos, que

também estdo concentrados em minério fosfatico lateritico (gorceixita,
florencita e especialmente monazita);

¢) Todos macicos alcalinos da Provincia do Alto Paranaiba, incluindo Araxa,

Salitre | e Il, Serra Negra, Tapira e outros (BERBERT, 1984; GOMES et al.,
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1990; MORBIDELLI et al.,, 1997), que contém elevados teores de TR,Os3,

concentrados, principalmente, nos perfis lateriticos;

d) O complexo alcalino-carbonatitico de Mato Preto (PR), que contém

monazita, rabdofanita e florencita (LOUREIRO et al., 1989);

e) A Barra do Rio Itapirapué (PR e SP), com bastnaesita, synchysita e ancylita

(RUBERT et al., 2002);

f) O complexo de Maicuru (PA), que possui até 17% de TR,O3; associado a

fosfatos lateriticos (COSTA, 1991);

g) Ankerita carbonatito de Seis Lagos (AM), que possui teores médios de

0,7% de TR,03; concentrados, principalmente, no pirocloro e em florencita

(GIOVANINI et al., 2018);

h) Barra do Itapirapud, onde, segundo Loureiro (1988), existe 1,3% TR,Os.

Varios outros carbonatitos brasileiros também sdo portadores de ETR,
embora ndo existam muitos estudos mineraldgicos e cristaloquimicos detalhados
dos minerais portadores que fornegcam subsidios para uma melhor avaliacdo das
reservas de ETR e para a caracterizacdo geoquimica detalhada desses
carbonatitos.

ETR-carbonatitos também contém teores relativamente altos de Ba e Sr e
guantidades discretas de minerais de ETR, dentre 0s quais se destacam a monazita-
Ce, synchysita-Ce, parisita-Ce e ancilita. Esses minerais sGo comuns nos estagios
tardios nos complexos carbonatiticos e, em geral, possuem volume muito menor do
que nos carbonatitos das fases iniciais (ZAITSEV, 1998).

A diversidade de minerais de ETR é muito grande, mas poucos podem ser
processados a baixo custo para a extracdo desses elementos. A mineralogia é um
ponto critico da avaliacdo da economicidade de um deposito e os fluorcarbonatos
sdo os melhores minerais de minério de ETR (MARIANO; MARIANO JUNIOR,
2012), sendo explotados em Bayan Obo (China), onde a bastnaesita e a synchysita
estdo associadas a rochas carbonaticas de origem controversa (KYNICKY et al.,
2012). Na maior jazida de ETR, situada fora da China, a bastnaesita foi explotada no
carbonatito de Mountain Pass (EUA) (MARIANO; MARIANO JUNIOR, 2012).

Na maior parte dos carbonatitos, os ETR concentram em outros minerais.
Mesmo assim, ha casos em que eles sdo o principal produto, como em Mount Weld
(Australia), onde a monazita € explotada de crosta lateritica (LOTTERMOSER, 1988;

1990) ou Kola (Russia), onde minerais do grupo da mckelveyita sdo extraidos de
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jazida carbohidrotermal (CHAKHMOURADIAN; ZAITEV, 2012). Na maior parte dos
casos, 0s ETR séo (ou poderdo ser) subproduto de minério de P, Ti ou Nb, como
nos exemplos brasileiros de Cataldo | (monazita, gorceixita e florencita), Araxa
(burbankita, carbocernaita, ancylita, huanghoita e monazita), Serra Negra
(rabdofanio , florencita e crandallita) e Seis Lagos (Nb-brookita e florencita)
(GIOVANINNI et al., 2018). No Brasil, ha diversos outros carbonatitos com
concentracbes andmalas de ETR, mas, segundo a literatura consultada, em
somente dois deles os ETR se concentram em fluorcarbonatos. O primeiro é o de
Barra do Itapirapud, cuja mineralizacéo hidrotermal de ETR (bastnaesita, synchysita
e parisita) foi estudada por Ruberti et al. (2008). O segundo € o de Fazenda Varela,
que foi objeto de estudos petrolégicos por Scheibe (1979); Scheibe e Formoso
(1982) e Menegotto e Formoso (1998), nos quais a mineralizacdo de ETR foi
atribuida ao estadgio magméatico e Manfredi et al. (2013), que propuseram que 0O
minério de ETR era constituido, predominantemente, por parisita-(Ce) carbo-
hidrotermal.

Em relagéo ao P,Os, o Brasil, a China, a india, os Estados Unidos, a Australia

e o Canada sao os maiores consumidores de fosfato do planeta (IFDATA, 2008).
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A USGS (2011) relaciona as maiores reservas mundial de P,Os como as

localizadas no:
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a) Marrocos/Saara Ocidental (36,48%);

b) China (23,68%);

c¢) Jordania (9,60%);

d) Africa do Sul (9,60%);

e) Estados Unidos (7,04%);

Em rochas igneas, as principais mineraliza¢cdes sdo encontradas na RuUssia,
Brasil, Canada, Africa do Sul, Finlandia e Zimbabwe (BROD, 2008). Na Rssia,
destaca-se o complexo de Khibina (Peninsula de Kola) e na Africa do Sul, Palabora.
No Brasil, as reservas de fosfato de origem ignea séo estimadas entre 987 e 120
milhdes de toneladas, com teores entre 6% a 15% de P,0s. Os depdsitos igneos
brasileiros sdo considerados como de classe mundial. As principais reservas
brasileiras de fosfato séo:

a) Angico dos Dias (BA): unico deposito de fosfato associado a uma intrusédo

alcalino-carbonatitica de idade paleoproterozoica (2Ga, SILVA et al., 1988).

Possui manto intempérico com enriquecimento residual de apatita (ANTONINI

et al., 2003). No carbonatito, o teor de apatita varia de 16,5% a 32,5% (SILVA

et al., 1988);

b) Depdsito de fosfato e titdnio do Maicuru (PA): est4 associado ao Complexo

Alcalino de Maicuru, situado no nordeste do Para, com idade de 612 Ma. De

acordo com Lemos et al. (1988), constitui um corpo alcalino-ultramafico-

carbonatitico, com forma semicircular. O depdsito possui reserva estimada em

200 milhdes de toneladas, com teor de 15% de P,0s;

c) A Provincia Alcalino-Carbonatitica do Alto Paranaiba (ALMEIDA, 1983;

GIBSON et al., 1995) contém complexos alcalino-carbonatiticos, nos quais a

cobertura de solo é muito espessa e favoreceu a concentracéo de fosfato e

Nb, além de titanio, ainda ndo aproveitado comercialmente (MARIANO;

MARCHETTO, 1991; DANNI et al.; 1991);

d) Provincia Alcalino-Carbonatitica Serra do Mar: compreende os complexos

de Cajati (Jacupiranga), de idade cretdcea, que consiste em um corpo

ultramafico-alcalino, com estrutura ovalada; de Anitapolis (PEREIRA, 1991)

composto por piroxenitos, ijolito + nefelina sienito, carbonatitos, nelsonitos e

glimmeritos e, por fim, os maci¢os de Ipanema, Itanhaem e Juquiad. Todos séo

caracterizados pela presenca de carbonatitos e pelas idades em torno de

130Ma (SONOKI; GARDA, 1988).
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3 CONTEXTO GEOLOGICO DA AREA

3.1 CONTEXTO GEOTECTONICO

A Plataforma Sul-americana é a parte mais antiga da Placa Sul-americana
(ALMEIDA et al., 2000). Segundo os autores, a plataforma foi formada a partir de
trés processos de colagem ocorridos durante o Proterozoico, que foram sucedidos
pela tafrogéneses e pela disperséao.

O primeiro aconteceu durante o ciclo Transamazonico, do Paleoproterozoico,
durante o qual houve aglutinacdo de muitos nucleos continentais e culminou na
formacdo de uma grande massa continental ha 1,8 Ga. Nessa placa houve diversos
processos de rifteamento intracontinentais e episédios de magmatismo. O segundo
ocorreu durante o Mesoproterozoico, que consolidou os cinturbes moveis
esparsamente distribuidos, de acordo com 0s processos tafrogenéticos ocorridos
entre 1,4 a 0,95 Ga. Ao final desse processo foi formado o supercontinente
Rondinia. A fissdo desse continente no Neoproterozoico deu origem a diferentes
blocos crustais e bacias continentais e oceanicas, que definiu o ciclo Brasiliano. A
terceira colagem se refere a formacdo do supercontinente Gondwana, que € 0
embasamento da plataforma Sul-americana e foi gerado a partir da interacdo dos
blocos e bacias supracitados em trés fases: 700 Ma, 600 Ma e 550Ma.

A evolugdo da plataforma se desenvolveu em seis estagios: a) entre
Neoproterozoico e Ordoviciano, representado por bacias tafrogenéticas preenchidas
por sedimentos imaturos variados e vulcanismo, que foram cortados por granitos
anorogénicos; b) entre Ordoviciano e Permiano, que ocorreu a formacdo de Bacias
sedimentares e sinéclises intracratonicas; c) a partir do Permiano, mudanca do nivel
do mar, que ocasionou sucessdes alternadas de depositos fluviais, deltaicos e
glaciais; d) durante o Triassico, aumento da sedimentagéo continental, que culminou
em condicbes desérticas; e) no Juro-Cretaceo aconteceu o rifteamento do Atlantico,
ocasionando um novo estagio de ativacdo, representado por derrames e diques de
basalto, que foram acompanhados e sucedidos por muitas provincias de
magmatismo alcalino, que foram gerados até o Mioceno; f) periodo presente, de

estabilizacdo, responsavel pela fisiografia atual.
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Os corpos alcalinos da plataforma sul-americana foram divididos por
Riccomini et al. (2005) em 15 provincias, que foram agrupadas em assembleias. A
primeira assembleia é formada pelas provincias Alto Paraguai, Arco de Ponta
Grossa, Vale Chico, Misiones, Paraguai Central, Amambay e Rio Apa (Bacia do
Parana), Antéclise de Rondonépolis e Minas-Goias (Bacia Bauru), Serra do Mar
(Bacia de Santos) e Piratini (Bacia de Pelotas). A segunda assembleia se refere a
provincia de Asuncion, que esta associada com a evolucdo cenozoica do Rift
homonimo. A terceira, que possui o Lineamento Alcalino Magmatico de Cabo Frio, é
relacionada a duas fases de magmatismo alcalino: do Paledégeno e do final do
Cretaceo. A quarta ocorre associada ao craton amazonico e contém as provincias
Velasco e Candeléria, no sudeste da Bolivia. De acordo com o autor, as rochas
alcalinas de Lages estdo associadas ao setor sul da Provincia Serra do Mar, que
anteriormente foi classificada por Almeida (1983) como pertencente a Provincia de
Santa Catarina. O magmatismo alcalino da Provincia Serra do Mar tem sido
frequentemente relacionado a evolucao da margem continental passiva (ALMEIDA,
1976; 1983, 1986; ULBRICH; GOMES, 1981; MORBIDELLI et al., 1995).

A Bacia do Parana é uma das principais feicdes geoldgicas da Plataforma Sul
Americana e € delimitada por estruturas pds e sin-tectdnicas, cuja evolucao é
relacionada com arcos, lineamentos e zonas de falhas (Figura 4). Essas feicdes
também tém um papel importante na disposicdo espacial e temporal das
associacfes de rochas alcalinas e toleiticas (RICCOMINI et al. 2005). As estruturas
existentes nessa bacia tém trés orientacdes principais: NW-SE, NE-SW e E-W
(ZALAN et al.,1987). Segundo os autores, as duas primeiras representam zonas de
fraqueza antigas, que foram reativadas durante a sua evolucéo.

As falhas com orientagdo NW-SE foram reativadas durante a quebra do
Gondwana, no Juro-Cretaceo, enquanto as de direcdo NE-SW teriam permanecido
inativas e estdio relacionadas com movimentos transcorrentes (ZALAN et al. 1987).
Segundo esses autores, 0 grupo de lineamentos E-W € o menos compreendido e
seu desenvolvimento teria se iniciado a partir do Triassico. A orientacdo paralela
desse grupo de lineamentos com a zona de fraturas oceanicas sugere a sua ligacéo
com o desenvolvimento do Atlantico Sul.

Na borda leste da Bacia se encontra o Arco de Ponta Grossa (Figura 4), que é
uma flexura relacionada ao Cinturdo Andino. Essa feicdo possui um proeminente

lineamento tecténico na porgcéo sudeste, que se estende por mais de 600 km, e tem
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importante atividade magmética alcalina e alcalino-carbonatitica do Cretaceo
(GOMES et al.,, 2011). O arco tem direcdo NW-SE e registra evidéncias de
soerguimento desde o Paleozoico. Durante a reativacdo Wealdeniana (ALMEIDA,
1967, 1969) ocorreu um expressivo soerguimento dessa estrutura, que foi
acompanhado por intrusGes de diversos diques da Formacgéo Serra Geral, que sao
paralelos ao eixo do arco.

A Sinclinal de Torres tem direcdo NW-SE (Figura 4) e esta situada a 120 km
ao sul de Lages, possuindo direcdo subparalela ao arco de Ponta Grossa e € uma
estrutura subsidente. Nessa area, as rochas da Bacia do Parana foram preservadas
da extensa erosédo, que afetou as regides soerguidas do arco de Ponta Grossa. A
relacdo entre o domo de Lages com a Sinclinal de Torres e com o Arco de Ponta
Grossa ainda nao foi completamente estabelecida. O domo de Lages se localiza
entre o Arco de Ponta Grossa (ao norte) e a Sinclinal de Torres (ao sul). Almeida
(1983) considera a possibilidade da intrusdo de Lages estar associada a reativacao
tectbnica de falhas tardibrasilianas situadas no sul de Santa Catarina, além de
observar o fato do Domo de Lages estar localizado na regido de inflexdo do Arco de
Ponta Grossa e da Sinclinal de Torres.

A génese das rochas alcalinas carbonatiticas da Plataforma Sul Americana é
atribuida a diversos fatores, dentre os quais se destacam os pontos triplices, as
plumas mantélicas (hot spots Trindade e Tristdo da Cunha), a subduc¢édo ou é
relacionada aos arcos e sinclinais.

Para Toyoda et al. (1994) o magma rico em carbonato, oriundo da pluma de
Tristdo da Cunha, foi resfriado na crosta inferior, entre 130 e 80 Ma e reativado entre
80 e 70 Ma, pelo hot spot de Trindade, originando diversas provincias alcalinas. O
inicio do magmatismo alcalino coincide no tempo com o do magmatismo toleitico
(130 Ma), que, por sua vez, relaciona-se com o conjunto de eventos que levaram a
ruptura da primitiva placa continental, sucedida pela abertura do Atlantico. Desse
modo, torna-se légica a associacdo do magmatismo alcalino com os processos de
tectdnica de placas (ALMEIDA, 1983).

Comin-Chiaromonti et al. (2002, 2003) concluiram, pelos dados geoquimicos
das rochas carbonatiticas do sudeste brasileiro, que o magmatismo alcalino-
carbonatitico teve origem ligada a uma pequena heterogeneidade no manto.
Segundo esses autores, 0 magmatismo de Anitapolis é contemporaneo ao estagio

inicial de rifteamento continental, enquanto o de Lages € relacionado a um processo
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mais avangado. As rochas alcalinas do sudeste mostram um enriquecimento gradual
de Sr-Nd-Pb, de leste para oeste, indicando uma evolugdo magmatica associada a
acomodacéo de esforcos da litosfera durante o processo de rifteamento, ao invés de
uma simples movimentacao relativa de plumas matélicas.

Portanto, ndo existe uma clara definicAo quanto ao modelo mais plausivel
para 0 magmatismo alcalino na porcao sul da Plataforma Sul Americana. Alguns
autores se inclinam pela existéncia de hot spots (ASMUS, 1983; BASTOS NETO et
al., 1991); outros optam pela geracdo do magma por alivio de pressao (ALMEIDA,
1983; SCHEIBE, 1986). Ainda, segundo Almeida (1986), o magmatismo alcalino
carbonatitico pode estar associado a zonas de arqueamentos ou sinclinais. Nesse
qguadro, incluem-se o Domo de Lages, as rochas alcalinas do Arco de Ponta Grossa

e as alcalinas da Serra do Mar.

3.2 GEOLOGIA REGIONAL

3.2.1 Baciado Parana

A Bacia do Parana é uma extensa bacia intracontinental fanerozoica, em
formato alongado na diregdo NNE-SSW, com comprimento de 1.750 km, largura
aproximada de 900 km e seu pacote sedimentar-magmatico possuli,
aproximadamente, 7.000 metros de espessura (MILANI, 1997). Essa bacia recobre
areas do Brasil, da Argentina, do Uruguai e do Paraguai. Na porcao brasileira, dois
tercos da bacia estdo cobertos por arenitos e lavas basalticas mesozoicas e 0 outro
terco compreende afloramentos de varias sequéncias sedimentares paleozoicas
circundando as capas das lavas.

Na borda leste da bacia, encontra-se o Arco de Ponta Grossa. As outras
bordas da bacia delimitam areas onde o0s estratos sobrepfem-se as rochas
cristalinas de provincias cratbnicas ou de faixas moveis do embasamento Pré-
cambriano.

Durante o Fanerozoico ocorreram convergéncias entre o Gondwana e a
Litosfera oceanica do Panthalassa, que causaram diversos episédios orogénicos
(RAMOS et al., 1986). De acordo com Milani et al. (2007), zonas de fraqueza do
substrato pré-cambriano foram reativadas sob regime de compressao, gerado pela

Orogenia Ocloica (RAMOS et al., 1986) do Neordoviciano, ocasionando o espaco
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para a deposi¢ao das sequencias sedimentares. Segundo Almeida (1967), entre os
periodos Ordoviciano e Cretaceo ocorreram na bacia trés sucessivos ciclos de
subsidéncia, sedimentacdo e magmatismo, que foram interrompidos pela
“Reativagcao Wealdeniana” e pela abertura da por¢ao sul do continente Gondwana.

Milani (1997) dividiu a bacia do Parand em seis supersequéncias, que sao
delimitadas por superficies de discordancia: a) Avai (Ordoviciano-Siluriano), b)
Parana (Devoniano), ¢) Gondwana | (Carbonifero a Eotriassico), d) Gondwana I
(Meso a Neotriassico), e) Gondwana Ill (Neojurassico-Eocretaceo) e f) Bauru
(Neocretaceo). Segundo o autor, as trés primeiras sequéncias estéo relacionadas a
ciclos transgressivos-regressivos ligados a oscilacdo do nivel do mar no Paleozoico,
ja as demais correspondem a sedimentacdo continental e ao magmatismo
associado.

As principais orientacdes da bacia sdo NE-SW, NW-SE e E-W (ZALAN et al.,
1987, 1990). De acordo com Loczy (1968), os lineamentos NE sdo associados a
falhas normais nédo relacionadas a compressao e as NW séo preenchidas por diques
de diabasio.

A sedimentacdo da supersequéncia Gondwana | (MILANI, 1997) sédo as
encaixantes do Complexo Alcalino de Lages e a sua formacao esta relacionada a
um ciclo transgressivo-regressivo completo, devido a invasdo do Panthalassa e a
saida desse vasto oceano do Gondwana (MILANI, 2007).

De acordo com Wildner (2014), o Grupo Itararé consiste em conglomerados
com matriz arenosa e arenitos intercalados com folhelhos, provenientes de uma
sedimentacao periglacial, subglacial, glaciomarinha a glacial, causada pelas altas
altitudes do Gondwana sul-ocidental, depositados desde o Devoniano até o
Neocarbonifero. O Grupo Guata apresenta sedimentitos derivados de sedimentagéo
costeira, marinho e flavio-deltaico, sendo constituido por siltitos e folhelhos.

A Formacao Rio Bonito pertencente ao grupo Guata e € a encaixante do CFV,
apresentando ciclicidade sedimentar (ora pacotes arenosos, ora peliticos), que
representam a oscilacdo do nivel de base na bacia de acumulacdo. Nessa formacao
sdo encontradas ocorréncias de carvao e elevadas concentracdes de uranio
(MILANI, 2007). O Grupo Passa Dois é constituido por arenitos e pelitos derivados
de ambientes lacustres, deltaicos, edlicos e alguns depositos fluviais da Formacgéo
Rio do Rasto. As formacdes Serra Alta e Teresina apresentam depdsitos marinhos

rasos, com alternancia de pelitos e argilitos, evidenciando ocorréncias de calcarios.
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A Formacado Irati é constituida por folhelhos, siltitos e argilitos betaluminosos
portando fosseis de répteis marinhos.

3.2.2 Complexo Alcalino de Lages

O CAL (Figuras 7 e 8) é conhecido também como Domo de Lages, em virtude
da forma concéntrica gerada pelo arqueamento das rochas sedimentares e dos
basaltos, causado pelas intrusdes alcalinas (SCHEIBE, 1986). O complexo é
constituido por corpos isolados, distribuidos em uma area de 1.200 km? (Figura 8).
Estudos tectdnicos no Domo de Lages (Figura 7) destacam cinco direcdes
estruturais: WNW, N-S, NNE, ENE e NW. Sua estruturagdo foi relacionada por
ROLDAN (2007) e ROLDAN et al. (2010) a um regime de esforgcos compressivos
NE-SW, que permaneceu ativo apos a intruséo e o resfriamento das rochas alcalinas
e foi responsavel pela geracdo de falhas transcorrentes destrais (NNE-SSW e NE-
SW) e sinistrais (E-W), que afetaram as rochas da regido. De acordo com os autores
supracitados, essas estruturas estdo relacionadas, em grande parte, com a

reativacao de descontinuidades do embasamento.
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Figura 7: Localizacdo do Complexo Alcalino de Lages em relacéo aos limites da
Bacia do Parana Schobbenhaus et al. (1984) e Roldan (2007)
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LITOESTRATIGRAFIA
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Figura 8: Mapa Geoldgico do Complexo Alcalino de Lages, Modificado de Scheibe
(1984)

Muitas ocorréncias de rochas alcalinas, descritas inicialmente como intrusivas
na forma de stocks, correspondem, na realidade, a corpos concordantes, com
geometria tabular (sills), intrusivos na Formacgédo Serra Alta, preferencialmente na
parte superior dessa unidade. Esses corpos, com espessura em geral da ordem de
dezenas de metros (< 100 m), encontram-se associados com depdsitos de bauxita, 0
gue denota uma acéo significativa dos processos de natureza exdgena ligados a
bauxitizacdo, instalados apos o periodo de exumacao do domo e a exposicdo dos
corpos alcalinos a superficie (WILDNER, 2014).

A composicdo das rochas alcalinas foi estudada por diversos autores:
Scheibe (1986), Scheibe e Formoso (1979), Furtado e Scheibe (1989), Traversa et
al. (1994, 1996), Danni (1998) e Danni et al. (1999), a fim de caracterizar e entender
a génese do magmatismo. No CAL existe uma grande diversidade de rochas, tanto
sedimentares quanto igneas, por isso, Scheibe (1986) desenvolveu uma
classificacdo baseada em padrdes petrograficos e na forma de ocorréncia das
rochas igneas, conforme descrito a seguir: a) alcalinas leucocréticas, b) alcalinas
ultrabasicas, c¢) kimberlitos e brechas de chaminé e d) carbonatito e brechas quartzo

feldspaticas associadas.
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Segundo Scheibe (1986), as rochas alcalinas leucocraticas sdo 0 grupo mais
abundante no CAL, cuja litologia principal é constituida por diques de fonolitos,
fonolitos, fonolitos porfiriticos, analcita traquitos e nefelina-sienitos porfiriticos. As
rochas ultramaficas sdo compostas por nefelinitos, melilitos, lamproéfiros, olivina
melilititos e piroxenitos. As brechas de chaminés s&o constituidas por fragmentos de
sedimentos gondwanicos associados a diatremas.

Scheibe (1986) descreve a existéncia de dois kimberlitos, que estdo
localizados na cidade de Lages. O CFV esta encaixado em falhas N-S e NE-SW e
interagiu com as rochas sedimentares da Formacdo Rio Bonito, promovendo a
formacdo de brechas feldspaticas. Scheibe (1974, 1976 e 1979) apresentou 0s
primeiros dados petrologicos e geoquimicos do carbonatito. Posteriormente,
Menegotto e Formoso (1998) voltaram a estudar a area com interesse na alteracao
intempérica dessa rocha, devido a dificuldade de encontrar afloramentos frescos. A
geologia desse carbonatito € discutida no item a seguir.

3.2.3 Mineralogia e Geoquimica

Traversa et al. (1994) estudaram a mineralogia das rochas silicaticas do
complexo e identificaram a presenca de espinélio nos olivinas melilitos e olivina
nefelinitos; magnetita titanifera nos olivina melilitos, olivinas nefelinitos, basanitos,
fonotefritos e nefelina sienitos; olivina nos olivina melilitos, olivina nefelinitos,
basanitos; melilita nos olivina melilitos; olivina e flogopita, nefelina e clinopiroxénio
em todas as facies; K-feldspato nos nefelina sienitos, fonolitos e na matriz dos
basanitos e dos fonotefritos.

O plagioclasio ocorre em pequenas quantidades no basanito e no fonotefrito e
a apatita subordinadamente em todas as litologias. Também foram identificados
monticelita na nos olivina melilitos, nos xenocristais de ortopiroxénio, na kaersutita e
na pargasita nos nefelina sienitos, na melanita, na kaersutita e na flogopita, nos
fonolitos porfiriticos. Fenocristais zonados de diopsidio-aegirina-augita em fonolitos
porfiriticos foram interpretados pelos autores como xenocristais de magmas
cogenéticos menos diferenciados.

Todas essas litologias apresentam nefelina normativa e alto fracionamento
ERTL/ETRP. Os fonolitos apresentam afinidade peralcalinas, enquanto o nefelina

sienito sdo alcalinos ou levemente peralcalinos. Altos contetudos de Ni, Cr e Co, de



50

acordo com Traversa et al. (1994) e Traversa et al. (1998), sugerem que a rocha

fonte mantélica tenha natureza méafica-ultraméafica.

3.2.3.1 Evolucao do Magmatismo do Distrito Alcalino de Lages

De acordo com os estudos de cristaloquimica, associados ao de iso6topos de
Sr e Nd, realizados por Traversa et al. (1996), as rochas alcalinas de Lages séo
produtos de cristalizacdo fracionada, gerada a partir de uma mesma fonte mantélica
peridotitica metassomatizada, que deu origem a diferentes magmas parentais a
partir da variagdo do grau de fuséo parcial. Os magmas parentais gerados, do maior
ao menor grau de fusédo séo: olivina melilitos, olivina nefelinitos e basanitos. Essas
rochas apresentam forte afinidade quimica, revelando que todas possuem a mesma
fonte mantélica. Os basanitos e nefelinitos foram considerados pelo autor como
magmas primitivos que deram origem aos fonolitos a partir da separagao dos cristais
de clinopiroxénio e anfibdlios na crosta profunda.

Segundo Traversa et al. (1996), as rochas leucocraticas foram derivadas de
processos de fracionamento dos magmas basaniticos ou nefeliniticos, com baixo
grau de fusdo parcial dos magmas parentais, enriquecendo em elementos
incompativeis. Essa associacdo apresenta baixo grau de contaminacao crustal, o
gue gera pequenas discrepancias nas razfes de Sr.

Scheibe (1986) datou por K/Ar flogopita e K-feldspatos de amostras de
brechas; de olivina melilititos, fonolitos e nefelina sienitos e obteve idades entre 62,9
+ 54 e 78,3 £ 3,5 Ma. As amostras de nefelina sienito apresentaram as maiores
idades e o kimberlito a menor. O autor também datou fonolitos e nos nefelina
sienitos pelo método Rb/Sr, obtendo idades que variam entre 69, 9 + 12,3 e 87,7 *
7,7 Ma. O carbonatito Fazenda Varela néao foi datado por Scheibe devido a falta de

meétodos adequados na época.
3.3 GEOLOGIA LOCAL
A area de estudo tem em torno de 1.500 x 900 m e é composta por arenitos

da formacgdo Rio Bonito, que foram intrudidos por corpos hipoabissais de

composicdo principalmente ferrocarbonatitica, promovendo a brechacéo,
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ferrificacdo, endurecimento e modificagcbes na composicdo mineralogica do
sedimento encaixante (SCHEIBE, 1979).

A area apresenta poucos afloramentos de carbonatito fresco, em que a maior
parte das rochas sdo materiais porosos de cor escura, lateritas e brechas
carbonatadas. O principal afloramento de carbonatito ocorre na parte oeste e foi
explorado, na década de 1970, para o corretivo de solo. Scheibe (1979) descreveu o
carbonatito como um corpo homogéneo, com 20 m de extensdo, que teve sua

continuidade comprovada pela sondagem até a profundidade de 100 metros.

3.3.1 Arenito da Formacao Rio Bonito

A formacdo Rio Bonito, de idade permiana, faz parte da Supersequéncia
Gondwana |, que representa amplo registro sedimentar da bacia, com espessuras
na ordem de 2.500 metros. Sobreposto ao grupo lItararé, a Formacao Rio Bonito
ocorre como arenitos, siltitos e camadas de carvao. A deposi¢cao do Grupo Itararé e
da Formacéo Rio Bonito foi influenciada, inicialmente, pela fase de subsidéncia da
bacia, que foi atribuida a sobrecargas das geleiras continentais, seguida pelo peso
dos sedimentos depositados durante o0 ciclo transgressivo-regressivo
subsequentemente. No local, a formacdo € constituda por arenito médio, com
composicdo quartzo feldspatica, que esta afetado pela brechacdo e

metassomatismo relacionados a intrusdo do carbonatito.

3.3.2 Carbonatito Fazenda Varela e Brechas quartzo-feldspéaticas associadas

Na éarea de estudo, dois tipos de carbonatitos foram encontrados. O
carbonatito que ha no topo do Morro Norte ocorre na forma de veios, com espessura
de 20 a 50 cm, que cortam subverticalmente as brechas quartzo feldspaticas
(MENEGOTO; FORMOSO, 1998). Esse carbonatito tem de cor branca a creme, com
granulacdo fina a média, com inclusdes orientadas de materiais cinza esverdeado.
No morro oeste sdo encontrados blocos com alguns metros de diametro de
carbonatito marrom, praticamente puro, textura granular, com elevada porosidade,
frequentemente com estrutura bandada conferida por zonas mais ricas em feldspato

ou em carbonatos, contendo fragmentos de ortoclasio e de rocha sedimentar.
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As brechas tém a cor acinzentada nas partes menos intemperizadas e
marrom nas partes mais alteradas, sendo constituidas por arenito silicificado,
intensamente recortado por fraturas, preenchidas por material carbonatico.

As lateritas sdo formadas por um material friavel, terroso e fosco, com veios
muito finos de hematita. A disposicdo topografica da laterita indica que né&o
representa alteragéo sob o clima atual, estando provavelmente associada ao evento
climatico que originou a bauxita sobre as rochas alcalinas da periferia, durante o
Terciario Superior (DANNI, 1998).

Os fenitos originarios da alteracdo das rochas encaixantes (arenitos
quartzosos) possuem composicdo essencialmente potassica. Segundo Scheibe
(1979), isso esta diretamente associado ao processo que originou o carbonatito.

O conjunto litoldgico, formado pelo carbonatito puro ou associado a brecha,
esta intensamente recortado por pequenos veios preenchidos por calcita e quartzo
(juntos ou separados). As relacbes cronologicas dos eventos observados
evidenciam, como primeiro evento, a entrada do carbonatito e a transformagéo da
encaixante na brecha metassomatizada, seguido pela formacdo dos veios com
calcita predominante e, finalmente, pela formacao do sistema venular silicoso.

De acordo com o trabalho de Manfredi et al. (2013), o carbonatito Fazenda
Varela € quimicamente caracterizado como ferrocarbonatito e seus principais
minerais primarios sdo dolomita e Fe-dolomita; subordinadamente ocorrem
ortoclasio e quartzo como xenocristais. Segundo Scheibe (1979), o carbonatito
Fazenda Varela apresenta pelo menos duas fases de carbonatos. Andlises por
microssonda dos carbonatos, realizadas por Menegotto e Formoso (1998), indicam
que o carbonato mais abundante € o Fe-dolomita. Por isso, o carbonatito foi
classificado como Fe-dolomita carbonatito, que foi fortemente afetado por eventos
tardi e pos-magmaticos. Fluidos percolaram pelas fraturas e limites dos gréos e
formaram dominios hidrotermais compostos por barita, pirita, quartzo, calcita, Fe-
dolomita e parisita-(Ce). A parisita-(Ce), ultimo carbonato a cristalizar, ocorre em
meio aos dominios hidrotermais, formando cristais bem desenvolvidos, fibrosos a
fibrorradiados. Amostras encontradas no morro oeste (MANFREDI et al., 2013)
apresentam uma segunda fase hidrotermal, com baixo contetdo de CO,, que foi
responsavel pela cristalizacdo de apatita, pirocloro e zircédo tardios, com contetdos

de P,0Os5 que atingem 14%.
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Além disto, o carbonatito possui alta concentracdo de ETR e razdes elevadas
de Ba/Sr, Nb/Ta e Th/U (SCHEIBE, 1979), que pode representar estagios finais de
um processo de fracionamento. De acordo com o autor, a razdo Sr®’/Sr® revela uma
contaminagdo crustal e o seu fracionamento isotdpico pode estar relacionado a
influéncia de alta concentracdo de K nos fluidos mineralizantes ou que o manto
continha valores iniciais de Sr®’/Sr®® mais altos (SCHEIBE, 1979).

O autor supracitado acredita que o carbonatito possui uma origem complexa,
envolvendo uma fusdo parcial limitada de material do manto superior, cristalizacéo
fracionada, separagcdo de uma fase carbonatada imiscivel e posterior cristalizagédo
de rocha alcalina e carbonatito separadamente, o que deve ser mais bem avaliado
em trabalhos futuros. A alta concentracdo de ETR e a razdo ETRL/ETRP sugere a

existéncia de diferenciacdo durante a cristalizacao.
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4 RESULTADOS
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ABSTRACT

The Fazenda Varela carbonatite is part of the Lages alkaline District (Brazil), that
consist in several isolated bodies distributed in an area of 1,200km?. The rock
intruded sandstones from the Parana Basin during the Cretaceous, causing intense
brecciation in the enclosing rocks. Recent studies in the area identified mineral
occurrences of REE, P and Nb-rich related to carbohydrothermal events with
formation of dolomite, Fe-dolomite, ankerite, barite, calcite, parisite-(Ce), apatite,
pyrochlore and quartz. Rare outcrops of carbonatite are found because the rock is
almost completely covered by a thick layer of soil and by the breccia sandstone. For
this reason, a terrestrial geophysical survey was carried out using magnetometry and
gamma-ray spectrometry to investigate the shape and size of the carbonate body, to
search for U anomalies, which is usually associated with apatite mineralization, and
attempt to found structures which may have controlled carbohydrothermal
mineralizations. The results of gamma spectrometry (eU, eTh and K contents,
anomalous U and K and factor F) confirm the interaction of late hydrothermal events
with the carbonatite and the enclosing rock. Three magnetic targets were identified in
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magnetometry. Target 2 coincides with eTh and eU anomalies and is associated with
an NE-SW structure considered the most important in the area. This target, which
represents the carbonate body, has a circular shape, approximately 600m in
diameter and more than 50m deep.

Keywords: Lages carbonatite; REE; Phosphorus; Geophysics

RESUMO

O carbonatito Fazenda Varela faz parte do complexo alcalino de Lages (SC), que
consiste em diversos corpos isolados distribuidos em uma &rea de 1.200km?. A
rocha intrudiu arenitos da Bacia do Parana durante o Cretaceo, causando intenso
brechamento das rochas encaixantes. Estudos recentes na area identificou
ocorréncias minerais de ETR, P,Os e Nb relacionados a eventos carbo-hidrotermais
com formacdo de dolomita, Fe-dolomita, ankerita, barita, calcita, parisita-(Ce),
apatita, pirocloro e quartzo. Raros afloramentos do carbonatito sdo encontrados,
pois a rocha esta praticamente toda encoberta por uma espessa camada de solo e
pelos arenitos encaixantes brechados. Em razdo disso, realizou-se um levantamento
geofisico terrestre utilizando os métodos de magnetometria e gamaespectometria
com o objetivo de investigar a forma e o tamanho do corpo carbonatitico, procurar
anomalias de U, que normalmente esta associada a mineralizacdo de apatita, e
tentar localizar estruturas que podem ter controlado as mineralizagbes carbo-
hidrotermais. Os resultados de gamaespectometria (eU, eTh and K contents, U e K
anomalos e fator F) confirmam a interagdo de eventos hidrotermais tardios atuantes
no carbonatito e na rocha encaixante. Identificou-se em magnetometria a existéncia
de trés alvos magnéticos. O alvo 2 coincide com anomalias de eTh e eU e esta
associado com uma estrutura NE-SW considerada a mais importante da area. Este
alvo, que representa o corpo carbonatitico, tem forma circular, de aproximadamente
600m de diametro e com mais de 50m de profundidade.

Palavras-Chave: Carbonatito de Lages; ETR; fosforo; geofisica
INTRODUCTION

Carbonatites are magmatic rocks constituted by more than 50% p. vol. of
carbonate (Woolley and Kempe 1989) and have a high potential for the
mineralization of niobium, phosphate and rare earth elements (REE) (Mitchel 2005).
The Fazenda Varela Carbonatite (FVC), located in Correia Pinto, Santa Catarina
State (Figure 1), is part of the Lages Alkaline District (LAD), which contains a typical
alkaline-carbonatite/ultramafic rocks complex. It was emplaced into the sedimentary
rocks of the Rio Bonito Formation (Permian) of the Parana Basin. The FVC is the
only carbonatite body known in the (LAD).
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Figure 1. Geological map of the Lages Alkaline District (modified from Scheibe 1986)
where the Fazenda Varela Carbonatite is located.

The first studies of the FVC (Scheibe 1979, Scheibe and Formoso 1982) did not
indicate a great potential for mineralization. Nevertheless, the great technological
importance achieved by the REE and the demand generated by the changes in the
export policy of China (world largest REE producer) renewed the interest in this
carbonatite. New geochemical and mineralogical studies (Manfredi et al., 2013) have
demonstrated the existence of hydrothermal mineralization of parisite-(Ce) and
apatite. A soil geochemical survey carried out by CPRM (Manfredi et al., in prep.)
indicated that the size of the carbonatite might be much larger than previously
thought. These results motivated the continuation of investigations by applying
geophysical techniques.

The rocks that comprise alkaline-carbonatite complex are generally magnetite,
U and Th-rich (Rugenski 2006). There might be fenitization at the edges of the
bodies, which causes alkaline elements enrichment, mainly sodium and potassium.
Due to these features, these complexes might be identified through magnetometric
and gamma-ray spectrometric data analyses. The alkaline-carbonatitic bodies usually
have magnetic anomaly signatures with an almost circular and concentrical
geometry. According to Rugenski (2006), in the magnetometry analysis, a magnetic
field with intense values, forming dipoles in circular or almost circular bodies, is one
of the physical characteristics used to identify alkaline-carbonatite rocks, with the
exception of those that exhibit low magnetization. In the other hand, modern
applications of the gamma-ray spectrometry is the possibility to identifying areas with
hydrothermal alteration (e.g., Shives et al.,, 2000) and fenitized areas in alkaline-
carbonatitic intrusions. In this study, we employed magnetometry and gamma-
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spectrometry methods with the objectives of investigating the shape and size of the
FVC and other possible associated bodies as well as the existence of possible
zonation (primary or hydrothermal) at the carbonatite body and/or at the enclosing
rock and to identify structures that might have controlled its positioning and/or
affected the body.

The techniques employed allowed the precise delimitation of the FVC and the
associated hydrothermal alteration zones, characterizing dimensions and potential
for mineralization much larger than previously assumed. In addition, two new targets
were identified. The structures that controlled the positioning of FVC and associated
bodies, and the reactivations that affected the set were identified for the first time,
producing new constraints on the relationships between the FVC and the tectonic
evolution of the Lages Alkaline District.

GEOLOGICAL CONTEXT

The LAD consists of isolated bodies distributed in an area of 1200 km? (Figure
1). It is dominated by felsic alkaline rocks, and was initially described as a “volcanic
core dome” (Paiva 1933) and later as a body with circular shaped piercement type
up-arched area (Loczy 1968). The intrusion caused the bulge of basalts and
Gondwanic sequence of the Parana Basin in the region, generating a structure
known as Lages Dome (Loczy 1968, Scheibe 1986). The alkaline rocks were studied
by Barbosa (1933), Paiva (1933), Scorza (1937), Scheibe (1974, 1976, 1979 and
1986), Scheibe and Formoso (1979), Furtado and Scheibe (1989), Traversa et al.,,
(1994, 1996), Dani (1998), and Dani et al., (1999) and were divided into two groups:
leucocratic alkaline rocks (phonolites, nephelinites, syenites and analcimes
trachytes) and ultrabasic rocks (olivine melilitites and lamprophyre). Scheibe (1979)
also identified kimberlites and the FVC. Additionally, Scheibe (1986) identified many
volcanic breccia, which could have kimberlitic features. The K-Ar dating of the
alkaline rocks and the kimberlite yielded a minimum age of 63 Ma and a maximum
age of 78 Ma. The Rb-Sr isochronical ages yielded 81 + 8 Ma (Scheibe et al., 1985,
Scheibe 1986). The Ar-Ar dating of the phonolites (sanidine) and lamprophyres
(flogopite) yielded ages of 75.9 (x 1.4 Ma) and 73.6 (= 1.4 Ma), respectively
(Machado and Teixeira 2008).

The structural lineaments along the eastern edge of the Parana Basin and its
basement in Santa Catarina, on Landsat and SRTM images in the 1:100,000 and
1:500,000 scales (Jacques et al., 2010, 2012) have the following regional trends: N-S
and NNE-SSW (basement), NW-SE and N-S = 5° and NE-SW (Gondwanic sequence
and Serra Geral Formation). Map of regional magnetic lineaments encompassing the
Lages Dome, shows a main orientation pattern NE-SW and subordinately NNE-SSW
(Jacques et al., 2014). The first direction reflects the reactivation at the framework of
the ductile structures of the Santa Catarina Shield that continues underneath the
Gondwana sequence of the Parana Basin in the region. Multiscale maps of structural
lineaments of this same region obtained by means of digital products (LANDSAT and
SRTM images on 1:50,000, 1:100,000, 1:250.000 and 1:500,000 scales) highlight the
NE-SW and NW-SE and N-S lineaments (Castro et al., 2003, Jacques et al., 2010,
2012, 2014).

Tectonics studies of the Lages Dome show five main structural directions:
WNW, N-S, NNE, ENE, and NW. The dome structure was related to a NE-SW
compressive strain regime, which stayed active after the intrusion and cooling of the
alkaline rocks and was responsible for the generation of the dextral transcurrent
faults (NNE-SSW and NE-SW) and sinistral (E-W), which also affected the rocks in
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this region. These structures are mostly related to the reactivation of the basement
discontinuity (Roldan 2007, Roldan et al., 2010, Machado et al., 2012).

The FVC outcrops at two hills denominated by Scheibe (1979) as the “west hill”
and “north hill” (Figure 2), where the drainage patterns are annular and radial., The
carbonatite is well exposed only at the top of the north hill, in an area of
approximately 600 m2, where it was rudimentarily exploited for soil corrective. On the
slopes of the two hills, the carbonatite occurs as discontinuous veins with
thicknesses of millimeters to centimeters, rarely decimeter, and cuts the sedimentary
rocks of the Rio Bonito Formation. The enclosing rock was affected by brecciation,
ferrification, silicification and modification of its mineralogical composition (Scheibe
1979). The breccias have a grey color in the unweathered outcrops and a brown
color on those most weathered. They are constituted by silicified arenite, intensely
cut by fractures, and filled by carbonatic material that is heavily banded, with rich
levels of feldspar or carbonates.

, " W ;‘_,“\‘-\A S %
Figure 2. West and North hills, where the geophysical surveys were conducted.

The main primary minerals of FVC are ankerite and Fe-dolomite with
subordinate orthoclase, pyrite and quartz. The rock was strongly affected by tardi and
post-magmatic events related to fluid percolating through the fractures and grain
limits, forming hydrothermalized domains composed of barite, apatite, quartz, calcite,
Fe-dolomite and parisite-(Ce) (Manfredi et al., 2013). The carbonatite and the
breccias are was intensely cut by small veins filled by calcite and quartz (together or
not), which demonstrates the existence of the late process related to carbonatic
event. At the north hill, there are decimetric veins that, as the enclosing rock, are very
lateritized. In this laterite, which is composed by friable material, there are many thin
veins of hematite.
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The REE mineralization (Ce and La) of the carbonatite is hydrothermal,
composed by disseminated parisite-(Ce); a remarkable feature is the lack of
associated fluorite (Manfredi et al., 2013). At the central parts of the intrusion, the
mineralization of the enclosing rock is represented by the carbonatite itself, which
constitutes the breccia matrix. Far from the intrusion, without the veins/matrix of the
carbonatite, the mineralization occurs as hydrothermal veins of calcite, hematite, and
parisite-(Ce); even so most samples contain REE concentrations between 2.500 and
4.200 ppm.

METHODS

The geophysical data were obtained through terrestrial surveys. For the
gamma-ray spectrometric determination, both a differential GPS and a Radiation
Solutions RS-125 spectrometer were used. The ideal spacing between two points
was 25 m, with an error margin of approximately 5 meters. The first stage, which
lasted a single day, consisted of gathering five N-S vertical lines, for a total of 93
points. In the second stage, the survey obtained 185 points over six days distributed
along four N-S lines and two E-W lines to cover the largest area possible.

The data (Total Count — cpm, K - %, eU — ppm, eTh — ppm) was exported to the
PC platform, which allows the data to be treated. The pre-processing of the data was
performed using a sheet editor, in which each point’s coordinates were manually
inserted (using the spectrometer without integrated GPS), and the problematic data
(i.e., poor samples or duplicates) were erased. Then, the file was saved in the same
format and imported to the processing software Geosoft Oasis Montaj 8.2, where the
datum was inserted (WGS-84 at UTM 22S projection). The obtained terrestrial
gamma-ray spectrometry data did not require any geophysical correction.
Furthermore, each channel data was gridded using the Minimum Curvature method
(Briggs, 1974).

There are two aspects to discuss about this procedure. First, the size of the grid
cell at the moment of interpolation is determined based on the irregularity of the
average spacing of the data survey because the data were acquired using a spacing
that varied between 10 to 75 meters. Thus, the grid cell size was of 25 meters. The
second aspect to consider is that the grid, which has the irregular shape due to the
sampling of the points, has a rectangular shape. This is why the region at the
extreme north of the carbonatite, due to the lack of data, is fundamentally interpreted
by the results of the data interpolation.

Two GEM SYSTEM GSM-19 Overhouse equipments, with integrated GPS,
were utilized in the magnetometric survey. One unit of the magnetometer was
configured at the base station for diurnal correction, and another was used in the
“walk” configuration, whose values were obtained in a continuous format (sampling
time; t= 2s, with storage of the XY coordinates, elevation and magnetic field
amplitude). The magnetometer used for the “base” configuration in both surveys was
fixed at a point with distances of approximately 1.60 km for the first N-S line (near
west) and 2.60 km for the last N-S line (near east) in the second survey. In this
configuration, the minimum sampling time was t= 3s.

The survey lines were established starting from an initial target determined by
the location of the carbonatitic rock based on the existent geological data. On
average, the main lines were 544 m (minimum of 382 m) in length, and the tie lines
were 1.6 km, on average, with minimum spacing of 136 meters and a maximum of
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195 meters. In the second survey, the main lines had lengths of approximately 1.0
km (minimum of 238 m), and the tie lines were 1.4 km, minimum spacing of 38
meters and maximum spacing of 100 m. These surveys covered an area of
approximately 1.49 km?. The edited data were converted to the *.gdb format and
processed using the Geosoft Oasis Montaj 8.2 software. The spikes (noisy peaks,
which shift the absolute values of the profiles, masking the real data from natural
sources) were removed from the measurements for importing and processing of the
data.

After correcting the day time variation, the line data was performed with the
minimum curvature interpolation method (Briggs, 1974; Swain, 1976). Subsequently,
the informations on the two campaings were merging and the grids were built to
obtain the , first derivative and analytical signal amplitude map.

RESULTS
Magnetometry
Magnetic anomalies

The area has very marked elevations, with NE-SW direction (Figure 3a), with
the main anomaly elongated in the NE-SW direction. According to Zalan et al.,
(1987), the NE-SW lineaments of the region are old weak zones that were
reactivated due transcurrence during the Parané Basin evolution.

The total-field magnetic anomaly map (Figure 3b) shows different sets of
dipoles identified here as three targets: in the north, central and extreme southwest
parts of the area. In the first derivative maps in the XYZ directions (the images allows
a clear visualization of contrasts between different magnetic domains and to infer the
variation in the field intensity), these sets of magnetic dipoles (Figure 3c, 3d and 3e)
can be identified. In the extreme southwest part of the maps, observe that the
amplitudes of two magnetic fields are overlaps. To the north occurs two dipoles with
lower amplitude compared to the sets before, where the monopoly peaks are more
accentuated in the analytical signal amplitude map of image 3f and the font wasn’t
geologically mapped (Figurel). In the central, there are many more peaks of
anomalies (Figure 3f) than the regions above, and these are more correlated with the
geochemical results These three targets are likely related to distinct bodies, whereas
the central body matches the area where the carbonatite and the breccia outcrops.
The southwest anomaly is likely related to a volcanic breccia, which, according to
Scheibe (1986), corresponds to a kimberlite. There is no geological knowledge
related to the north anomaly because this source doesn’t outcrop. However, it is
likely that this rock is also related to alkaline magmatism because the sedimentary
enclosing rocks exhibit low magnetism.
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Figure 3. a) Map of elevation obtained at the same time as the field magnetic
anomaly measures; the most topographically elevated values are in the northeast
part of the map. b) Total field magnetic anomaly map. c) First derivative map of the x-
direction of the total field magnetic. d) First derivative map of the y-direction of the
total field magnetic. e) First derivative map of the z-direction of the total field
magnetic. f) Map of the analytic signal amplitude of the total field magnetic anomaly
map.g) Lineaments from Roldan et al., (1987).
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Analytical signal amplitude

Figure 4a shows the main domain of the analytical signal amplitude (or analytic
signal of total-field magnetic anomaly) obtained from the map in Figure.3b. The
amplitudes are greater than 0.522 nT/m, which is a high value compared to those in
the surrounding areas, wich is intermediate between 0.496 nT/m and 0,522 nT/m and
lower than 0.496 nT/m. In the southwest, central and north parts of the map, there
are subdomains with circular anomalies typical of alkaline provinces where the
expected geometry is the same as those that are almost circular (Fianco et al., 2011;
Marangoni and Mantovani, 2013; Ribeiro 2011, Rugenski 2006).

Figure 4b shows the Gaussian analytical signal amplitude (that result of a
Gaussian distribution processing applied to the values of the analytical signal
amplitude of Figure 4a) and the most intense and concentric anomalies pertaining to
different magnetic domains, that were interpreted as the most important in this area.
These Gaussian signals are highlighted with isodynamical curves on the value
greater than 0.984 nT/m. Using those data, three targets with different features were
established as can be seen in the Figure. 4b. Analyzing the anomaly forms, it was
verifiable that those in the southwest of the surveyed area (Target 2) have diameters
greater than 170 meters, whereas those at the center (Target 1) show diameters
greater than 40 meters, with dimensions similar to those in the zone to the north
(Target 3). It is important to note that the minimum value of the analytical signal
amplitude to targets 1 and 2 are 2.08 nT/m, whereas those to the north have
amplitudes of approximately 0.740 and 0.819 nT/m.

9.31
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Figure 4. a) Analytical signal amplitude map of the data in Figure 3b and
isodynamical curves; values of 0.522 nT/m are in bold, limiting the magnetic domain
and containing the almost-circular magnetic anomalies. B) Gaussian analytic signal
amplitude map obtained from the data shown in Figure 4a: it was interpreted three
prominent targets with distinct magnetic and geometric properties; lineaments from
Roldan et al., (1987) and Scheibe (1979).
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Data inversion through Euler 3D deconvolution

The Euler Deconvolution (Thompson 1982) is the magnetic data interpretation
method most currently used to estimate the depth of the magnetic anomaly sources.
The expected response to magnetic anomalies for alkaline-carbonatitic provinces, in
structural terms, geometrically corresponds to cylinders, with axes perpendicular to
the plane. Thus, the projection to those responses at the measurement plane xy has
to correspond in the analytic signal map (Figure 5) to the approximately circular and
concentric magnetic anomalies with pipe architecture or to a set of magnetic dipoles
when seen through the total-field magnetic map (Figure 3b). The set of dipoles might
be visualized in the derivative maps of the total field magnetic anomaly in the x-, y-
and z-directions, as previously discussed.

Based on this information, the Euler Deconvolution inversion method was
utilized, which has the objective of determining the depth at the source’s top
considering the magnetic signatures found by the analytic signal amplitude (Figure
5). The structural index utilized (n= 2) corresponds to cylindric geometry. In figure 6,
a histogram that relates the solution number to the depth through this structural index
IS represented.

The results obtained by Euler deconvolution are shown in figure 7. They are
plotted over the isodynamical curves of the analytic signal amplitude map (Figure
4b). This map shows the depths of the magnetic sources at each point. The main
range of the source’s depth is between 0 and 135 m, where 3.151 potential solutions
were found. The arithmetic mean of the obtained values for those calculated items
are 80.92 m, with a mode of 61.85 m. The ranges corresponding to the sources are
from 0.00 to 69.99 m (shallow), from 70.00 to 119.99 m (intermediate depth) and
greater than 120.00 m (deep). The mean geophysical signatures were obtained from
the shallow and intermediate depth bodies, as can see in the histogram of Euler
solutions (Figure 6).

In analyzing the solutions of Euler (Figure 7) overlapping of the established
targets in figure 4b, the obtained depths are mainly in the shallow depth range. For
Target 1, the solutions show very high density points in relation to those in the range
between 10 and 50 m, and there is a negative gradient at the target center. Target 2
has considerably less solutions due to the inferior number of magnetic dipoles when
compared to Target 1, although it has the same distance interval., Target 3 has
greater depths in comparison with the previous ones, i.e., in the range between 70.00
m and 80.00 m, which corresponds to the intermediate depth. In this area, there are
solutions of deeper depths. These data are better shown in table 1. The solutions
that were not established as targets might correspond to the extension of the bodies,
which generates the studied magnetic anomalies.
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Figure 6. Histogram (number of solutions vs depth), obtained from the solutions of
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Figure 7. Isodynamic curves of the analytic signal of the total field magnetic map:
solutions of the Euler Deconvolution 3D over the targets and its respective depths

are highlighted. Lineaments from Roldan (2008).
Table 1. Geometric parameters of the targets 1, 2, 3, as shown in figure 7.
Target Deph (m) Minimum dla_meter of Area (m?)
anomalies
1 50 40 189305
2 50 170 58000
3 80 80 16834

Gamma-ray spectrometry

The following table shows an overview of the obtained values at the gamma-ray
spectrometry field survey.
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398 Table 2. Minimum, maximum and average values of total count, uranium, thorium
399 and potassium.

400
Total
Count Uranium Thorium High
(Ppm) (Ppm) (ppm) Potassium (%) (m)
Min 31.6 0 4.4 0 922
Max 1669.5 72.4 493.2 11.5 1085
Mean 315.2 8.2 79.4 1.6 991
401
402
403 Total count
404
405 Two anomalous areas can be seen in the total count map (Figure 8). The

406 central part corresponds to Target 1, as identified by the magnetometry (Figures. 4b
407 and 7), and the north anomaly corresponds to the Target 3. Target 2 was not
408 mapped by gamma-spectrometry.

409 It can be verified in that map the existence of a body with approximately 800
410 meters of diameter and circular geometry. In the areas with the highest values,
411 Dbreccias and carbonatite with a high level of weathered were found. There are
412 sandstones without any evidence of hydrothermalism in the areas with the lowest
413  values.

414 A curve with the probably geometry of the body was obtained utilizing the total
415 count map and selecting a value next to the anomaly, as shown in figure 9. From the
416 total count map and the digital elevation model, a rectangular polygon was
417  constructed (Figures 9).

418
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Figure 8. Total count map in which a gamma-ray spectrometric anomaly appears in
the central region. Lineaments from Scheibe (1979) and Roldan (2008). Targets 1

and 3 from figure 7 are plotted (black line).
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Figure 9. Total count map overlapping the digital model terrain surface.
eU, eTh and K maps

The eTh count map (Fig. 10a) is almost identical to the total count map (Figure
8). The high value of eTh corresponds to the lithogeochemical data of the
carbonatite, suggesting atypical values for this element when comparing to other
carbonatites. In the eU map (Figure 10b), it can be observe a larger dispersion of this
element compared to Th. This is possibly related to the fact the U migrates easier
than the Th during geological processes, mainly due to the intemperism and/or the
action of late hydrothermal solutions. The K map (Figure 10c) may be related to the
fenitization process due to the intrusion of the carbonatite in the enclosing rocks,
which is associated with the carbohydrothermal processes (Zaitsev, 1998). During
the field survey, it was observed that the K anomaly was more related to areas where
the breccia is more weathered. In general, it is noted that the highlighted curve in the
maps (K, eTh and eU) fits very well to the anomalous regions, particularly for the
latter two elements.

It is also observed in the ternary map (Figure 10d) that there is a region with a
predominant blue color, which represents the mixed values of eTh and eU. This is
possibly an occurrence area of the carbonatite body. The lowest values around the
anomaly, even though they are relatively high, are due to a possible block rolling. In
relation with the U/Th, U/K and Th/K ratios, it can affirm that the eTh content is very
high compared to those of K and eU. In this set, K is less abundant in the survey
area, but it behaves in an atypical form (higher values) near the intrusion in relation
to the enclosing sandstones.
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Figure 10. Gamma-ray spectrometric maps: a) eTh content; b) eU content; c) K (%);
d) Ternary (K-eU-eTh). The striped line shows the area with the highest values of
eTh and eU. Lineaments from Scheibe (1979) and Roldan (2007). Targets 1 and 3
from figure 7 are plotted (black line).
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Anomalous K and U and F factor maps

Pires (1995) utilized the anomalies of K and U to identify the hydrothermal
alteration zones. This author's proposed method assumes that these two
radioelements are geochemically more movable than Th. In this procedure, if the
correlation between K and U  with the eTh is over 1:1in a certain area, just subtract
1 from the K/Th and U/Th ratios so the leftovers are the part remobilized by
hydrothermal processes or the anomalous K and U. The F Factor is based on the
operation between equivalent U, equivalent Th and K through the expression F=
K.eU/eTh.

The anomalous K and U (Figure 11a and 11b, respectively) show relatively low
values in the carbonatite occurrence area. This likely occurs because Th is not a very
mobile element in the inteperical processes in relation to K and U (U** oxides to U®*,
which is mobile in supergene environments) and because Th is more abundant than
both. In those figures, the central region of the map (occurrence place of the breccia
and carbonatite outcrops) does not show anomalous U and K, whereas the
anomalies occur in the surrounding area.

The F factor map is shown in figure 11c, which evaluates the K behavior in
relation to the Th/U ratio, which may be associated with hydrothermal alteration
processes that have secondary enrichment in K. It can be observed that the anomaly
occurs exactly around the highlighted area in figure 10, suggesting a hydrothermal
event that interacted with the entire carbonatite body.
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Figure 11. a) Anomalous uranium map; b) Anomalous potassium map; c) F Factor
map. Lineaments from Roldan (2007). Targets 1 and 3 from figure 7 are plotted
(black line).
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DISCUSSION

The determinations of the eU, eTh and K contents for gamma-spectrometry
indicated the existence of differences in the geochemical behavior of those elements.
The eTh stands out for its high values, which reach approximately 2,200 ppm. The
anomalous area in eTh can delimit the FVC body. The geochemical analysis of
unweathered carbonatite (Manfredi et al., 2013) shows eTh values of approximately
238 ppm. Samples with hydrothermal alteration have content approximately 290
ppm. The enclosing breccia ranges between 62 and 358 ppm. The high eTh values
obtained through gamma-spectrometry and geochemical analysis is explained by the
eTh to be a barely mobile element that becomes concentrated on the alteration
profile. Indeed, the soil geochemistry prospecting carried out around the FVC
(Manfredi et al., submitted) shows that the local soil is of the residual type and very
thick. The measurements of the gamma-spectrometry from eU had values (>26 ppm)
closer to those obtained through lithogeochemical analysis of the unweathered
carbonatite (= 8 ppm). Hydrothermal alteration samples contents higher eU values
than unweathered samples (~34 ppm). The eU content of the breccia ranges from
1.91to 13.2 ppm.

K is an important element to differentiate the carbonatite from the breccia
because the carbonatite (with and without hydrothermal alteration) has values lower
than 1% and the breccias might reach 14% in the ICP-MS analysis.

The anomalous K and U (Figures 1la and 11b) correspond to elements that
were remobilized by hydrothermal events. The areas of lowest occurrence of those
elements encompass the eTh and Total Count anomalies and might thus correspond
to the hydrothermal alteration halo. It can be observed in both the eU and K maps.
The F factor confirms that the hydrothermal alteration is related to the carbonatitite
body because the area that shows the highest values overlaps perfectly with the
anomalous area (Th, TC, and magnetometry).

Therefore, the carbonatite is related to Target 1, which shows anomalies that
are more spaciously distributed in relation with the others, in an area of
approximately 190 m? and a top depth of the magnetic sources of 50 m, which was
determined through the Standard Euler Deconvolution Method (DEULER3D). Target
2 is related to the pipe breccia and it has an area of approximately 58.000 m2, with
sources that might have depths up to 50 meters. Target 3 is covered by sedimentary
rocks and its source has a minimum depth of 80 meters, which is deeper than
Targets 1 and 2. Target 3 covers an area of approximately 17 m2.

The data obtained through the gamma-spectrometry survey (total count,
potassium, uranium and thorium has high values) associated to the magnetometry
data (Target 1) allowed for determining the location and dimensions of the FVC
(Figure 12). The magnetic amplitude and the geometric aspects of the two identified
bodies indicated the necessity of a subsequent study covering a greater area. The
magnetic sources in Target 3 are deeper than 50 cm, because it was not detected by
the gamma-ray spectrometric method.

Map of values of the Euler Deconvolution is shown in figure 7 where we
analyze the shallow points and those with the highest depth. The FVC occurs in
Target 1, which in the central area of anomaly shows the smallest depth, with values
ranging between 10 m and 50 m. The eastern zone of the map shows the greater
depths than western side, occasionally reaching over than 135 m. These results
might denote an uplift in the western area against the eastern part, which might have
been caused by the fault in the NW-SE direction. Target 2 has a small depth and
Target 3 shows the greatest depths (most points at over than135 m).



537
538
539
540
541
542
543
544
545
546
o547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

75

Map of regional magnetic lineaments at the Eastern edge of the Parana Basin,
in the central-southern region of the Santa Catarina State, encompassing the Lages
Dome, shows a main orientation pattern NE-SW and secondarily NNE-SSW
(Jacques et al., 2014). The first direction reflects the reactivation at the framework of
the ductile structures of the Santa Catarina Shield that continues underneath the
Gondwana sequence of the Parana Basin in the region.

The two main directions of lineaments (NNW-SSE and NE-SW) in the Lages
Dome described in regional works are recognized in the area of the FVC. In most
cases, these two main directions correspond reactivations of the basement structures
in most cases. The NE-SW lineament is associated with the FVC (Target 1) and
Target 2. Hence, it is more probable that the main structural trend of the substratum
of the basin in the studied area is NE-SW direction. The intersection between NE-SW
and NNW-SSE lineaments allowed the intrusion of FVC, which exerted control on the
emplacement of carbonatite, as observed in many maps shown in this paper. These
two lineaments influenced carbonatite features.

The structure of the NNW-SSE orientation affected the carbonatite. It was
divided into two blocks, i.e., NE and SW, which they have different depths. The
structure also exerted influence on the terrain surface, individualizing the north and
west hills, respectively, located on the NE and SW blocks. However, the circular
shape of the FVC was not modified (or rejected) by this NNW-SSE structure. This
suggests a vertical structure. In this case, the FVC depth might be different from one
block to another, and the terrain might be modified without transformation in the
body’s shape (i.e., its projection on the horizontal plane).

Roldan (2007) proposed the following evolution for the regional tectonics:
formation of normal fault in the NE-SW direction, in the Late Cretaceous, through the
action of compressive strain in the NE-SW direction, which conditioned the alkaline
rock intrusion and the structuring of the district into a dome shape. The generation of
dextral transcurrent faults in the NNE-SSW direction, which affected the alkaline
rocks. The formation of normal faults with NE-SW orientation through distensive
strain in the NE-SW direction. The generation of extensional event, which caused a
NE-SW normal fault. In this model, the FVC emplacement may have occurred at the
same time as the alkaline intrusions or a bit later when the strain generating the
dextral transcurrent faults in the NNE-SSW direction ceased, which may have
occurred due to decompression. The breccia with thin carbonatite veins without
preferential orientation, which is occasionally similar to stockworks, might be
evidence of this phenomenon.

Kinematic studies carried out at the Lages Dome have showed the migration of
maximum stress from NE-SW to E-W, which would have occurred between Late
Cretaceous and Tertiary (Machado et al., 2012). This change in the orientation of the
stress field would lead to the reactivation of other structural directions, such as NE-
SW, NW-SE and NNW-SSE. The movement of the NNW-SSE fault in the study area
is probably correlated to the phase of normal fault generation of NW-SE orientation
proposed by that author.
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Figure 12. Map with the limits of the carbonatite body inserted through geophysical
data interpretation.

CONCLUSIONS

In the studied area, three distinct targets were identified according to the results

provides by magnetometry: (i) Target 1, which corresponds to the Fazenda Varela

Carbonatite; (ii) Target 2, i.e., the volcanic breccias. (iii) Target 3, which occurs at
greater depths and does not outcrop.

Target 1 and 2 were confirmed by gamma-ray spectrometer. They are
associated with the same structure in the NE-SW direction, which is probably the
most important of the area. The continuity of this structure to NE and SW are the
highest priority places for further drilling holes.
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The FVC (Target 1) has circular geometry and approximately 600 meters in
diameter. Its dimensions are much greater than those previously supposed. The
carbonatite does not only occur in the form of veins. There is an underlying body,
probably continuous, which covers the entire area of the two hills (north and west).
The carbonatite body has approximately 50 m of depth and is it is deeper on the east
side.

The gamma-ray spectrometry data (eU, eTh, and K contents, anomalous U,
anomalous K and F factor) did exhibit the circular form of the carbonatite,
demonstrating that this rock was heavily affected by hydrothermal processes. This
has important implications in regard to this body’s potential of containing economic
mineralization because the parasite-(Ce) and apatite mineralization identified by
Manfredi et al., (2013) are both hydrothermal.,

The main structure identified in the area has NE-SW direction and should have
been the main controlling structure of carbonatite positioning. We also identified an
NNW-SSE structure that may also have exerted some control on carbonatite
positioning. As regard the tectonic models proposed to this region, both structures
are likely formed by the reactivation of structures present in the substratum of the
Parana Basin in the region. The NNW-SSE structure was reactivated after the
intrusion, possibly as normal fault, and conditioned the division of the area into two
blocks, the north (NE block) and west hills (SW block).

The method used in this paper leads to a great understanding of dimension and
physical characteristics of the poorly outcropped carbonatite. Besides that, the
gamma-ray spectrometer gives a good idea about the key-elements dispersion, very
useful to interpretation of post-fluid interaction with the mineralized body.
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ABSTRACT

The Lages Alkaline Complex, located in southern Brazil, consists of several isolated
alkaline bodies that intruded Gondwanan sedimentary rocks from the Parana Basin
during the Cretaceous. Among the various lithologies found, the dolomite carbonatite
Fazenda Varela is important due to the presence of several economically important
elements such as rare earth elements, phosphorus, niobium, thorium, uranium, and
barium. This carbonatite is a 700 m diameter body that intruded the sandstones of
the Rio Bonito Formation and is covered almost entirely by brecciated enclosing
rocks or a thick soil layer. The composition of the carbonatite is heterogeneous and
reflects different carbohydrothermal processes that interacted with it during its
evolution. Due to the scarcity of outcrops, stream sediment and soil surveys were
necessary to understand how the strategic elements were distributed in the
carbonate body and its surroundings. Exploratory data analysis and multivariate
analysis procedures were essential for understanding the behavior of the
mineralizing fluid (which contains phosphorus, niobium, uranium and zircon) during
the evolution of the carbonatite and the accumulation and geochemical dispersion of
the elements during the intemperic processes. The results of this study indicate that
there are at least three anomalous areas for phosphorus, niobium, and heavy rare
earth elements in the soil data; these are associated with areas in which carbonatite
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samples are brecciated, oxidized, and severely cut by apatite veins associated with
pyrochlore and the presence of late zircons. In addition, the geochemical dispersion
of these elements occurred in a clastic manner and was limited to the vicinity of the
Fazenda Varela carbonatite, although anomalies enriched in phosphorus and heavy
rare earth elements were identified in stream sediments in the southwestern part of
the district and may be related to bodies not yet identified.

Keywords: carbonatite, soil, stream sediments, P, Nb, REE

1. INTRODUCTION

The Lages Alkaline District (LAD) is an important occurrence of an ultramafic-
alkaline-carbonatite suite in southern Brazil. This complex was studied by Scheibe
(1979), Scheibe and Formoso (1982), Traversa et al. (1994), Dani (1998), Menegotto
and Formoso (1998), Comin-Chiaramontti (2002), and Manfredi et al. (2013), who
characterized its chemistry and examined its economic potential. In these studies,
high concentrations of high-field-strength trace elements (HFSE) such as rare earth
elements (REE), Nb, Th, U, and P were observed, mostly in the dolomite carbonatite
found in the Fazenda Varela (FVC). The FVC is a circular subvolcanic body,
approximately 700 m in diameter and more than 100 m deep (Manfredi et al., under
review), which intruded sandstones of the Rio Bonito Formation and caused intense
brecciation. This body is almost completely covered by quartz-feldspathic breccias,
well-developed surface soil, and very dense vegetation. Field studies show different
phases brecciation and vein phases, indicating that several carbohydrothermal
processes were responsible for the formation of the mineralogical assembly.

Although some bauxite and clay deposits, exposed from the weathering of
phonolites, are still being exploited in this district, the mineralization of REE, P, Ba,
Th, U, and Nb has not been studied sufficiently. The scarcity of outcrops caused by
the humid subtropical climate has been one of the main obstacles to the study of this
mineralization.

In this study, it was possible to separate the enrichment zones of P, Nb, and
REE within the body from the results of a geochemical soil survey on the carbonatite
and to identify the dispersion of these elements from lithochemical analyses of the
outcropping rocks and a geochemical survey of stream sediments (SS) collected in
the main drains along the whole alkaline complex. The main objective of the soil
study was to identify possible anomalies in economically relevant elements (such as

P, ETR, Ba, Nb, Th, and U, among others) associated with the carbonatite and verify
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tendencies in the distribution of these elements to identify the best regions for
conducting future drilling. The SS survey prospected for these mineralizations
throughout the entire LAC region to evaluate whether the carbonatite signature could
be identified in the drainage of the complex and to try to find the primary phases of
the FVC, which are usually more enriched in P and Nb. To facilitate the comparison
of geochemical data from soil and SS with those from their possible source rock,
statistical analyses were performed to understand the behavior and geochemical
dispersion of the elements during the weathering processes of the FVC and other

alkaline rocks in the LAC.

2. GEOLOGICAL SETTING

The region is composed mainly of Gondwanan sedimentary rocks from Paran&
Basin (Figure 1). The rocks of the Gondwana | supersequence (Milani, 2007) are the
enclosing rocks of the LAC; their formation is related to marine and continental
environments formed by a complete transgressive-regressive cycle during the
Permian (Milani, et al. 2007). According to Wildner et al. (2014), the Itararé Group
consists of sandstones and sandy matrix conglomerates interspersed with shales
formed from a periglacial, subglacial, or glacier-to-glacial environment, dating from
the Devonian to the Neocarboniferous. The Guata Group contains rocks derived from
coastal, marine, and fluvial-deltaic sedimentation and consists of siltstones and
shales. The Rio Bonito Formation, one of many in the Guata group, is found around
the FVC and exhibits sedimentary cyclicity (sometimes sandy and sometimes pelitic),
which represents the basal level oscillation in the accumulation basin. Coal and high
concentrations of uranium are found in this formation (Milani, et al. 2007). The Passa
Dois Group consists of sandstones and pellets derived from lacustrine, deltaic,
aeolian, and some riverine deposits of the Rio do Rasto Formation. The Serra Alta
and Teresina formations present shallow marine deposits, alternating between
pellets and argillites, and limestone occurrences. The lIrati Formation consists of
shales, siltstones, and bituminous argillites bearing fossils of marine reptiles.

The igneous rocks of the LAC intruded into these sedimentary rocks, creating
an approximately 1,200 km? dome-shaped structure in the Late Cretaceous. These
rocks were grouped by Scheibe (1986) into (i) leucocratic alkaline rocks, consisting of

phonolites, nepheline syenite, and analcite trachyte; (ii) ultrabasic rocks composed of
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olivine melteigite, olivine melilite, and nephelinites; (iii) pipe breccia and kimberlites;
and (iv) carbonatite and associated breccia. Geochronological studies performed by
Scheibe (1986) using the K-Ar and Rb-Sr methods indicated ages of 63 to 78 Ma and
81 * 8 Ma, respectively.

The leucocratic alkaline rocks, the most abundant rocks in the LAC, are
mineralogically composed of differing proportions of K-feldspar, clinopyroxene
(aegirine-augite series and diopside), feldspathoid (nepheline, sodalite) and biotite
contents, with minor quantities of fluorite, pyrochlore, melanite, titanite, spinel and
apatite, and with a fine-grained texture. Analcite and carbonates are found in porous
rock. The ultrabasic rocks, in general, present much contamination from the
enclosing rocks. They are of very fine texture and show a high degree of weathering.
The mineralogical composition largely consists of diopside, olivine, nepheline,
phlogopite, melilite, perovskite and apatite. The pipe breccia and kimberlites show
advanced weathering, and Scheibe (1986) identified their minerals as pyroxene,
magnetite, ilmenite, garnet and zircon. In one kimberlite, he also identified blue

corundum.
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Figure 1. Geological map of the Lages Alkaline Complex (LAC), modified from Scheibe (1986).
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The FVC intruded the Rio Bonito Formation sandstones and caused intense
brecciation, carbonation, and silicification. The rocks that make up the FVC have a
fine to medium texture, colors that vary from gray to brown, and are intensely cut by
carbonate and/or apatite and microcrystalline quartz veins. The nesting sandstone
presents medium granulometry, a massive texture, and a well-selected reddish color;
it is composed predominantly of quartz, orthoclase, and biotite. The breccias have
quartz-feldspathic compositions and contain different proportions of carbonate
minerals. In the more homogeneous parts of the breccia (those without carbonatitic
veins), silicification has caused the crystallization of the interstitial hydrothermal
quartz grains, “erasing” the limits of the primary grains of the sedimentary rocks. The
“silica mass” formed contains well-developed carbonate crystals that originate from
the second magma phase of the carbonatite and show areas well marked by
impurities (Fe oxides).

The FVC, with a diameter of 700 m and a depth of at least 100 m, is composed
of several hypabyssal intrusions that form a circular shape (Manfredi et al., under
review). The carbonatite occurs in two hills, denoted “North” and “West” by Scheibe
(1979). Outcrops are rare on both hills; the rocks are usually weathered and/or with
high porosity, resulting in a lateritic profile where the ferruginous crusts can be up to
0.5 m thick (Menegotto and Formoso, 1998). The weathered rock and ferruginous
crusts are basically formed by residual barite crystals from carbonatite, hematite, and
goethite derived from ankerite and Fe-dolomite. The formation of these crusts is
probably related to the same climatic event that created the Lages bauxite deposits
during the Neogene (Dani, 1998).

The carbonatites may be brown or gray. The breccias and the carbonatite veins
are cuted by small veins filled with calcite and/or quartz. The presence of laterite and
cumulates of centimetric magnetite crystal are common in the carbonatite soil.
Hematite and goethite were identified as products of magnetite and pyrite alteration,
and also from ankerite and Fe-dolomite.

The carbonatite are mainly composed by the primary carbonates dolomite, Fe-
dolomite and ankerita. The primary carbonates occur as perfect rhombohedral
grains, with approximately 0.4 mm (Cbnl in Fig. 6A) or also as completely
xenomorphic crystals. Ankerite also occurs as smaller rhomboedral or xenomorphic
late primary or hydrothermal crystals positioned in dolomite and Fe-dolomite

interstices. Fe and Mn bearing impurities highlight the carbonate zonation and
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clouded the core crystals. The primary carbonates have inclusions of primary
pyrochlore, apatite and barite. Monazite crystals were observed only in SEM images.
At the edges of the primary carbonates commonly occur overgrowths of calcite,
which is part of the carbothermal paragene, REE-fluorcarbonates often accompanied

by barite and apatite.

3. MATERIAL AND METHODS

Carbonatite and quartz-feldspathic breccias were studied from 19 rock samples
collected in the West and North hills: three were carbonatite, one each of carbonatite
saprolite and sandstone, and fourteen of quartz-feldspathic breccia. These samples
were analyzed by Acme Labs (Canada) using the ICP-ES method (SiO,, Al;Os3,
Fe,0O3, CaO, MgO, Na,0O, K,0, MnO, TiO,, P,0s, Cr,03, LOI, C, and S) in solutions
via lithium metaborate/tetraborate fusion and nitric acid digestion. Trace elements
(Au, Ag, As, Ba, Be, Bi, Cd, Co, Cs, Cu, Ga, Hf, Hg, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se,
Sn, Sr, Ta, Th, Tl, U, V, W, Y, Zn, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er,
Tm, Yb, and Lu) were analyzed using ICP-MS via aqua regia digestion. To complete
the geochemical data collected on these rocks, we also used data from Scheibe
(1979), Menegotto and Formoso (1998), and Comin-Chiaramontti (2002).

The soil and SS samples were collected by the Brazilian Geological Survey
(CPRM) Phosphate Project (Abram et al., 2011 and Abram et al., 2016). Soil samples
were collected on the FVC body on both hills. Ninety-seven soil samples were
collected from the B horizon using a semi-regular mesh at intervals of approximately
50 m. These soil samples were dried, disaggregated, sieved to between 80 mesh
and 150 mesh, and subjected to chemical analyses at the SGS Geosol® laboratory.
The presence of Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg,
In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta,
Tb, Te, Th, Ti, Tl, U, V, W, Y, Yb, Zn, and Zr were determined using ICP-OES and
ICP-MS via aqua regia digestion. Soil samples with REE analytical results above the
detection upper limit were reanalyzed with ICP-MS after fusion with lithium
metaborate. The sediment sampling was carried out by the streams that cut through
the rocks from the Rio Bonito Formation; 49 samples were collected at the limits of
the LAC, in 2,500 km? area. To obtain more robust statistical parameters, we

included another 393 samples, collected in a larger extension of the sedimentary
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areas of the basin, in this study. The mineralogical composition of the SS samples
were determined via semi-quantitative analyses of heavy minerals by SGS Geosol
Laboratories. These results are reported as percentages of the total grains found,
approximated for each mineral. To identify and classify anomalies from the SS and
soils, the data were initially subject to an exploratory analysis using box-and-whisker
plots, which is an approach introduced by Tukey (1977) to study data that does not
follow a standard model of distribution. The geochemical data were evaluated using
univariate, bivariate, and multivariate analyses for an understanding of the meaning
of the geochemical associations.

Duplicate samples and replicate analyses were used for quality control. The
elements Au, B, Ge, Hf, Hg, R, S, Se and Te were excluded from the statistical
analysis of SS, and Au, B, Ca, Cd, Dy, Er, Eu, Gd, Ho, Ge, Hf, Hg, Nd, Pr, Sm, Na,
Re, S, Sh, Se, Ta, Tm, Te, and Ti were excluded from the soil statistics, either
because they had more than 20% of the data below the detection limit, or because
they failed in field duplicates and laboratory replications (Thompson-Howarth). Thus,
35 valid elements were considered for statistical analyses of SS, and 37 for soils. In
the approved data matrix, the concentrations reported as being below the detection
limit (DL) were multiplied by 0.5 for statistical analysis. The data obtained were
processed with Statistica® software, which divided the data into up to 6 categories,
based on the quartile values: (I) between the minimum value and the first quartile
(Lower Hinge - LH); (Il) between the first quartile and the median (second quantile);
(111) between the median and the third quartile; (IV) between the third quartile and the
maximum value (Upper Hinge - UH). The set of values between the first and third
quartiles is called the interquartile range (IQR), which consists of the half of the
values closest to the distribution center, interpreted in this paper as the background
population. Subsequently, the values above the UH (thresholds) were divided into
three further categories according to the following formula: (IV) Third Threshold = 1.5
x IQR; (V) Second Threshold = 3.0 x IQR and (VI) First Threshold = 6.0 x IQR, in
addition to (VII) maximum values (outliers which have values above the 1st
threshold). Multivariate statistical methods are extremely sensitive to distortions
caused by asymmetry of the data set and the presence of outliers. Therefore, it was
necessary to log-transform the contents, and exclude extreme values that remained

after the transformation. A maximum of seven categories were used, depending on
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the element, from the quartiles and thresholds (where they existed), to represent the

isolines of the elements’ interpolation maps. The outliers were evaluated separately.

4. RESULTS

4.1 LITHOCHEMISTRY OF THE FAZENDA VARELA CARBONATITE AND
ASSOCIATED ROCKS

The FVC intruded the sandstones of the Rio Bonito Formation causing
brecciation, carbonation and silicification. The chemical compositions of the rocks in
outcrops on the West and North hills are shown in Table 1 (major and trace
elements) and Table 2 (REE). The carbonatite is fine to medium-grained, gray or
brown in color, and intensely cut by veins of microcrystalline quartz, carbonate and/or
apatite. The sandstone is arkosic, massive, tan-yellow, medium-grained, well
selected, and composed of quartz, orthoclase and biotite. In contact with carbonatitic
fluids, the sandstone can be brecciated, silicified and carbonated. The breccias are
composed of quartz, orthoclase and different proportions of carbonate minerals. In
the homogeneous parts of the breccia (those without carbonatitic veins), silicification
induces hydrothermal quartz crystallization in the grains’ interstices, "erasing" the
boundary of the primary grains of the sedimentary rocks. The "silica mass" formed
contains well-developed carbonate crystals, which originate from the
carbohydrothermal phase, and show cleavage marked by impurities (Fe oxides). The
sample FV 05 is a carbonated breccia which is Si-rich due to a silicification process.
The sample FV 13 is a carbonated breccia which is enriched in Ca, Mg, Mn, P, Sr,
Ba, C, Nb, U, Y, and REE by comparison with the silica breccias (FV 04) and
sandstone (FV 02).
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Table 1. Major and trace elements data from Fazenda Varela carbonatite and enclosing

rocks (sample 11.4.2.b from Menegotto and Formoso, 1998).

SAMPLE
ELEMENT BROWN GRAY WEATHERED
%) SANDSTONE BRECCIA CARBONATITE | CARBONATITE | CARBONATITE
FV 02 FVO04 [FV05 |FV13 |CVF 16 CVF 17 4.2
Si0, 61.43 60.1 |6557 |41.94 |2.96 0.69 434
Al,03 7.65 1124 [9.73 [11.49 |1.71 0.22 0.55
CaO 0.02 nd. |623 |6.91 |33.29 20.59 0.77
Fe,0sT | 19.21 12.33 [320 |11.98 |12.25 10.72 38.91
K20 5.24 6.43 |6.46 |867 |0.45 0.14 -
MgO 0.07 0.09 0.37 2.97 5.14 8.05 0.54
Na,O 0.13 0.17 0.25 0.32 0.58 0.05 -
MnO 0.05 0.65 0.37 1.33 1.75 1.47 5.23
P,Os 0.07 014 |0.07 |0.32 |13.91 0.03 0.59
TiO> 0.69 0.51 0.20 0.55 0.04 <D.L. -
Sro 0.01 011 |0.08 |032 |1.27 0.26 0.20
BaO 8.71 12.98 |5.95 10.78 |1.46 >1000 21.66
CO, 0.40 1.90 4.69 8.79 21.47 35.84 0.45
Total 103.68 106.64 | 103.17 | 106.37 | 96.27 78.06 73.24
1295.7 114
Nb(ppm) | 87560 759.90 | 161.80 | ; 913.00 89.40
Th (ppm) |111.70 165.40 | 62.30 |88.10 |290.20 337.80 650
U (ppm) 6.20 7.20 6.80 16.20 |33.90 8.40 27.8
Y (ppm) | 10.80 47.10 |17.40 |67.20 |1738.70 50.40 n.d.
Th/U 18.02 2297 |9.16 |544 |855 40.12 29

*n.d. = no data

Table 2. REE data from the Fazenda Varela carbonatite and enclosing rocks (sample 11.4.2.b
from Menegotto and Formoso, 1998).

SAMPLE
ELEMENT BROWN GRAY WEATHERED
(ppm) SANDSTONE BRECCIA CARBONATITE | CARBONATITE | CARBONATITE
FV 02 FV 04 FV 05 FV 13 CVF 16 CVF 17 I.4.2.b
La 58.1 143.7 182.1 384.5 2324.50 4285.70 5503
Ce 338.7 1660.7 323.2 693.5 4129.70 5519.20 9408
Pr 15.1 225 31.77 69.5 413.89 419.69 n.d.
Nd 55.5 66.5 103.5 227.1 1362.90 1057.60 2485
Sm 9.81 11.28 14.94 31.02 220.95 102.13 303
Eu 2.8 4.12 4.4 8.73 78.33 24.74 74.2
Gd 6.87 9.07 9.86 19.7 230.78 66.18 215
Tb 0.85 1.74 1.21 2.96 52.64 5.66 24.1
Dy 3.63 9.3 4.33 13.74 331.31 18.68 76.5
Ho 0.59 1.99 0.6 2.54 72.01 1.91 n.d.
Er 1.18 5.4 1.47 6.66 174.09 3.62 n.d.
m 0.17 0.76 0.2 0.96 21.56 0.47 n.d.
Yb 1.46 4.31 1.1 5.31 103.97 3.19 2.1
Lu 0.18 0.56 0.16 0.72 12.27 0.39 0.42
Sum 494.94 1941.93 |678.84 1466.94 | 9528.90 11509.16 18091
SLREE 480.01 1908.8 659.91 1414.35 |8530.27 11409.06 17773.20
SHREE 14.93 33.13 18.93 52.59 998.63 100.10 318.12
LREE/HREE 32.15 57.62 34.86 26.89 8.54 113.98 56.87
(La/YDb)en 26.83 22.48 111.61 48.82 15.07 905.77 1773.13

*n.d. = no data

Figure 2 shows the chondrite-normalized REE pattern diagram (Boynton, 1984)

of sandstone, breccia, and gray, brown and weathered carbonatite. The enclosing

sandstone (FV 02) has high LREE / HREE fractionation and positive Ce anomalies,

caused by the increased degree of oxidation (transformation of Ce® * into Ce* ™).

Generally, the breccias show REE patterns similar to sandstone, although they have

higher REE contents. Unlike the other breccias, sample FV 04 shows an REE pattern
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similar to brown carbonatite (CFV 16), which has HREE-enrichment and lower REE
fractionation. The enrichment in HREE and Y of brown carbonatite was not
completely understood. Problaby it was caused by the interection with the
carbohydrothermal fluid, as verified by Manfredi et al. (unpublished results) from
studies of crystallochemistry. However, the FV 04 fractionation may not be related to
the carbohydrothermal fluid, and may have been caused by weathering, refleting on
the loss of LREE. The possibility of HREE enrichment of brown carbonatite by
weathering can be rejected, since the sample does not have Ce anomalies and has
the same LREE levels as gray carbonatite, signaling that there was no loss of these
elements. In addition, in the paper of Manfredi et al. (under review), the authors
demonstrate by crystallochemistry that the hydrothermal apatite, found only in the
brown samples, have lower REE fractionation than expected, as well the whole rock.
Unlike the brown carbonatite, the gray samples (CVF 17) shows high REE

fractionation.
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Figure 2. Chondrite-normalized REE pattern diagram (Boynton, 1984) of sandstone, breccia, and gray,
brown and weathered carbonatite.
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4.2 STREAM SEDIMENT GEOCHEMISTRY

The LAC drainage pattern is typically rectangular, but ring-shaped or radial near
the alkaline outcrops. The statistical parameters obtained from the sediments
sampled throughout the area are presented in Table 3. Outliers of Ba, Mg, Ti, Co,
Cu, Li, Nb, Sc, V, Zr, P, Th, U, Y and REE were identified from the box-and-whisker

plots. These anomalies are located close to the alkaline rocks.

QUARTILE THRESHOLD
ELEMENT MEAN COWER MEDIAN UPPER 30 20 o MINIMUM MAXIMUM
Al% 0.96 0.56 0.83 1.24 2.26 3.28 5.32 0.16 4.49
Ca% 0.10 0.03 0.06 0.13 0.28 0.43 0.73 <D.L. 0.92
Fe% 2.46 1.37 2.01 2.86 5.10 7.33 11.80 <D.L. 15.00
Mn% 0.041 0.02 0.03 0.05 0.09 0.13 0.22 <D.L. 0.34
Mg% 0.16 0.05 0.13 0.22 0.48 0.73 1.24 0.01 1.56
K% 0.11 0.06 0.10 0.14 0.26 B8 0.62 0.02 0.89
P(ppm) 200 100 200 300 600 900 1400 <D.L. 1700
Ba(ppm) 103.19 |52.00 90.00 126.00 237.00 348.00 570.00 8.00 1,572.00
Sr(ppm) 12.09 |[3.60 6.60 16.90 36.85 56.80 - <D.L. 94.00
Nb(ppm) 0.64 0.24 0.45 0.84 2 3 4 <D.L. 9
Li(ppm) 10.38 | 6.00 9.00 13.00 23.50 34.00 - <D.L. 41.00
Be(ppm) 0.63 0.30 0.50 0.80 1.55 2.30 3.80 <D.L. 3.80
Sc(ppm) 3.28 1.50 2.40 3.80 7.25 10.70 17.60 0.20 39.60
V(ppm) 52.23 13.00 25.50 62.00 135.50 209.00 356.00 2.00 1,097.00
Cr(ppm) 11.69 |[6.00 10.00 16.00 31 46 76 <D.L. 79
Co(ppm) 7.94 3.40 6.60 9.40 18.40 27.40 45.40 0.40 115.30
Ni(ppm) 9.18 3.90 8.10 12.20 24.65 37.10 62.00 <D.L. 70.50
Cu(ppm) 16.34 |5.50 10.40 22.20 47.25 72.30 122.40 0.70 123.20
Zn(ppm) 39.25 18.00 34.00 51.00 100.50 150.00 249.00 <D.L. 320.00
Sn(ppm) 0.90 0.50 0.80 1.10 2.00 2.90 4.70 0.02 5.80
Ga(ppm) 3.93 2.10 3.35 4.90 9.10 13.30 - 0.60 19.60
Rb(ppm) 12.12 [6.90 10.40 15.30 27.90 40.50 - 1.30 51.30
Zr(ppm) 5.70 1.40 3.20 6.90 15.15 23.40 39.90 0.25 107.20
Mo(ppm) 0.51 0.22 0.43 0.66 1.32 1.98 3.30 <D.L. 4.43
Cs(ppm) 1.24 0.81 1.08 1.47 2.46 3.45 5.43 0.21 6.39
Cd(ppm) 0.06 0.03 0.05 0.08 0.16 0.23 0.38 <D.L. 0.39
Th(ppm) 6.41 3.50 5.00 7 12 17 27 1.00 73
U(ppm) 0.85 0.50 0.65 0.87 1.43 1.98 3.09 0.13 6.88
Pb(ppm) 9.58 6.20 8.25 11.40 19.20 27.00 42.60 1.50 100.90
Y (ppm) 5.51 3.32 457 6.18 10.47 14.76 23.34 0.46 47.35
La(ppm) 14.79 10.30 13.45 17.10 27.30 37.50 57.90 1.00 122.30
Ce(ppm) 33.78 |23.38 29.92 39.19 62.91 86.62 134.05 251 323.69
Th(ppm) 0.28 0.18 0.24 0.31 0.51 0.70 1.09 0.03 2.07
Yb(ppm) 0.42 0.20 0.30 0.50 0.95 1.40 2.30 <D.L. 4.60
Lu(ppm) 0.06 0.03 0.04 0.06 0.11 0.15 0.24 <D.L. 0.63
YREE(ppm) |49.33 |34.16 44.08 57.06 91.41 125.76 194.46 3.60 450.38

< D.L. = Lower than Detection Limit
Table 3. Basic statistical parameters of stream sediment samples from Barcia do Parana (n =
442 samples).

The spatial distributions of Nb, Ba, P and REE in the LAC are illustrated in
Figures 3 and 4. These elements were chosen due to their economic importance and
because they represent the signature of the FVC. The most important anomalies of
these elements are associated with alkaline intrusions, although they are not
exclusive to them. According to Scheibe (1986), Traversa et al. (1996) and Dani

(1998) the rocks from the LAC have pyrochlore and apatite (<1%), which must be the
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anomalies’ source rather than the carbonatite. The Nb anomalies in the SS should be
related mainly to phonolites, which are the most abundant rock of the LAC, and may
be the principal source of sediment in the Nb-anomalous drainage (Figures 1 and 3).
The Ba anomalies are probably related to the nepheline syenite, since this rock
contains up to 0.30% Ba (Traversa et al., 1996). The background P in the SS has
limits between 0.01 and 0.03%; this is similar to the enclosing sandstone, which has
P contents around 0.02%. The higher P contents were found in the southwestern part
of the area (Figure 4), with anomalous contents up to 0.17%. The ultramafic alkaline
rocks, with the exception of the brown phase of the FVC, are the rocks with the
highest P content in the whole complex, with up to 0.24% P in the olivine melilitites
and 0.3% in the olivine nephelinite. However, the REE anomalies in the SS are
mainly related to the areas under influence from the phonolites, which have REE
contents up to 500 ppm. The chondrite-normalized REE pattern (Figure 5) of the SS
has a behavior very similar to that of the phonolite REE pattern, although the
sediments are poorer in REE than the rock due to the dilution in the drainage.

The correlational study of the elements in the sediment showed strong
associations (greater than 0.80) between REE and Y, Th, U, Al, Fe and Zn. These
results reflect the composition of carbonatite and other alkaline rocks from the
complex. Three anomalous samples (JCO-833, JCO-834 and JCO-835) observed in
the southwestern part of the study area (Figure 4) show the maximum P and HREE
values in the entire dataset. No outcrops of alkaline-carbonate rocks have been
reported in the literature near the drainage sub-basin where these samples were
collected. In the regional mapping performed by Scheibe (1986, Figure 1), that area
was considered as the Serra Geral domain, which cannot be the source of these
anomalous sediments due to being poor in REE and P.

The principal minerals observed in most of the heavy mineral concentrations in
the Lages region were magnetite, hematite, and ilmenite. They accounted for up to
75% of the total of the concentration. Magnetite is an important mineral in the
carbonatite, responsible for the strong magnetic anomalies observed using
magnetometry (Manfredi et al., under review). Garnet, pyroxene, and zircon were
present with a maximum content of 25% in the samples collected near the alkaline
rocks. Apatite, monazite, rutile, chromite, pyrite, epidote, hornblende, and scheelite

were also found in subordinate quantities. This mineralogy is strongly associated with
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the alkaline rocks of the complex, although only apatite, monazite, and pyrite may be

related to the Fazenda Varela carbonatite.

Figure 3. Map of dispersion of Nb and Ba from stream sediment in the Lages Alkaline Complex.
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Figure 4. Map of dispersion of P and REE from stream sediment in the Lages Alkaline Complex.
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Figure 5. Chondrite-normalized REE pattern diagram (Boynton, 1984) from stream sediment samples in
the Lages Alkaline Complex.
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4.3 SOIL GEOCHEMISTRY OF THE FAZENDA VARELA CARBONATITE

Table 4 provides a statistical summary of the major and trace elements in the
soil samples from the Fazenda Varela carbonatite and associated rocks. The soill
results show very low amounts of Ca, often lower than the detection limit (< 0.01%);
this is unlike both gray and brown rock samples, which have much higher contents
(approximately 30%). Although there was a lower Mg content in the soil than in the
rock (about 5%), it was leached less than Ca. There was a significant increase in Mg
in the centers of the hills, in relation to the mesh soil border; the former reached a
maximum content of 0.17% in sample JCP-118, which came from near an outcrop of
brown carbonatite. The Mn levels were high, reaching the upper 1% detection limit,
especially in the areas near the outcrops of brown carbonatite. In the areas with the

greater influence of the enclosing rocks, their content falls considerably.
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Table 4. Basic statistical parameters of soil samples over the Fazenda Varela Carbonatite (n=92

samples).

QUARTILE HRESHOLD MINIMUM MAXIMUM
ELEMENT MEAN

LOWER |MEDIAN |UPPER |3° 20 1°
Al% 251 1.87 2.46 3.03 4,76 - - 0.93 4.98
Fe% 5.52 2.68 3.66 6.91 13.25 - - 1.40 15.00
Mn% 0.24 0.06 0.33 - - - - 1.00 0.34
Mg% 0.05 0.03 0.04 0.06 0.11 0.15 - 0.01 0.17
K% 0.08 0.06 0.07 0.10 0.16 - - 0.03 0.19
P(ppm) 500 100 200 500 1000 1500 2600 0.00 4500
Ba (ppm) 500 <D.L. 100 500 100 1700 2900 <D.L. 8000
Sr(ppm) 16.41 7.40 12.10 18.15 34.28 50.40 82.65 0.80 123.30
Nb(ppm) 273.92 2.96 4.65 714.09 - - - 0.98 >1000
Li(ppm) 8.57 6.00 8.00 11.00 - - - 3.00 18.00
Be(ppm) 1.22 0.40 0.80 1.30 2.65 4.00 6.70 0.05 16.80
Sc(ppm) 9.84 4.95 7.30 13.45 26.20 38.95 - 2.20 38.60
V(ppm) 108.79 49.50 73.00 157.50 319.50 - - 18.00 425.00
Cr(ppm) 17.91 12.00 17.00 24.00 42.00 - - 1.00 45.00
Co(ppm) 7.03 2.90 6.35 10.55 22.03 - - 1.30 23.30
Ni(ppm) 8.81 5.25 7.25 11.95 22.00 - - 1.40 23.40
Cu(ppm) 14.31 7.45 11.05 17.70 33.08 48.45 79.20 3.70 110.40
Zn(ppm) 179.99 30.50 56.00 205.50 468.00 730.50 1,255.50 | 13.00 1,629.00
Sn(ppm) 1.40 1.10 1.30 1.65 2.48 3.30 - 0.40 3.80
Ga(ppm) 10.95 8.20 11.30 14.05 - - - 0.05 22.20
Rb(ppm) 15.94 10.45 14.35 21.80 38.83 55.85 89.90 1.20 43.40
Zr(ppm) 8.99 3.95 7.25 11.75 23.45 35.15 - 0.25 50.70
Mo(ppm) 19.81 10.67 16.67 25.68 48.20 70.73 - 4.47 82.41
Cs(ppm) 1.72 1.13 151 2.38 - - - 0.19 3.94
W(ppm) 0.72 0.30 0.50 0.90 1.80 2.70 - 0.05 4.40
As(ppm) 35.16 15.00 19.00 22.00 32.50 43.00 64.00 1.00 769.00
Bi(ppm) 0.51 0.27 0.44 0.69 1.32 1.95 - 0.01 1.98
Th(ppm) 190.16 22.95 41.90 197.55 459.45 721.35 - 8.00 1,205.00
U(ppm) 7.98 2.40 3.49 9.09 19.13 29.16 49.23 1.25 72.52
Pb(ppm) 47.49 31.90 43.75 57.45 95.78 134.10 210.75 10.70 155.70
Tl(ppm) 0.63 0.39 0.57 0.72 1.22 1.71 - 0.13 2.17
Y(ppm) 35.69 4.97 8.17 40.71 94.32 147.93 255.15 1.48 500.08
La(ppm) 477.81 18.50 31.20 354.85 859.38 1,363.90 |2,372.95 |5.40 13,800.00
Ce(ppm) 1,454.81 |78.47 174.31 1,564.35 |3,793.18 |6,022.01 |10,479.66 | 29.72 17,700.00
Tb(ppm) 2.33 0.28 0.41 2.04 4.68 7.32 12.60 0.09 43.62
Yb(ppm) 2.55 0.30 0.60 3.85 9.18 14.50 25.15 0.20 29.60
Lu(ppm) 0.33 0.04 0.08 0.58 1.38 2.18 - 0.02 3.37
SREE(ppm) |2,304.12 |105.42 207.86 2,230.92 |5,419.18 |8,607.44 |14,983.95 |40.09 40,973.75
LREE (ppm) |1,807.21 |78.47 174.31 1,844.45 |4,493.42 |7,142.39 |12,440.33 |29.72 26,852.27
HREE (ppm) | 19.10 0.64 1.05 22.32 54.8 87.36 152.40 0.31 321.48

The Mn levels are high, exceeding the detection limit of 1%, especially in areas

near the brown carbonatite outcrops. In areas with major sandstone contributions,

the Mn contents decrease considerably. The soil has tenuous Fe-enrichment, with an

average of 10% in the central areas of the body. Four soil samples in these areas
(JCP-118, JCP-122, JCP-124 and JCP-128) had levels above the upper detection
limit (> 15%).
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The background P content in the soil is between 0.01% and 0.05%, which
agrees with the average of the gray carbonatite that represents the majority of the
rock samples. However, three magnetometric targets (Figure 6) coincide with soil P
anomalies (Figure 7). The Al anomaly occurs near the outcrop where the brown
carbonatite (P-rich samples) were found. The maximum P content in this anomaly
soil reaches 0.45% in the sample JCP-118 (Figure 7). This value is very high when
compared to the gray carbonatite rock samples (0.01%) and low when compared
with those of the brown carbonatite (13.9%). The anomaly A2, located in the North
hill, can represent two magnetometry targets that were united by the geochemical
data interpolation. The anomaly A3 also overlaps the magnetic anomalies and its
center is represented by the anomalous soil sample JCP-124. This sample point is
located on the line that crosses the carbonatite NW-SE. Values below the detection
limit are found at the soil mesh boundaries. The levels of P in the sandstone are low,
at less than 0.02%, but the carbonate breccia can have contents of up to 0.07%.

The REE are important elements in the Fazenda Varela carbonatite; the rock
samples’ contents may exceed 1% in the gray carbonatite. In the soil, the REE can
be enriched by up to 4 times relative to the rock, reaching a maximum of 4.1% in the
sample JCP-118. It can be seen in the REE isoline map (Figure 7) that REE behavior
is similar to the P, with the highest contents overlapping with the magnetometric
targets (Figure 6). The LREE, mainly Ce and La, are the most abundant REE in the
rock, with values greater than 1%, while HREE contents do not exceed 0.1%. The
brown carbonatite sample has a much smaller fractionation than the gray carbonatite,
with La / Yb ratios of 15 and 2000, respectively. In the soil this ratio reaches a
maximum of 528 in the samples near the center of the carbonatite (JCP-118) and

decreases to 20.5 at the edges.
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Figure 7. Isoline maps of P and REE in soil samples on the West and North hills, on the Fazenda Varela
Carbonatite.

Ba is an abundant element, with levels ranging from 1% in the brown
carbonatite to 9% in the gray carbonatite. The soil is depleted in Ba, with a maximum
content of 0.8% in the JCP-118 sample. Like the other elements found, its content
decreases with distance from the center of the body.

In the soil, the Nb contents of samples near to the magnetometry targets Al, A2
and A3 show levels above the detection limit (> 1000 ppm), while the samples at the
border of the mesh have values lower than 30 ppm. Like P content, Nb varies greatly
in the carbonatite rock samples, between 0.9 ppm in the gray carbonatite and up to
2.857 in the brown, which outcrops on Anomaly I. Generally, the soil has Nb contents
much higher than the rock samples, which are mostly represented by gray
carbonatite and by weathered carbonatites. Due to the low mobility of Nb, its content
in the soil indicates enrichment relative to the rock, which in general is relatively poor
in this element. Because of the upper detection limit for Nb in the soil analyses, it was
not possible to confirm if the Nb levels in the anomalous areas are higher than those
of the brown carbonatite.
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5 DISCUSSION

5.1 DISPERSION OF ELEMENTS

As previously pointed out in section 1, the FVC is a body that is almost
completely covered by sedimentary rocks, or by the relatively thick soil layer resulting
from the weathering of the sedimentary rocks breccias and carbonatite. Because of
that, soil chemistry results were essential for the understanding of P,Os and REE
mineralization of the carbonatite body. In order to evaluate the dispersion of the main
chemical elements of the carbonatite as a function of weathering, we compared the
range of soil background values with carbonate content (brown and gray), weathered
carbonatite, quartz-feldspathic breccia and SS.

Comparing the elements of the soil samples in the same places that gray and
brown carbonatites are found, the soil shows variations in composition that are
proportional to the rock types. The REE, P and Nb anomalies in the soil are near to
brown carbonatite outcrops, which are also rich in these elements, while in zones
with gray carbonatites, the contents decrease. In the anomalous zones, the soil has
lower P levels than the brown carbonatite, even though they are still high. This may
suggest a high mobility of P (although oxy Fe and Al hydroxides are known for their
important fixing power of P in tropical climate zones) or, more likely, a mixture with
other materials in the soil formation. The other elements (REE and Nb) are enriched
in the anomalous zones in relation to unweathered rock. Other elements that do not
have significant contents in the carbonatite were concentrated in the soil, as was the
case for Al, Zn, Cu and Ni.

The chondrite-normalized REE pattern in soil, sandstone and gray and brown
carbonate can be seen in Figure 8. All the soil samples show loss of REE in relation
to carbonatite and are richer than sandstone, except for the samples JCP-118 and
JCP-124, which have anomalous REE compositions. In the soil samples, the
fractionation pattern agrees with the gray carbonatite, with a high LREE/HREE ratio.
The positive Ce anomaly is probably related to the enrichment of soil in Ce*, a
weathering product. The samples JCP-118 and JCP-124 show different REE
patterns to the other soil samples, with are enriched in REE compared to the

carbonatites, and less fractionated than the other soil samples, even the fractionation
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is still higher than in the brown carbonatite. Therefore, the HREE enrichment of the
brown carbonatite samples was not reflected in the soil samples.

100000

TTTIT

Legend
Brown Carbonatite
— Grey Carbonatite
Soil
Sandstone

————
°E \/\
La Plr le Eu Tb Ho ™ Lu
1 1 | 1 1 1
by T T T T T T I
Ce Nd Sm Gd Dy Er Yb

Figure 8. Diagram of chondrite-normalized REE (Boyton, 1984) of samples from around the Fazenda
Varela Carbonatite.

The weathered carbonatite has mean values of 1500 ppm of P, 15.27% of Fe,
0.28% of Mg, 13.53% of Mn, 641 ppm of Th and 8600 ppm of REE. These levels are
higher than the average concentrations of P, Fe, Mg, Mn, Ba, Th and REE in the soil
(Table 4), which is explained by the low mobility of these elements in acidic
environments.

The quartz-feldspathic breccias show enrichment in P, Ba, Nb and REE,
indicating that they were also affected by the carbohydrothermal events. The breccia
is rich in Al, Fe, Mg, K, P, Ba compared to the soil average; Nb and LREE averages
remained similar. On the other hand, the anomalous soil samples show much higher
contents of these elements, especially REE, P and Nb. These results corroborate the
hypothesis of localized late carbohydrothermal events occurring in the area, and
indicate that the more enriched the soil sample is in these elements, the closer it is to
the hydrothermal alteration zone.

The humid climate characteristic of the Lages city has a very important
influence on the elements’ chemical behavior during the weathering processes.
Carbonates are easily dissolved when subjected to carbonic acid, formed from the

reaction of rainwater with atmospheric CO,. Although calcite and dolomite have low
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solubility in pure water, it increases considerably in water with dissolved CO,. The
reaction between calcite and carbonic acid, for example, results in Ca * and
bicarbonate ions, which are easily transported through the drainage. The Ca results
indicate a high mobility and dispersion of the element, causing the loss of Ca in both
the altered rock and in the soil. We did not observe high Ca-rich mineral
concentrations in the SS, which may be because the element was transported in
ionic form.

The minerals from the carbonatite were submitted to the various
transformations in the geochemical cycle, resulting in fractionation, redistribution and
mixing of elements with other materials variously altered from erosion and transport
within the drainage basin. Anomalies of P, Nb, Th, Ba and REE, characteristics of the
FVC, were probably masked in the SS due to the high background levels caused by
the presence of alkaline rocks in the area and mixing with sedimentary materials. In
addition, another factor that may have contributed to the poor geochemical response
in the SS was the predominantly clastic dispersion and eminently local character of
these elements. Vieira (2016) conducted a geochemical study of SS in drainage that
interacts more directly with the FVC, and also did not identify the geochemical
carbonatite signature.

The elements’ distribution in the SS can be observed in Figure 9, where log-
transformed soil and SS data are compared in boxplot form. The P showed a very
similar distribution between the soil and SS samples, with a very proximate median,
although the soil had greater amplitude. When comparing these results with the gray
carbonatite (which probably reflects the greater part of the carbonatite body), the
altered rock and the breccia, P enrichment was observed in the altered rock, soil and
breccia, but SS contents remained relatively low. The brown carbonatite samples are
the ones with the highest P contents, but these were not used as
accumulation/dispersion parameters because they represent an anomaly and not the
totality of the carbonatite. The low content of apatite in the heavy minerals
concentrates was also observed in the streams studied. In the rock samples,
phosphate is found only in the brown carbonatite, and appears as a mass of
cryptocrystalline apatite, which is more susceptible to weathering. These results
suggest that there was probably secondary phosphate accumulation in the proximal

areas of the carbonatite, which strengthens the limited dispersion hypothesis.
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The soil results for Ba show a much greater amplitude of the positive thresholds
(Figure 9), although the Ba medians are very close, due to the direct contribution of
carbonatite in the anomalous soil formation. In the rock samples, the highest levels of
Ba are found in gray carbonatite in the barite form, suggesting that the samples
submitted to weathering have lost Ba, which has been leached and transported in the
form of dissolved cations; whereas there are no barite anomalies in the drainage
basins near the FVC.

REE occur in the FVC mainly in the form of REE-fluorocarbonates.
Crystallochemistry performed by Manfredi et al. (2013) suggests that the carbonatite
and the breccias are the primary sources of REE. Therefore, the higher REE levels in
the soil than in the SS can be explained by the fact that the REE are present mostly
in non-resistant minerals, as well as the other carbonates present in the rock, end up
being transported in the ionic form. However, unlike Ca®, which is extremely mobile,
REE accumulate in the soil. According to Dani et al. (1998), goethite may be a
capture phase of REE, and Formoso et al. (1989) also relate REE concentration to
iron-manganese concretions. For this reason, REE levels are generally higher in the
soil than in rocks and sediments.

Niobium has low mobility in a laterite formation environment, and its largest
deposits are therefore associated with supergenic accumulation, such as the Seis
Lagos deposit in Brazil, which is associated with carbonatite (Giovaninni et al., 2017).
In the FVC, Nb is found in Ca-pyrochlore and, possibly, pandaite, as an alteration
product (Manfredi et al., unpublished results). Although some samples of brown
carbonatite (up to 2,857 ppm) and breccia (up to 1,295 ppm) show high Nb contents,
the average in the carbonatite is relatively low (117 ppm). The soil shows enrichment
in Nb (=273 ppm), mainly in the areas close to the anomalies, where its content
exceeds 1,000 ppm, which is much higher than the content in altered rock (=68 ppm),
evidencing its high resistance. The mean Nb in the SS is 0.64 ppm, indicating the low
dispersion of the element.

As well as Nb, Th and U also present non-mobile behavior, which is confirmed
by the important gamma-spectrometry anomaly that evidences the carbonatite body’s
boundaries (Manfredi et al., under review). The distribution of the elements is similar,
both in the soil and in the sediments. However, Th shows a much higher enrichment
than U in the soil, whose average Th/U ratio is 23.8, whereas in the sediment it is

7.54. The Th enrichment in the soil, relative to U, shows the much less mobile
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character of Th, which accumulates while the U is dispersed. Compared with the
carbonatite, the Th/U ratio is higher in the brown samples than in the gray (Table 4).
The high U contents are probably related to the presence of apatite and zircon
formed in the brown carbonatite, while Th may be associated with the parisites of the

both brown and gray carbonatite.
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Figure 9. Boxplot showing the distribution of strategic elements in soils from the Fazenda
Varela Carbonatite and in stream sediments of the Lages Alkaline Complex.
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5.2 SOIL GEOCHEMICAL ASSOCIATION

In order to evaluate the associations among the elements and the geochemical
signature of the carbonatite in the soil, a principal component analysis was
performed. In this analysis, the four factors identified represent the associations of
some elements in the data set (Figures 10 and 11). To confirm these associations, a
bivariate analysis was also performed (Figure 12), which presented results very
similar to the factors. Factor 1 shows the association of Ce, Fe, In, Mn, Nb, Sc, Th, U,
V and Zn, which are considered to be less mobile, thus representing a soll
accumulation product from carbonatite alteration. Ce and La also showed strong
correlations with Fe, Mn, Th and Ba in the bivariate analysis, which may be related to
the crystallization of Fe-Mn calcites, barite and parisite/synchysite, associated to
carbothermal events. Factor 2 is positively correlated to K, Li and Rb and probably
reflects the contribution of the enclosing sandstone. Factor 3 is positively correlated
to REE, P and Y and is probably associated with the ocorrence of brown carbonatite.
The phosphate and HREE enrichment in the brown carbonatite is related to the
apatite veins, that might be related to different stages of carbonatite differentiation
(Manfredi et al., under review). Factor 4 is associated with Cu and Ni, and is related
to concentration processes of the metallic elements in the soil, but this has little
relevance in studies related to carbonatite.

Table 5 shows the eigenvalues, which indicate the relative weight of each factor
in the total variability of the data set. Factor 1 has the greatest contribution (about
55%), indicating that the main event is related to the carbonatite event.
Subsequently, the sandstone has a strong influence on soil formation, contributing
15%. The presence of carbothermal zones, although important, has a smaller
contribution, probably because it occurs in a restricted way.

Using the soil results from this study it was possible to separate the P, REE and
Nb enrichment zones. Although the contact between the magnesium carbonatite and
the late hydrothermal event has not been found in the field, other features suggest
the occurrence of the mineralization event in the Factor 3 anomalous area: (a)
magnetite veins related to three magnetometric anomalies (Asa-mag, Figure 6)
coinciding exactly with the highly enriched sites in phosphate; (b) the mineral
oxidation from the primary carbonates, which modified the color of the rock, turning

the gray carbonatite to brown; and (c) the brecciated character of the carbonatite
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samples at these locations (carbonatite brecciated samples and not quartz-
feldspathic breccia), which are totally cut by apatite and calcites veins associated
with microcrystalline quartz and late poikilitic zircons. In general, the FVC is
extremely poor in P, which is expected from magnesium carbonatites; however the
samples (both rock and soil) on the magnetometric anomalies are P-rich. The rock
and soil samples collected on the magnetic anomalies show very important chemical,
mineralogical, geophysical and structural differences in relation to the other sampling
locations. Therefore, the contact between the carbonatite with the mineralization
event was not observed in the field only because the mineralizing fluid interacted with
the carbonatite in a pervasive way.
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Figure 12. Dispersion binary diagrams of soil samples, showing the correlations between Th, LREE and

Fe; Ba and Mn; P and HREE.
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Factor Eigenvalue | % Total |Cumulative | %Cumulative
1 14.20 54.62 14.20 54.62
2 4.06 15.60 18.26 70.22
3 2.27 8.71 20.52 78.93
4 1.97 7.59 22.49 86.52

Table 5. Eigenvalues referring to the factorial analysis of the Fazenda Varela Carbonatite.

6 CONCLUSIONS

Elements typically indicative of carbonatite, such as P, Nb, Th, and REE, had
low dispersions, probably in a clastic manner, and were limited to the vicinity of the
soil anomalies. The Fe and Al accumulated on the surface of the carbonatite, mainly
forming ferruginous crusts.

The REE content of the rock, mainly in the gray carbonatite and the breccia, is
much higher than in the soil and sediment samples. The chondrite-normalized soll
pattern shows, in general, a similar pattern to the sandstone or gray carbonatite.
However, it shows a lower fractionation of LREE / HREE, which may be related to the
transport processes of the elements. Positive Ce anomalies in the soil are related to
the oxidation of Ce®* to Ce”* *, which is more stable under weathering conditions. For
the SS, the pattern did not correspond to the carbonatite samples, but to the
phonolites, the most abundant rock of the LAC.

The brown rock samples that were anomalous in P, Nb, Zr and HREE were
identified in outcrops close to magnetic anomalies. The soil sample collected on the
anomaly (JCP-118) also presented the maximum values of Ba, P, Nb and REE of the
entire sampling area. The JCP-124 sample was obtained from the location of
Anomaly 3 and coincides with the NW-SE lineament determined by remote sensing
and geophysics.

The P and REE anomalies, as well as those of Factor 3, identified by principal
components analysis, are strongly associated with the magnetometric targets present
in the study area. These results may be related to the late fluids that interacted with
the carbonatite and were responsible for the crystallization of several minerals of
economic interest, such as REE-fluorcarbonates and apatite. Considering that the
main outcropping carbonatite body is poor in economically important minerals (with

the exception of Ce-parisite), the focus of the prospecting survey should be the late
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mineralized fluids that cut the carbonatite heterogeneously. In this case, the area that
appears promising for mineralization is in the region of the soil Factor 3 anomalies
(Figure 11).

In the case of the SS, the studied drainage does not indicate any contribution of
material coming from the carbonatite. However, the southwestern part of the LAC
showed the highest P and HREE anomalies; although no alkaline rock was identified
in this region, it probably the most part of the rock occurs in the subsurface, as well
as in the FVC.

The prospective study of the LAC and FVC therefore shows great potential for
P, Nb and REE mineralizations, although further studies to provide detailed mapping
of the LAC region, and drilling in the FVC, will be necessary to confirm the economic

viability of these occurrences.
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HIGHLIGHTS

Primary carbonatites from the nephelinite-clan and late-stage carbothermal fluid.

Parasite-(Ce), apatite and barite mineralizations related to carbothermal fluid.

Poikilitic well-developed hydrothermal zircon yielded U-Pb age of 78 £ 1 Ma.

Geophysics delimited underlying body 600 m in diameter at a depth of 50 m.

Relations with continental margin and Lages dome formation are reinterpreted.
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ABSTRACT

The Fazenda Varela carbonatite (FVC) has U-Pb age in zircon of 78 + 1 Ma, is part of
the Lages Alkaline Complex, whose emplacement is related to the reactivation of NE-

SW to ENE-WSW structures of the Precambrian Ribeira Belt by the reactivation of the

continental margin. The FVC occurs as veins that cut arkoses of the Rio Bonito
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Formation affected by brecciation and potassic fenitization. Geophysical data delimited
an underlying body approximately 600 m in diameter, placed at a depth of 50 m. The
lithotypes are magnesiocarbonatite, ferruginous calciocarbonatite, and ferrocarbonatite.
The magmatic minerals are dolomite, Fe dolomite, ankerite, and minor pyrochlore,
apatite, barite, orthoclase, and quartz. The carbothermal minerals are calcite, ankerite,
parasite-(Ce), apatite, zircon, barite, quartz, and pyrite. The primary and late-stage
characteristics are similar to that of primary carbonatites from the nephelinite-clan. The
Nb/Ta and Zr/Hf ratios indicate fractional crystallization process. The carbothermal
residua recieved the contribution of an alkaline fluid responsible for the crystallization
of well-developed zircon and high Zr content in the apatite. Ba (barite), P (Sr-, Y- and
Zr-rich fluorcalcioapatite), and REE (parisite-(Ce)) mineralizations are related to the
carbothermal fluid. The precipitation of barite, interactions with carbonates and
crystallization of apatite played key roles in the precipitation of parisite-(Ce). The
conduct of a prospecting and drilling camp is strongly recommended.

Keywords: Lages dome; carbonatite; P-REE-Ba mineralization; U-Pb zircon age.

1. Introduction

Carbonatites are igneous rocks, which in the International Union
of Geological Sciences modal nomenclature scheme contain over 50 vol.% of primary
carbonate and less than 20 wt.% SiO, (Le Maitre, 2002). Using a mineralogical-genetic
classification scheme, Mitchell (2005) proposed that carbonatites are igneous rocks
which that contain more than 35 vol.% primary carbonate regardless of silica content,
and subdivided carbonatites into ‘primary carbonatites’ and ‘carbothermal residua’.
Woolley and Kjarsgaard (2008) adopted the terms ‘magmatic’ and ‘carbohydrothermal’.
The recognition of ‘carbohydrothermal carbonatites’ eliminated a deep historic divide
between researchers with an interest in the Earth’s mantle studying igneous carbonatites
sensu stricto (as defined by IUGS), and those that study or explore for carbonatite-
related ore deposits (Simandl and Paradis, 2018). The term carbohydrothermal
carbonatite’ is defined by Woolley and Kjarsgaard (2008) as carbonatite which
precipitated at subsolidus temperatures from a mixed CO,—H,0O fluid that can be either

COg-rich (i.e. carbothermal), or H,O rich (i.e. hydrothermal).
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Most carbonatites are found in plutonic to subvolcanic alkaline complexes and
effusive equivalents are exceedingly rare. Carbonatites can contain minerals of
economic interest such as pyrochlore, ferrocolumbite, Nb-rutile (Nb), monazite and
bastnasite [rare-earth elements (REE)], apatite (P, REE), thorite, uranothorite, coffinite
(Th and U), barite (Ba), and rutile (Ti). In this sense, most of the world’s production of
rare metals such as Nb, REE, U, and Th and a significant part of the production of P,
Ba, and Ti, among others, comes from carbonatites (Pell, 1996; Mitchell, 2015;
Chakhmouradian and Zaitsev, 2012; Mariano and Mariano, 2012; Giovannini et al.,
2017).

The Fazenda Varela carbonatite (FVC) was identified by Scheibe (1976) as part of
the Upper Cretaceous Lages alkaline complex (LAC). The LAC consists of numerous
bodies of ultrabasic and alkaline rocks, distributed over an area of 1200 km2 named the
Lages Dome, which intrudes into the Gondwana sedimentary rocks and basalts of the
Parand Basin. The FVC is the only carbonatite occurrence in the LAC, where silicatic
rocks have been the subject of several detailed studies; however, few studies have been
conducted on the FVC. More recently, the increasing technological importance of REE
has renewed interest in the FVC, so prompting a series of investigations in 2012. It was
revealed that light REE (LREE) fluorcarbonate, apatite, and barite mineralizations are
associated with a carbothermal phase having very particular characteristics and are
much more promising than previously supposed. In addition, geophysical data indicated
that under a sedimentary cover of only 50 m, there is a continuous body of carbonatite
with a diameter of the order of 600 m.

In this work, we integrate our data - petrography, mineralogy, whole-rock
geochemistry, fluid inclusions, and geophysics — in order to present the first
comprehensive description of the FVC. The mineralogical description of the parisite-
(Ce) (Manfredi, 2013) is our only result already published (in a local journal, thus it is
summarized here). We also present the first dating of the FVC, a precise LA-ICP-MS
U-Pb age obtained in a very unusual late zircon crystal that encompasses the carbonatite
matrix. In this way, we were able to reassess the potential of the FVC to contain
economic deposits, here considered very high, to offer some thoughts on the source of
the mineralization, as well as briefly address the implications of this study in the models
proposed for the LAC.
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2. Background information

The alkaline-carbonatitic province of Santa Catarina (Almeida, 1983) consists of
two complexes of different ages (Fig. 1): Anitapolis complex (Lower Cretaceous) and
the LAC (Upper Cretaceous). In most cases, the emplacement of alkaline-carbonatite
complexes in the southern and southeastern Brazilian continental margin (Fig. 1) is
controlled by ancient tectonic features that were reactivated in Mesozoic times, related
mainly to regional structures such as arches, lineaments, and rifts (Gomes et al., 2018).
However, the emplacement of the Anitapolis and LAC is still a matter of debate
(Riccomini et al., 2005). Almeida (1983) related the positioning of both complexes to
opposite movements of the Ponta Grossa Arch and the Torres Syncline (Fig. 1). The
LAC emplacement was related to the NW-trending faults by Horbach and Marimon
(1982) and Riccomini et al. (2005). However, Bastos Neto et al. (1991) related the
control to the major ENE-WSW structures in the region (Fig. 1), the Major Gercino
(Bittencourt et al., 1989) and Itajai-Perimb6 (Silva, 1991) shear zones, which limit
tectonostratigraphic units of the Ribeira Belt (Martini and Bitencourt, 2014; Wildner,
2014), are aligned with the depocenter of the Santos Basin and are strongly marked in
the Parand Basin. In the case of Anitapolis, the influence of N-S-trending faults was
first pointed out by Melcher and Coutinho (1966) and was corroborated by Morgental
(1984) and Bastos Neto et al. (1991), who assigned the control to the Canela Grande
lineament (Fig. 1). Comin-Chiaramonti et al. (2005) proposed the Uruguay lineament
(Fig. 1) to have controlled the emplacement of both complexes.

In the map of regional magnetic lineaments encompassing the Lages Dome
(Jacques et al., 2014), a main orientation pattern of NE-SW and subordinately NNE-
SSW is observed. The first direction reflects the reactivation at the framework of the
ductile structures of the Ribeira Folded Belt, which continues underneath the Gondwana
sequence of the Parana Basin in the region. Multiscale maps of structural lineaments of
this same region obtained by means of digital products (LANDSAT and SRTM images
on 1:50,000, 1:100,000, 1:250,000, and 1:500,000 scales) highlight the NE-SW, NW-
SE, and N-S lineaments (Castro et al., 2003; Jacques et al., 2010, 2012, 2014). Tectonic
studies of the Lages Dome show five main structural directions: WNW, N-S, NNE,
ENE, and NW. The dome structure was related to a NE-SW compressive strain regime,

which stayed active after the intrusion and cooling of the alkaline rocks and was
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responsible for the generation of the dextral (NNE-SSW and NE-SW) and sinistral (E-
W) transcurrent faults, which also affected the rocks in this region (Roldan, 2007
Roldan et al., 2010; Machado et al., 2012).

The LAC rocks (Fig. 2) are divided into two groups (Scheibe, 1986; Dani, 1998):
leucocratic alkaline rocks (phonolite, nepheline syenite, and analcime trachyte) and
ultrabasic rocks (olivine and melilitite lamprophyre). These rocks occur as shallow
intrusions, breccia pipes, and dikes. The K-Ar dating of the alkaline rocks and
kimberlite yielded a minimum age of 63.5 + 3.3 Ma (phlogopite in olivine melilitite)
and a maximum age of 78.3 + 3.5 Ma (K feldspar in nepheline syenite) (Scheibe, 1986).
The Rb-Sr isochronical (whole rock) ages yielded 81 + 8 Ma (Scheibe et al., 1985;
Scheibe, 1986). The Ar-Ar dating of the phonolites (sanidine) and lamprophyres
(phlogopite) yielded ages of 75.9 =+ 1.4 Ma and 73.6 £ 1.4 Ma, respectively (Machado
and Teixeira, 2008).

Scheibe’s (1986) petrogenetic model evokes limited partial melting, with CO;
contribution, of the previously metasomatized upper mantle in a region subjected to
decompression due to the rise of a crustal block limited by deep Precambrian structures
affected by reactivation in the Jurassic and Cretaceous. From the parental liquids of
nephelinitic composition by fractional crystallization near the surface, olivine melilitites
and olivine nephelinites would be separated, and, in greater depths, peridotites,
phlogopite pyroxenites, and olivine calcium-rich melteigites. The separation of
immiscible carbonated fractions—the first magma extracted from the nephelinitic
parental magma—would give rise to the FVC, while the remaining liquids would evolve
by fractional crystallization, forming, on one hand, nepheline porphyric syenites,
miaschitic, and phonolites, and, on the other hand, porphyric phonolites. The final
volcanic activity, also of deep origin but with a high proportion of volatiles, is
represented by the many breccia chimneys with kimberlitic characteristics.

According to Traversa et al. (1996), mass balances indicate that the leucocratic
rocks were derived by crystal-liquid fractionation processes from both basanitic and
nephelinitic magmas. However, the presence of biotite, amphibole, and clinopyroxene
xenocrysts in the differentiated types (nepheline syenite and peralkaline phonolite)
agrees better with a basanitic-tephritic liquid line of descent. The presence of kaersutitic
amphibole and biotite in the subtracted solid assemblage suite points to the role of
PH,0. Together with the absence of plagioclase, as indicated by the lack of negative Eu
anomalies, this may suggest magmatic evolution deep in the crust, at least for basanite
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to phonotephrite and nepheline syenites. Mass balance results among olivine
nephelinites also reveal the possible role of high-pressure evolution of ultramafic
magmas connected with solidification in the lithospheric mantle before penetrating the
crust. This magmatic environment agrees with the lack of crustal contamination. Trace
element and Sr-Nd isotopic data suggest metasomatized mantle sources for the primary
magmas and variable crustal contamination for the more differentiated rock types.

Gibson et al. (1999) suggested that the LAC magmatism, located more than
1000 km to the south of the postulated center of the Trindade plume, was induced by
high-temperature melts channeling away southward from the thick keels of the S&o
Francisco Craton. Comin-Chiaramonti et al. (2002), who conducted isotopic studies (Sr,
Nd, C, and O isotopes) on the LAC (including FVC samples) and Anitapolis, disagreed
with the models relating these complexes to plumes and stated that the link with
geodynamic processes, which led to the opening of the South Atlantic Ocean, is crucial
to the magma genesis. For them, intraplate alkaline and alkaline-carbonatitic
magmatism occurs where second-order sutures (e.g., Ponta Grossa Arch and Uruguay
lineament) intersect the axis of major rifting, indicating an erosion and cycling of
continental mantle toward the ridge axis by local convention taking the form of
transverse rolls.

The FVC descriptions are those of Scheibe [1976, 1979 (unpublished)], who
sampled outcrops that no longer exist (they were completely removed for soil concealer
production) as well as six drill cores. Later works (Scheibe and Formoso, 1982;
Scheibe, 1986; Menegotto and Formoso, 1998; Formoso et al., 1999; Comin-
Chiaramonti et al., 2002) do not bring new petrographic or mineralogical information
on the FVC. Our samples generated new information and especially new interpretations.

Scheibe’s descriptions will be integrated with our data in the results section.

3. Materials and methods

Initially, sampling was performed on the outcrops maped by Scheibe (1976).
Subsequently, we made several profiles across the FVC for geophysical survey and soil
geochemistry survey - both works were part of a Brazilian Geological Survey project -
that allowed the collection of pebbles and breccia blocks with carbonatite veins. CFV

soil geochemistry was part of a study that covered a much larger area, included stream
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sediments and hydrogeochemistry, and will be addressed in a specific article. The
methods and results of the geophysical study are summarized here and will also be the
subject of a specific publication.

The geophysical data were obtained through terrestrial surveys covering an area
of 1.49 km?. For the gamma-ray spectrometric determination, a Radiation Solutions RS-
125 spectrometer was used. The ideal spacing between two points was 25 m, resulting
in 278 points distributed in nine lines with N-S direction and two E-W. Two GEM
SYSTEM GSM-19 Overhouse devices were used for the magnetometric survey. On
average, the main lines were 544 m in length and the interconnection lines were 1.6 km,
with a minimum spacing of 38 m and a maximum of 195 m.

X-ray diffraction (XRD) work was performed at the Universidade Federal do
Rio Grande do Sul (UFRGS) using a Siemens D-5000 diffractometer, equipped with
Cu-Ka radiation and a Ni filter in the range from 2° to 70° 28 with a velocity of 0.02° 20
per second. X-ray data were processed with “MATCH! Phase identification from
powder diffraction” developed by Crystal Impact, and compared to the Crystallography
Open Database. Semi-quantitative analysis of the XRD data was also performed by
MATCH! based on the peak heights, and the results are considered as only relative
amounts. Energy-dispersive X-ray spectrometry (EDS) analyses were performed at the
UFRGS using a JEOL-JSM5800 scanning electron microscope (SEM) with 20 kV, 10
nA, and a spot size of 5 um.

Electron microprobe wavelength dispersive analyses were first performed at the
CNRS/Universitéd’Orléans ISTO Laboratory (Orléans, France) using a Cameca SX50
instrument. The majority of the study was performed at the Universidade de Brasilia
using a GEOL JXA-8230 instrument. The concentrations of P, Si, Ca, Na, K, Ba, Sr, Al,
Fe, Mn, Ti, and F were determined at an accelerating voltage of 15 kV and a beam
current of 10 nA. The concentrations of Nb, Ta, W, REE, Y, U, Th, and Pb were
determined at an accelerating voltage of 20 kV, a beam current of 20 nA, and a spot size
of 1 um.

Whole-rock geochemical analyses were performed at Analytical Laboratories
Ltd. (Canada). Major oxides (SiO,, Al,O3, Fe,03, MgO, CaO, Na,0, K,0, TiO,, P,0s,
MnO, and Cr,03) and trace elements (Ba, Be, Co, Cs, Ga, Hf, Nb, Ni, Rb, Sc, Sn, Sr,
Ta, Th, U, V, W, Zr, plus 14 REE, and Y) were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) after fusion with Li metaborate and nitric acid digestion of
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0.2 g aliquots. Another set of trace elements (Ag, As, Au, Bi, Cd, Cu, Hg, Mo, Ni, Pb,
Sb, Se, Tl, and Zn) were analyzed by ICP-MS after aqua regia digestion of 0.5 g
aliquots. Loss on ignition was obtained by weight difference after ignition at 1000°C. A
LECO furnace was used to measure the total C and S.

Microthermometric runs were conducted using a Linkam THMSG600 Geology
Thermal Stage, whose temperature range is from —196°C to 600°C. The system
temperature control from the PC uses the software Linksys 32 and a digital video
capture allows registering the phase changes. The Linkam stage was calibrated using a
H,0-CO, synthetic fluid inclusion (Linkam), H,O triple points, and Merck standards
(306.8°C and 398°C). The estimated precision of the measurements is nearly 0.2°C and
the accuracy is + 0.5°C up to 135°C and up to 12°C at 398°C. Raman spectra were
obtained at the Laboratério de Espectroscopia Raman from the UFMG, using a Jobin
Yvon/Horiba LABRAM-HR 800 spectrograph equipped with a He-Ne laser (632.8 nm).
The Raman signal was collected by an Olympus BX-41 microscope provided with
magnification objectives of 10x, 50x, and 100x. The detector used was a N liquid
cooled, back-illuminated Spectrum One CCD. Depending on the sample, the acquisition
time ranged from 10 to 60 s and the laser power from 0.08 to 8 mW. To reduce the
signal/noise ratio, spectra were acquired 5 to 10 times. The collected Raman spectra
were analyzed and optimized with LabSpec 5. The spectra collected were averaged, and
the background was corrected and if necessary, normalized and peak deconvoluted.

The U-Pb procedures were taken in a polished thin section, where an isolated
large poikilitic zircon grain was identified. Back-scattered electron imaging of the
zircon was obtained using the SEM JEOL6610LV at Laboratério de Geologia Isotopica
from the Universidade Federal do Rio Grande do Sul. Imaging helped to delineate sites
in the large grain, where neither fractures nor inclusions were present. U-Pb age
determination was performed at the Centro de Pesquisas Geocronoldgicas from the
Universidade de S&o Paulo. All analyses were acquired on a Thermo-Fisher
multicollector Neptune ICP-MS (MC-ICP-MS) connected with an excimer ArF laser
ablation system (LA) of 193 nm wavelength. The thin section was cleaned in a HNO3
solution (3%) and ultrapure water bath prior to analyses. The ablation spot size was 32
um at the frequency of 6 Hz, applying an intensity of 7 mJ and an ablation time of 40 s.
Corrections of mass bias were performed by the analyses of zircon standard GJ-1
(*°*°Pb/?*®Pb age by IDTIMS = 608.5 + 0.4 Ma; Jackson et al., 2004) and corrections of
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common Pb were based on the Stacey and Kramers’ (1975) model. The data were
reduced using in-house Excel spreadsheets, and ages were derived from 2%°Pb/?*U,
20Tppy235y, 297pp/2%ph, and *2Th/?*8U ratios, calculated via ISOPLOT 3.6 (Ludwig,
2008). Errors for isotopic ratios are + 1o confidence level. Plots were constructed using
Excel and ISOPLOT 3.6 (Ludwig, 2008).

4. Results

4.1 Local geology

The FVC occurs at the intersection of two structures, i.e., a major structure in the
NE-SW direction and a NNW-SSE structure, which can be observed in LANDSAT
images and were confirmed by geophysics (Fig. 3). The NNW-SSE structure seems to
control the relief and the division of the carbonatite area into two contiguous hills. To
the north of the FVC, an E-W direction structure occurs.

The FVC occurs mainly as stockwork veins that cut the medium-grained arkoses
of the Rio Bonito Formation (member of Guata Group). The sedimentary rocks were
affected by brecciation and metasomatism related to the carbonatite intrusion in an area
of approximately 600 m in diameter. The breccias are gray or brown (where carbonatite
veins are abundant). In Fig. 3, the FVC carbonatite boundaries correspond to the
projection on the surface of the body mapped by geophysics. These limits coincide
approximately with the occurrence of breccias (Scheibe, 1979) and with the area we
delimited by soil geochemistry. This area is approximately 100 m higher than its
surroundings, is made up of two contiguous hills, has a radial drainage pattern, and for
the most part, has dense natural vegetation. Unevenly distributed lateritic crusts occur
and are composed of Fe oxides and barite. Thickness exceeds 12 m in some locations
(Scheibe, 1976).

Scheibe (1976) provided photos of carbonatite outcrops. The main outcrop
(located in Fig. 3) is a N60OE vertical beforsite dike with 20 m thick traced for 60 m, and
from which we found some blocks (Fig. 4A). Nearby, there is still a breccia outcrop
with subvertical ankerite beforsite veins (Fig. 4B) with up to 30 cm thick. In the far
north, blocks of the likely extension of the same beforsite dike can still be found. In

addition to these sites, the carbonatite was observed only as veins in pebbles and blocks
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of breccia. However, the profiles and perforations we made for geophysics and soil
geochemistry provided a good collection of additional studiable samples from new sites.

The carbonatites (Fig. 4) may be brown or gray (for no apparent reason related
to primary paragenesis). The carbonatite has a granular texture and high porosity. The
breccias and carbonatite veins are cut by small veins filled with calcite and/or quartz.
The presence of laterite and agglomerates of centimetric magnetite crystal is common in
carbonatite soil. Hematite and goethite were identified as products of magnetite and

pyrite alteration, and from ankerite and Fe dolomite.

4.2 Geophysics

Three distinct targets were recognized by magnetometry (Figs. 5A and B): (i)
Target 1, which corresponds to the FVC; (ii) Target 2, which corresponds to volcanic
breccias mapped by Scheibe (1976); and (iii) Target 3, identified by this study, which
needs further investigation because it occurs at greater depths and does not outcrop.
Furthermore, no gamma-spectrometrical anomalies were identified at Target 3, which is
certainly due to the small depth of this method.

The FVC and target 2 are associated with the same structure in the NE-SW
direction, which is probably the most important in the area. The FVC has a circular
geometry and is approximately 600 m in diameter. There is an underlying body,
probably continuous, which covers the entire area delimited in Fig. 3. According to the
results provided by the Euler deconvolution (Fig. 5C), the estimation is that the body is
placed at a depth of approximately 50 m, a bit deeper in the eastern than in the western
part, divided by the NNW-SSE structure. This can be confirmed through gravimetric
techniques to be realized in the future. We interpret that the NNW-SSE structure
probably also exerted control over the FVC emplacement and was reactivated after the
intrusion, controlling a vertical movement that divided the FVVC into two blocks.

The gamma-spectrometry data, U, Th, and K contents, anomalous U, and
anomalous K and F factors (Fig. 5D) did exhibit the circular form of the carbonatite,
demonstrating that this rock was heavily affected by hydrothermal processes and this
has important implications concerning this body’s potential of containing economic

mineralizations.
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4.3 Petrography

In almost all our samples, even in veins of small thickness, the carbonatite has
predominantly a granular texture (Fig. 6A). The carbonatites are mainly composed of the
primary carbonates (70-85 vol. %) dolomite, Fe dolomite, and ankerite with individual
proportions very variable. The primary carbonates occur as perfect rhombohedral grains,
with approximately 0.4 mm (Cbn1 in Fig. 6A) or also as completely xenomorphic crystals.
Ankerite also occurs as smaller rhombohedral or xenomorphic late primary or
hydrothermal crystals positioned in dolomite and Fe dolomite interstices. Fe and Mn
bearing impurities highlight the carbonate zonation and clouded the core crystals. The
primary carbonates have inclusions of primary pyrochlore (Fig. 6C), apatite (Fig. 6C), and
barite (Fig. 6D). Monazite crystals were observed only in SEM images. At the edges of the
primary carbonates commonly occur overgrowths of calcite, which is part of the
carbothermal paragenesis, often accompanied by barite (Fig. 6B) and apatite.

In our samples, orthoclase occurs as rounded (Fig. 6A) or subhedral crystals
with corroded edges, with dimensions between 0.1 and 0.4 mm, which we suspect being
xenocrysts of sedimentary rock. Scheibe (1979) provided good photomicrographs of
well-developed euhedral orthoclase crystals isolated or forming monomineralic
aggregates, whose amount increases where metasomatized breccia fragments, usually
rich in microcrystalline neoformed feldspar, occur with mixtures of these two rock types
in all proportions. The quartz associated with carbonates from the first generation is
poorly crystallized or rounded (Fig. 6A) and may occur partially included in these
carbonates. In addition, a late generation of quartz present in cavities or in veins exists
together with apatite and carbonate from the second stage.

The carbonatite was strongly affected by late- to post-magmatic processes. Fluids
percolated through the fractures and grain boundaries, forming carbothermal domains
(Figs. 6A and D) constituted by carbonates of the second generation, apatite, zircon, barite,
quartz, and pyrite. The carbonates of the second generation are calcite, ankerite, and
fluorcarbonate parisite-(Ce). Calcite and ankerite that occur as small crystals in the
interstices of the carbonate crystals of the first stage (Cbn2 in Fig. 6A) are assigned to the
carbothermal paragenesis. Parisite-(Ce) was the last carbonate to crystallize. The crystals
are light brown in natural light and present birefringence of the third order. They are
better developed than the other two carbonates and are frequently 0.7 mm in size. They
have fibrous habits (Fig. 6D), elongated forms (Fig. 6A), and occur in different ways,

replacing former primary carbonates, partially following the boundaries of the primary
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carbonate crystals and penetrating into the matrix of hydrothermal minerals or totally in
the carbothermal domain, where they often have fibroradiated habits and encompass the
thinner-sized minerals. These characteristics, which are related to the pervasive
hydrothermalism covering/replacing various minerals, can be clearly observed in the SEM
images. Parisite-(Ce) also occurs in veins with calcite and hematite (Fig. 6F), which cut the
carbonatite and breccia irregularly.

Apatite occurs early magmatic small crystals included in primary carbonates (Fig.
6C), as subhedral to anhedral crystals presumable late- to post-magmatic (see fluid
inclusions section), and as crypto- to microcrystalline mass with euhedral or acicular
crystals having a size of approximately 0.03 mm, which correspond to the main apatite
mineralization, are frequently associated with anhedral crystals of hydrothermal quartz
filling veins (Scheibe, 1979) and is abubdant only in the brown carbonatite. Barite occurs
as early magmatic crystals included in primary carbonates (Fig. 6D) and in the
carbothermal domains (Fig. 6D) as anhedral crystals that are often rounded, with sizes
ranging from 0.05 to 100 mm, and may be very abundant. Pyrite forms euhedral crystals
with 0.5 to 2 mm, which are often pseudomorphosed by iron oxide. Zircon forms crystals
that can be seen with the naked eye and has inclusions of apatite and primary carbonates
(Fig. 6E), which leave no doubt that it is not an inherited zircon that is part of the late
paragenesis. Rare crystals of aluminum strontium phosphate (possibly goyasite) were
observed in the SEM analyses. This phase probably belongs to the hydrothermal stage.

Fenitization processes, eminently potassic in nature, affected the sedimentary
host rock (Scheibe, 1979). The feldspathic breccias (Fig. 6F) are yellowish, brown, and
pink, with markedly feldspathic composition and brechoid character, and having
slightly displaced fragments of an anastomosed network of hydrated iron oxide venules
and often carbonates. Its hybrid character is evidenced through microscopic
examination, by the oriented growth of new orthoclase crystals on original sandstone
grains, in intergrowth with masses of goethite. Even in the most homogeneous parts, it
is possible to observe an intense silicification accompanied by clay minerals, which
sometimes completely erase the grain boundaries of the quartz and feldspar crystals of
the original sedimentary rock as well as those related to fenitization. Similar to the
carbonatite, the breccia is cut by hydrothermal veins with calcite, hematite, and parisite-
(Ce) (Fig. 6F).
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4.4 Mineralogy

4.4.1 Carbonates

Representative compositions of dolomite, Fe dolomite, ankerite, and calcite from
the Fazenda Varela carbonatite (Tab. 1) plotted in the classification diagram for
carbonates (Fig. 7) show an incomplete evolution from dolomite to ankerite and that
calcite is completely out of any tendency. Besides Fe, Ca, Mg, and a little Mn, no other

element with significant concentrations, even Sr, occurs in these carbonates.

4.4.2 REE-fluorcarbonates

The XRD analyses performed on heavy minerals present parisite and synchysite
peaks. The SEM images of parisite-(Ce) (Fig. 8) show that the crystals have gray and
white phases oriented approximately in parallel without regular distribution patterns.
The relative proportions between Ca and REE in semi-quantitative analyses indicate
that the white bands tend to have parisite compositions and the gray bands tend to have
intermediate compositions between parisite and synchysite. A few analyses display very
low Ca concentrations, indicating a composition similar to that of bastnasite. As the
banding and compositional variations exist in different scales, the electron microprobe
analyses represent an average of the band compositions under the electron beam spot
size.

The composition of the fluorcarbonate (Tab. 2) is consistent with the parisite-
(Ce) in Ni et al. (2000). Thus, the structural formulas were calculated based on three
cations. CO, was calculated based on the charge balance. In all analyses, Ce is the
dominant cation. The preferential order for REE incorporation is Ce > La > Nd >>
heavy REE (HREE) ~ Y. The concentration of LREE ranges from 45 to 52.5 wt.%. An
ideal parisite-(Ce, La) has an LREE concentration of ~60 wt.%. The value of REE + Y
in the formula is generally between 1.50 and 1.60, which is lower than the ideal value
(REE + Y = 2). Calcium is the dominant divalent cation, and its value in the structural
formula exceeds the expected value (Ca = 1) in practically all analyses. Thus, the
analyses with lower Ca values tend to have higher REE values. However, there is no
statistical correlation between Ca and REE. Therefore, it is not possible to interpret the

occurrence of substitution of REE by Ca. Ba and Sr occur in small quantities, and the F
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concentrations vary widely, from 3.79 to 6.06 wt.% (1.03 to 1.65 a.p.f.u; the value in
the ideal formula is F = 2).

The distribution pattern of REE in parisite-(Ce) (Fig. 9), although increased by a
factor of approximately 100 times, is very similar to the REE pattern of the carbonatite,
especially for the LREE. In crystals with higher HREE concentrations, the pattern of
these elements is very similar to that of the carbonatite. In Fig. 10, the F carbonate from
FVC is compared with the parisite from Muso, Colombia (Ni et al., 2000), synchysite
from the Main Sayan Fault in Russia (Savel’eva and Karmanov, 2008), ceric synchysite
from Markersbach, Germany (Foérster, 2001), and hydrothermal parisite and synchysite
from Barra do Itapirapud, Brazil (Ruberti et al., 2008). This comparison highlights the
similarity of the Fazenda Varela parisite to other natural parisites, as well as its richness

in Ce.
4.4.3 Apatite

According to Pasero et al. (2010), apatite minerals are a supergroup with a
generic formula "M1,""M2;5("VTO,)3X (Z = 2). The most common ions in the key sites
are M (Ca?*, Pb*, Ba*, Sr**, Mn**, Na*, Ce**, La**, Y**, and Bi*"), T (P>, As>*, V**,
Si**, s and B®"), and X (F, OH", and CI). The crystallographic parameters of apatite
from FVC are a: 9.40 A, c: 6.09 A, and v: 528.63 A. These are common values for
apatite (Pasero et al., 2010) suggesting few replacements by elements with different
ionic radii.

We analyzed apatite crystals from the carbothermal paragenesis. This apatite
(Tab. 3) is classified as apatite-(CaF) or fluorcalcioapatite (Pasero et al., 2010). The X
site is totally filled by F. The Sr contents (up to 2.25 wt.% SrQO) are higher than those
usually found in apatites from carbonatites, such as Bayan Obo (0.01-0.023%;
Campbell and Henderson, 1997) and Kovdor (0.22%; Kempe and Gotze, 2002).
Hogarth (1989) and Le Bas et al. (1992) suggested that Sr-rich apatites have carbonatitic
sources. Sr contents higher than 1.18% indicate a hydrothermal origin (Liu and Comodi,
1983). The Y contents (up to 6850 ppm) are considerably higher than usually found in
carbonatites (< 2000 ppm; Belousova et al., 2002). Thus, the negative correlation
expected for Sr and Y (Sr decreases with the magmatic fractionation degree, while Y

increases; Belousova et al., 2002) do not occur in the FVC apatite.
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The chondrite-normalized Ce/Yb ratio (Ce/Yb)s, is a direct measure of the
steepness of the REE pattern, and thus of the enrichment of LREE relative to HREE
(Belousova, 2002). The (Ce/Yb)., varies from 0.43 to 11.89. The low correlations
between these elements could be related to the difference in the fractionation between
LREE and HREE. The absence of negative Eu anomaly indicates a mantle-derived
source (Belousova et al., 2002). The U and Th concentrations (Tab. 3) are commonly
found in carbonatites (Belousova et al., 2002; Harlov et al., 2003), as well as the Rb, K,
and Ti concentrations (Rimskaya-Korsakova (1964) or Prins (1973) with Hogarth
(1989)). However, the ZrO, contents (up to 1.17 wt.%) are considerably high;
carbonatite apatites with more than 5 ppm are rare (Belousova et al., 2002).

4.4.4 Pyrochlore

Pyrochlore is a common accessory mineral in the first stages of carbonatite
crystallization. The FVC pyrochlore (Tab. 4), whose structural formula was calculated
based on Atencio et al. (2010), is classified as fluorcalciopyrochlore. The vacancy in the
A site varies from 29.35 to 40.50% and is associated with the loss of Ca and Na and
relative enrichment in REE and Ba. Sr does not present a clear correlation with the
vacancy. The Sr concentrations (2 to 3.6 wt.% SrO) are high for Na-Ca pyrochlores and
would be more typical for late pyrochlores (Efimov et al., 1985). The FVC pyrochlore is
relatively poor in Ba, U, and Th.

4.5 Geochemistry

In the classification diagram based on the molar proportion of CaO, MgO, MnO,
and total Fe as FeO (Gittins and Harmer, 1997), the FVC is plotted in the
magnesiocarbonatite (2 samples), ferruginous calciocarbonatite (2 samples), and
ferrocarbonatite (1 sample) fields (Fig. 11). An evolution from brown to gray (richer in
iron) carbonatite is delineated corroborating the interpretation of Comin-Chiaramonti et
al. (2002). Compared with the average of magnesiocarbonatites (Woolley and Kempe,
1989), the gray and brown carbonatites (Tab. 5) are relatively poor in SiO, and Al,O3
contents; the gray is poorer in SiO, than the brown, whose SiO, contents are mainly

related to later hydrothermal quartz microcrystals.
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Two samples of brown carbonatite present P,Os concentrations (11.33 and 13.91
wt.%) compatible with those of carbonatite-associated phosphate deposits such as
Khibina (15%), Araxa (15%), and Tapira (7%) (Brod, 2008). The Nb concentration in
the brown FVC is higher (up to 2857 ppm) than in gray FVC (< 89.4 ppm). Ta contents
are also higher in the brown carbonatite (up to 8.8 ppm). The Nb/Ta ratio (up to 324) is
higher than the ratio from the primitive mantle (18, according to McDonough and Sun
(1995)). This high ratio could reflect a fractional crystallization process in the formation
of the FVC (Veksler, 1998). The brown FVC is also richer in Zr and Hf than the gray
FVC. The Zr/Hf ratios in both rocks are greater than 100 in most samples and these
values are higher than typical mantle values (37, according to McDonough and Sun
(1995)). Th contents (~300 ppm in most samples) are similar in brown and gray
carbonatites, but U contents are higher in brown carbonatite (up to 33.9 ppm) than in
gray (up to 8.4 ppm). The higher Th/U in the FVC gray samples could reflect a higher
oxidation process.

As expected for a carbonatite, the FVC presents relative enrichment in LREE
(Table 6 and Fig. 9), with La/Yb, values of up to 2853.68 ppm. The gray FVC is
notably richer in REE than the brown, presenting values of > REE ~10,150 ppm. The
brown carbonatite has a total content between 228.58 and 10,363.21 ppm and has a
particular characteristic: a Y concentration of up to 1738.7 ppm. We found parisite-(Ce)
(Fig. 9) and apatite with HREE concentrations higher than expected for these minerals.
However, only that cannot explain the Y concentration of the whole-rock analysis. The
identification of the mineral responsible for the Y concentration requires additional

studies.

4.6 Fluid inclusions

Fluid inclusions were found only in apatite. Following Poutiainen (1995), post-
magmatic re-equilibration processes easily destroy early magmatic features of
carbonatites; however, apatite as a primary mineral can carry evidence for early
processes and associated fluids in carbonatites. The petrographic study on fluid
inclusions revealed the presence of primary melt inclusions isolated and/or in apatite
growth zones, associated or not with aqueous or gas black fluid inclusions (Fig. 12).

The measured melt inclusions correspond roughly to 80% of the total and were
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characterized by their vitreous luster, relief higher than water, and sometimes deformed
bubble. During microthermometric runs, these melt inclusions showed no visible phase
change during freezing to —180°C or heating until 450°C. At these high temperatures,
usually, the melt inclusions became gradually brownish-red and completely dark
preventing further observation during heating or even the use of high-temperature
microthermometric stages. The other 20% of fluid inclusions are one-phase dark gas
inclusions or agueous two-phase, eventually with accidental carbonate solid. The
presence of CO,, CH,4 or N, gases was not detected by Raman spectrometry in these
inclusions. Several microthermometric runs failed to determine useful data due to
decrepitation of fluid inclusions, apatite crystal darkness, and turbidity, except for 5
inclusions with salinity < 10 wt.% NaCl eq. and two inclusions with homogenization
temperature of 155.8°C and 260.8°C. No phase changes were observed at -56,6°C
suggesting CO, absence.

Additional microthermometric runs are required, but these petrographic
associations including carbonate solid in melt inclusions and the associated gas and
aqueous inclusions could suggest a carbothermal fluid. This type of fluid is usually
considered as a continuous range from hydrous saline melts to simple gas/liquid
aqueous and apparently pure CO; inclusions (Poutiainen, 1995) as identified in the
apatite fluid inclusions, except for the CO, presence.

4.7 Geochronology: U-Pb dating of zircon

To date the FVC, we use the poikilitic zircon of Fig. 6E, whose inclusions of
apatite and Fe dolomite leave no doubt that it is not an inherited zircon. This large
zircon (up to 1.5 mm in width) is subhedral to euhedral and hosts many rounded to sub-
rounded inclusions varying from 10 to 100 pum, which are more abundant near the
margins of the zircon grain (Fig. 13). Zircon shows no zoning and a relative
homogeneous composition regarding U and Pb. Portions free of inclusions prove to be
reliable for U-Pb isotopic determination. Twenty analytical spots were ablated by laser
and analyzed by MC-ICP-MS (Fig. 13). Sixteen complete analyses were produced.

The Th/U ratios vary from approximately 1 to 2.2 and common lead was not
extremely high in most analyses, except for three (Tab. 7). Plotting the results on the

Tera—Wassenburg diagram, excluding the three common lead-enriched results, 11
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analyses yield a concordia age of 78 = 1.5 Ma, with 95% confidence and a high
mean square weighted deviation (MSWD = 32) (Fig. 14A). Two points were plotted but
not considered in the age calculation due to a higher degree of discordance (Fig. 14A).
Using the same group of more concordant analytical spots (11 analyses), the weighted
average of the 2°°Pb/***U ages (95% confidence) produces the same 78 + 1 Ma age, with
minor errors and better MSWD (= 0.32) (Fig. 14B). This last approach is considered
better for this young age and constitutes the best geochronological result for sample CP-
03.

5. DISCUSSION

The occurrence of zircon in carbonatites is not rare, but its dating is often
problematic. Fan et al. (2014) addressed the issue of zircon origin (inherited or
cogenetic) integrating U-Pb and Sm-Nd geochronology at the Bayan Obo REE deposit,
China. The mineralogical study of zircon (Belousova et al., 2002) does not always
provide conclusive data about the origin, as in the Seis Lagos carbonatite (Rossoni et
al., 2017), where zircons of three different ages occur. In addition, carbonatite zircons
often contain Th- and U-rich mineral inclusions, which are locally affected by
dissolution—reprecipitation processes that cause disturbance in U-Pb systems, as in
Seiland, Norway (Roberts et al., 2010). Thus, the case of the FVC zircon - well
developed with mineral inclusions that assigned it is not inherited and with no loss of
elements - is very rare. In the Matongo carbonatite, Burundi (Burke, 1998; Midende et
al., 2014), zircon megacrysts are characterized by Th- and U-rich homogeneous cores
and partially metamict, oscillatory zoned outer rims. They contain ubiquitous primary
carbonate inclusions and are thought to have crystallized from the circulation of alkaline
fluids associated with the carbonatite-feldspathoidal syenite emplacement (Fransolet
and Tack, 1992). Similar zircon megacrysts are also known in the Lueshe complex,
particularly in the silico-sovite parent rock predating the Lueshe carbonatite (Maravic
and Morteani, 1980; Philippo, 1995), i.e., relatively early in the timeframe of the Lueshe
emplacement (Midende et al., 2014).

Getting such an accurate U-Pb age in zircon (78 £ 1 Ma) for the FVC is an
extraordinary result. It frames the FVC in the early stages of the LAC evolution and

corroborates with Scheibe’s (1986) petrogenetic model that postulates the generation of
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FVC to a nephelinitic parental magma. Accordingly, the general characteristics of the
FVC are extremely similar to those described by Mitchell (2005) for the primary
carbonatites from the nephelinite-clan, as well as for the late-stage events involving a
carbothermal fluid which can result in the formation of Sr-, Ba-, and REE-bearing
carbonates. Formation of these in some instances might involve interaction of
preexisting carbonatites with groundwater, i.e., hematite, calcite, dolomite carbonatite,
and ankerite carbonatite, or they might represent residual fractions of the parental
magmas (Mitchell (2005). In the FVC, the late-stage paragenesis includes Ba
mineralization and REE carbonate, however, there are unexpected characteristics:
calcite and ankerite become the predominant carbonates, Zr-rich apatite mineralization
is well developed, and zircon crystallization occur. This suggests that the FVC
carbothermal fluid recieved the contribution of an alkaline fluid, similarly to Matongo
carbonatite (Midende et al., 2014).

The FVC pyrochlore is rich in Ca and Na, similar to the primary pyrochlore
from calcium carbonatites such as Cataldo | - where Ca and Na were lately substituted
by Ba along a subsequent hydrothermal event (Cordeiro et al., 2011) - and Lueshe (Wall
et al., 1996). Pyrochlore formed in magnesium carbonatites tends to be more evolved, as
the Ba pyrochlore from Araxa. In the Belaya Zima carbonatite (Khromova et al., 2017),
the pyrochlore composition is controlled by the main carbonate in the carbonatite:
calciocarbonatites have Ca pyrochlore with low vacancy; dolomitic carbonatites have
pyrochlores with higher vacancy and relative increase in Ba content; ankeritic
carbonatites have a great vacancy and are Ba-enriched. This indicates that the FVC
pyrochlore formed in the very early stages of the carbonatitic magma, not in the Ba-rich
carbothermal phase.

F apatite from early stages of carbonatitic magma displays low REE content,
hardly above 1500 ppm La, regardless of the REE content in the rock, and has
(La/Nd)cn < 1. High REE content and (La/Nd)cn > 1 in F apatite indicate an evolved
carbonatitic fusion. The FVC apatite associated with parisite-(Ce) and barite has up to
2.76% of REE and (La/Nd)cn of 1.07 to 3.96. These values are compatible with late
magmatic to hydrothermal apatite (Biihn et al., 2001). Indeed, the fluid inclusions found
in apatite indicate an origin associated with carbothermal fluid. This type of fluid is
usually considered as a continuous range from hydrous saline melts to simple gas/liquid

aqueous and apparently pure CO, inclusions (Poutiainen, 1995) as identified in the
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apatite fluid inclusions, except for the CO, presence. These data added to the high
content of Zr in the apatite reinforce the idea of an alkaline fluid contribution in the late
magmatic to carbothermal stage.

Different sources of REE in carbonatites have been proposed (Neron et al.,
2018): (1) magmatic REE concentrations in the orthomagmatic fluid generated by
fractional crystallization; (2) remobilization of REE leached from primary magmatic
minerals, such as carbonates or apatite where REE are not an essential constituent; and
(3) remobilization of REE from early magmatic REE minerals, where REE are essential
elements of the minerals from an initially REE-enriched melt. In the FCV the source of
REE seems to be related to source (2). On the other hand, three important mechanisms
that precipitate REE minerals (Neron et al. 2018) are present in the carbothermal stages
of the FVC: the precipitation of barite, the interactions with carbonates and the
crystallization of apatite. These three mechanisms probably played key roles in the
precipitation of parisite-(Ce) from the carbothermal paragenesis. The precipitation
parisite-(Ce) from the late hydrothermal veins (Fig. 6F) was likely related to
interactions with carbonates.

High field-strength element (HFSE) levels in carbonatites tend to be erratic,
however Chakhmoradian (2006) recognized a pattern by compiling a large number of
data. Calcio carbonatites have higher levels of HFSE, and these levels decrease to
magnesium carbonatite and even more to ferrocarbonatite. The FVC values are
compatible with magnesium carbonatite, except for the sample CFV 14 (ferruginous
calcio carbonatite) with 2857 ppm Nb. The high Nb/Ta ratios (up to 324) indicate a
fractional crystallization process (Veksler, 1998) and the high Zr/Hf ratios (up to 196)
corroborate this fractionation. Magma fractionation produces silicate rocks with large
HFSE content (foscorites), depleting it mainly in Ta and Hf. Chakhmouradian (2009)
divided carbonatites into two types in relation to the geological environment and trace
element geochemistry: (1) rift-related carbonatites and extension structures in cratonic
and (2) collision zone-related carbonatites and post-orogenesis. Type 1 is richer in
HFSE, Rb, U, and V, and poorer in Sr, Ba, Pb, REE, F, and S. Due to its environment,
the FVC is arguably type 1. It is however rich in the elements in which it should be
poor.

According to Gomes et al. (2018), incompatible elements (IE) in diagrams

normalized to primitive mantle concentration (Sun and McDonough, 1989) for Brazilian
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Lower Cretaceous carbonatites and Upper Cretaceous Brazilian complexes (including
the FVC) display a large variation from one carbonatite complex to another. Scatters for
the different carbonatites seem to reflect, to some extent, the variable distribution and
the concentration of mineral phases, with IE occurring mainly as accessory minerals
(apatite, monazite, pyrochlore, calzirtite, zirconolite, and loparite), and REE carbonates
and fluorocarbonates. In comparison with associated silicate alkaline rocks, the
carbonatites follow a general tendency to higher abundance in practically all of the
incompatible trace elements. Even considering variable composition and stage of
intrusion, they are usually characterized by the presence of negative anomalies for Rb,
K, P, Hf-Zr, and Ti and positive spikes for Ba, Th-U, and La-Ce. The behavior of Nb-
Ta and Sr appears to be less regular, but pointing mostly to positive anomalies. No
significant difference is noticed in the chemical behavior of IE in early and late
carbonatites of the same complex, except for a clear tendency of the latter rocks to be
more enriched in all the elements. The FVC displays a much sharper pattern, both for
the deficiency in K and Na, as well as the great enrichment in P, Ba, and REE.

The structural studies performed on the Lages Dome (Castro et al., 2003;
Jacques et al., 2014; Roldan et al., 2010; Machado et al., 2012) defined that the dome
structure was related to a NE-SW compressive strain regime, which stayed active after
the intrusion and cooling of the alkaline rocks. It was responsible for the generation of
the dextral (NNE-SSW and NE-SW) and sinistral (E-W) transcurrent faults, which also
affected the rocks in this region. This is the tectonics described (Bastos Neto et al.,
1991) to explain the structural control of fluorite ore veins, those aged ~70 Ma,
associated with the Canela Grande lineament (Fig. 1), the uplift of the coastal region
related to the Serra do Mar and the emplacement of the LAC. Theses processes were
related to the reactivation of the continental margin and the paroxysm of subsidence in
the Santos Basin. We agree with Comin-Chiaramonti et al. (2002) in the sense that
models (Gibson et al., 1999) relating the LAC to the Trindade plume are inconceivable
for the reasons that they listed. However, in the case of LAC, their model relating
intraplate alkaline-carbonatitic magmatism to places where second-order sutures
intersect the axis of major rifting may be adapted to those that are in fact the second-
order structures, the NE-SW to ENE-WSW lineaments which limit tectonostratigraphic
units of the Ribeira Belt.
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In spite a typical paragenesis of potassic fenite (Pirajno et al., 2014; Giovannini
et al. 2017) was not characterized, the gamma-spectrometry data demonstrate the
importance of the hydrothermal processes that affected the FVC. Potassic fenites -
characterized by a high proportions of K-rich orthoclase or microcline, or in some cases
by concentrations of low-Al phlogopite or biotite - are considered to form in the apical
parts of a carbonatite magmatic system, whereas sodic fenites form at deeper levels (Le
Bas, 2008, Elliot et al. 2018). The FVC likely represents the upper-most parts of a
carbonatite magmatic system. This is consistent with the carbothermal characteristics of
associated Ba-P-REE mineralizations and, supported by body dimensions, also
determined by geophysics, indicates a very high potential for containing economic
mineralization. The FVC and target 2 are associated with the same structure in the NE-
SW direction, which is probably the most important in the area. The continuity of this
structure to the NE and SW is the highest priority place for further prospective

campaigns.

6. CONCLUSIONS

The FVC has U-Pb age of 78 + 1 Ma obtained in poikilitic zircon. This age
corresponds to the early stages of the LAC evolution and corroborates with Scheibe
(1986) petrogenetic model. The FVC occurs at the intersection of a major structure in
the NE-SW direction and a structure in the NNW-SSE direction. The FVC emplacement
fits the tectonic model developed by Machado and collaborators for the formation of the
Lages dome, related to reactivation of NE-SW to ENE-WSW structures of the Ribeira
Belt by the Upper Cretaceous reactivation of the continental margin, as proposed by
Bastos Neto et al. (1991).

The FVC occurs mainly as stockwork veins that cut arkoses of the Rio Bonito
Formation, which were affected by brecciation and potassic fenitization. Geophysical
data indicates that there is an underlying body, probably continuous, approximately 600
m in diameter, placed at a depth of approximately 50 m. The FVC likely represents the
upper-most parts of a carbonatite magmatic system.

The FVC is composed by magnesiocarbonatite, ferruginous calciocarbonatite,
and ferrocarbonatite. An evolution from magnesiocarbonatite to ferrocarbonatite is

delineated. The magmatic paragenesis is mainly dolomite, Fe dolomite, and ankerite,
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with minor pyrochlore, apatite, barite, orthoclase, and quartz. The carbothermal
paragenesis is composed by calcite, ankerite, parasite-(Ce), apatite, zircon, barite,
quartz, and pyrite. The FVC and the fenitized host rock are cut by late hydrothermal
veins with calcite, parasite-(Ce) and hematite. The general characteristics are similar to
primary carbonatites from the nephelinite-clan (Mitchell, 2005), as well as for the late-
stage events involving a carbothermal fluid. The high Nb/Ta and Zr/Hf ratios indicate
fractional crystallization process. The FVC carbothermal residua recieved the
contribution of an alkaline fluid responsible for the crystallization of well developed
poikilitic zircon and high Zr contents in carbothermal apatite.

The Ba, P, and REE mineralizations are related to the carbothermal residua. The
average contents in whole-rock are 2.85 wt.% BaO, 3.63 wt.% P,0s, and 8,059 ppm
REE. A conspicuous feature of REE mineralization is that it is virtually restricted to
parisite-(Ce), in which the preferential order for REE incorporation is Ce > La > Nd >>
heavy REE (HREE) ~ Y, LREE ranges from 45 to 52.5 wt.%, and the distribution
pattern of REE is very similar to that of the carbonatite, even in crystals with higher
HREE concentrations. The precipitation of barite, the interactions with carbonates and
the crystallization of apatite played key roles in the precipitation of parisite-(Ce). The
carbothermal apatite is classified as fluorcalcioapatite. Sr (up to 2.25 wt.% SrO) and Y
(up to 0.69 wt.% Y,03) contents are considerably higher than usually found in apatite
from carbonatite. The ZrO, contents (up to 1.17 wt.%), extremely high for apatite, is
related to the alkaline fluid responsible for zircon crystallization.

The above information, associated with the existence of another target in the
same NE-SW structure and the location in a favorable area for the operation of a mine,

strongly recommends the conduct of a prospecting and drilling campaign.
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Figure 1 Main physiographical elements of the southern and southeastern Brazilian

continental margin, modified after Asmus (1984), Melo et al. (1985), and Bastos Neto et
al. (1991). 1. coastal deposits; 2: tertiary basins; 3: Serra Geral Formation; 4:
sedimentary rocks of the Parana Basin; 5: Ribeira Folded Belt; 6: alkaline and alkaline-
carbonatitic complexes; 7: isopachs (km); TS: Torrres Syncline; CGL: Canela Grande
lineament; ITL: Itajai-Perimb6 lineament; MGL: Major Gercino lineament; A:
Anitapolis complex; LAC: Lages alkaline-carbonatite complex; RUL: Rio Uruguay
lineament; PGA: Ponta Grossa Arch; B: Ponta Grossa Arch Alkaline Province; C: Serra
do Mar Alkaline Province. (2 COLUMNS FITTING, COLOR: ON LINE ONLY)
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1087  Roldan, 2007; Roldan et al., 2010; Machado et al., 2012). (2 COLUMNS FITTING)
1088
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Figure 3 Geological map of the Fazenda Varela carbonatite. The limits of the
carbonatite correspond to the projection of the body mapped by geophysics. The main
outcrop of carbonatite is indicated by the yellow dot. (2 COLUMNS FITTING;
COLOR: ON LINE ONLY)
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Figure 4 (a) Gray carbonatite cut by hydrothermal vein. (b) Brown carbonatite with
banded structure assigned by calcite veins (white) and with orthoclase (Or) xenocrysts.
(2 COLUMNS FITTING; COLOR: ON LINE ONLY)
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Figure 5 Geophysical data of the Fazenda Varela carbonatite: a) Analytic signal of the
total field magnetic map and isodynamic curves; values of 0.5 nT/m are in bold,
limiting the magnetic domain and containing the almost circular magnetic anomalies. b)
Analytic signal of the total field magnetic map processed through a Gaussian
distribution, where three prominent targets with distinct magnetic and geometric
properties occur. ¢) Isodynamic curves of the analytic signal of the total field magnetic
map: solutions of the 3D Euler deconvolution over the targets and its respective depths
are highlighted. d) Gamma-spectrometry factor F. The yellow point in all maps locates
the main carbonatite outcrop. (2 COLUMNS FITTING; COLOR: ON LINE ONLY)
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Ank &

20) [V

Figure 6 (A) Typical Fazenda Varela carbonatite with the magmatic domain (left and
lower right) composed of rhombohedral grains of carbonates (Cbnl: dolomite, Fe
dolomite, and ankerite) and orthoclase xenocryst with interstitial small crystals of late
calcite (Cbn2), and the carbothermal domain (central and upper left) with fibrous
parisite-(Ce), calcite, and quartz. (B) Magmatic ankerite crystal with overgrowth of
carbothermal calcite and barite. (C) Primary apatite and pyrochlore inclusions in
ankerite. (D) Magmatic ankerite crystal with barite inclusions and the carbothermal
domain constituted by fibrous parisite-(Ce) and barite. (E) Poikilitic zircon with apatite
and Fe dolomite inclusions. (F) Metasomatised breccia (sedimentary host rock) cut by

hydrothermal vein with carbonate (calcite), parisite-(Ce), and hematite. Abbreviations:
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Cbnl: dolomite or Fe dolomite; Cbn2: calcite or ankerite; Prt: parisite-(Ce); Ank:
ankerite; Brt: barite; Fdol: Fe dolomite; Or: orthoclase; Prc: pyrochlore; Ap: apatite;
Zrn: zircon; Hem: hematite; Qtz: quartz. (2 COLUMNS FITTING; COLOR: ON LINE
ONLY)
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Figure 7 Carbonates from the Fazenda Varela carbonatite plotted in the classification
diagram. (1.5 COLUMN FITTING, COLOR: ON LINE ONLY)
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Figure 8 SEM image and semi-quantitative chemical profile along a parisite-(Ce) crystal
from the Fazenda Varela carbonatite. (1 COLUMN FITTING, COLOR: ON LINE
ONLY)
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Figure 9 REE patterns normalized to chrondrites (Boyton, 1984) for the Fazenda Varela
carbonatite and parisite-(Ce). Continuous lines (this study); other data are from
Menegotto and Formoso (1998) and Comin-Chiaramonti et al. (2002). (1.5 COLUMN
FITTING, COLOR: ON LINE ONLY)
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(O Synchysite Foster

Figure 10 Ca-Ce-La (wt.%) diagram. Parisite-(Ce) from Fazenda Varela carbonatite
compared with parisite and synchysite from the literature (Ni et al., 2000; Savel’eva and
Karmanov, 2008; Forster, 2001; Ruberti et al., 2008). (1.5 COLUMN FITTING,
COLOR: ON LINE ONLY)
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1152
1153  Figure 11 Fazenda Varela carbonatite compositions plotted in the Gittins and Harmer

1154 (1997) diagram for classification of carbonatites, together with other carbonatites. Data
1155  from Thompson et al. (2002), Comin-Chiaramonti et al. (2005), Pirajno et al. (2014),
1156  Gomide et al. (2016), and Giovannini et al. (2017). (2 COLUMNS FITTING, COLOR:
1157  ON LINE ONLY)
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Figure 12 Fluid inclusion types. (a) Melt primary fluid inclusions in apatite. 1, 2, and 6:
two-phase melt inclusions with slightly deformed bubble and no phase change during
microthermometry. 3, 4, and 5: multiphase melt inclusions with several solid phases
including carbonate. 1 to 6 are parallel to apatite growth zones. 7 and 10: two-phase
hexagonal inclusions, negative crystals, no phase change during microthermometry. 8
and 9: multiphase dark inclusions. Lines indicate possible apatite hexagonal habit. (b)
Gas inclusions. The presence of CO,, CH,4, or N, gases was not detected by Raman
spectrometry, and there were no phase changes during microthermometry. (c) Isolated
melt inclusion at 25°C. (d) Same inclusion at 285°C; solid phase became brown-
reddish. (e) The melt inclusion became dark at temperatures above 450°C and it is
impossible to see any phase changes. (2 COLUMNS FITTING, COLOR: ON LINE
ONLY)



1174
1175

1176
1177

1178
1179

1180
1181
1182
1183
1184
1185

161

Figure 13 Backscattering image of the poikilitic zircon grain showing the position of the
16 analyses. (SINGLE COLUMN FITTING, COLOR: ON LINE ONLY)
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Figure 14 Diagrams showing LA-MC-ICP-MS U-Pb analyses from the poikilitic zircon

sample CP-03. (A) Tera—Wassenburg diagram; red ellipses represent rejected spots not

considered for the age calculation due to higher degree of discordance. (B) Weighted
average diagram of the *°Pb/?*®U ages. (2 COLUMNS FITTING, COLOR: ON LINE
ONLY)
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TABLES

Table 1 Representative compositions of dolomite, Fe dolomite, ankerite, and calcite

from the Fazenda Varela carbonatite.

Elements Dolomite Fe dolomite Ankerite Calcite
(wt.%) 16 103 94 102 13 58 34 70
Al,O3 0.35 0.17 0.26 0.21 0.04 0.20 0.02 0.04
MgO 19.45 16.53 16.09 14.62 8.89 13.18 4.39 1.07

CaO 29.88 32.27 31.33 31.90 27.59 26.93 46.63 48.19
MnO 0.16 0.32 0.17 0.28 2.26 1.76 2.94 1.72
FeO 2.80 3.33 5.07 5.92 17.61 11.33 1.53 4.46
SrO 0.09 0.05 0.15 0.04 0.17 0.18 0.05 0.08
BaO 0.01 0.03 n.d n.d 0.07 0.03 n.d n.d
Na,O 0.17 0.04 0.08 0.05 nd 0.12 0.05 0.02
COo, 47.23 46.45 45.97 45.27 44.05 44.19 44.56 43.83
100.66 99.76 99.66 98.7 101.15 98.44 100.94 100.58
Al 0.013 0.006 0.010 0.008 0.001 0.008 0.001 0.001
Mg 0.899 0.779 0.763 0.705 0.441 0.651 0.214 0.053
Ca 0.992 1.092 1.068 1.105 0.984 0.955 1.639 1.728
Mn 0.004 0.008 0.005 0.008 0.064 0.050 0.082 0.049
Fe 0.073 0.088 0.135 0.160 0.490 0.314 0.042 0.125
Sr 0.002 0.001 0.003 0.001 0.003 0.004 0.001 0.002
Ba 0.000 0.000 0.001 0.000
Na 0.003 0.001 0.001 0.001 0.002 0.001 0.000
Total 1.985 1.975 1.985 1.987 1.984 1.983 1.979 1.958
C 1.998 2.004 1.997 1.998 2.002 1.997 1.995 2.002

Structural formulas calculated based on 6 oxygens; n.d.: not detected
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Table 2 Representative compositions and structural formulas of parisite-(Ce) from the

Fazenda Varela carbonatite.

Parisite 1 Parisite 2 Parisite 3
la 1b lc 2a 2b 2c 3a 3c

P,Os 0.67 1.29 0.35 0.58 0.52 0.54 0.39 2.14
Y,0; 0.45 0.38 0.10 0.21 0.39 1.74 0.42 0.38
La,0s 13.89 8.61 14.99 12.54 14.16 12.39 15.81 14.05
Ce,04 26.07 34.72 24.77 28.13 25.94 24.86 28.15 25.17
Nd,O, 8.31 5.49 8.11 7.33 8.17 7.16 7.82 7.15
Sm,0; 1.10 0.60 0.82 0.72 0.96 0.87 0.78 0.89
Dy,0; 0.00 0.06 0.02 0.00 0.00 0.09 0.00 0.14
Gd,0; 0.58 0.05 0.19 0.25 0.61 1.05 0.84 0.23
Er,0O, 0.00 0.00 0.58 0.00 0.00 0.07 0.00 0.00
CaO 13.50 9.15 14.80 13.11 13.94 14.82 11.72 15.11
Sro 0.69 0.23 1.21 1.14 0.97 0.61 0.76 0.53
BaO 2.06 2.66 0.00 2.88 0.41 0.02 0.78 1.65
MgO 0.00 0.11 0.00 0.08 0.00 0.01 0.00 0.00
PbO 0.13 0.14 0.00 0.00 0.00 0.00 0.22 0.08
F 4,51 2.82 4.55 3.79 4.70 6.06 5.22 5.04
CO* 27.48 29.43 27.43 28.31 27.26 25.68 26.65 26.86
O=F 1.90 1.19 1.92 1.60 1.98 2.55 2.20 2.12
Total 97.54 94.55 96.00 97.47 96.05 93.42 97.36 97.30
P 0.050 0.110 0.030 0.040 0.040 0.040 0.030 0.150

Y 0.020 0.020 0.000 0.010 0.020 0.080 0.020 0.020
La 0.440 0.310 0.480 0.400 0.450 0.400 0.520 0.430
Ce 0.820 1.250 0.780 0.900 0.830 0.790 0.930 0.760
Nd 0.260 0.190 0.250 0.230 0.250 0.220 0.250 0.210
Sm 0.030 0.020 0.020 0.020 0.030 0.030 0.020 0.030
Dy 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.020 0.000 0.010 0.010 0.020 0.030 0.030 0.010
Er 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.250 0.960 1.370 1.220 1.300 1.380 1.130 1.330
Sr 0.030 0.010 0.060 0.060 0.050 0.030 0.040 0.030
Ba 0.070 0.100 0.000 0.100 0.010 0.000 0.030 0.050
Mg 0.000 0.020 0.000 0.010 0.000 0.000 0.000 0.000
Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
X Char. 7.72 8.12 7.63 7.7 7.71 7.67 7.86 7.89
F 1.23 0.81 1.23 1.03 1.28 1.65 1.45 1.41

Structural formulas based on three cations; CO, calculated based on the charge balance



164

1197 Table 3 Representative compositions and structural formulas of apatite from the
1198 Fazenda Varela carbonatite.

Ozf)f)es 7 8 12 18 19 25
P,05 3755 3687 3827 3707 3639  37.95
SiO, 0.18 0.04 n.d n.d n.d n.d
Zro, 117 1.03 117 0.97 0.89 1.08
AlLO, 3.26 n.d 0.07 n.d n.d 0.19
Y,0; 0.69 n.d 0.36 0.41 0.67 0.08
La,0, 0.36 0.05 0.4 0.06 0.22 n.d
Ce,05 1.18 0.11 1.47 0.21 0.9 0.18
Nd,O, 0.33 0.08 0.53 0.11 0.11 0.08
FeO 0.15 0.23 n.d 0.3 0.29 0.15
CaO 49.42 50.6 5004 5407 5279 5218
Sro 1.1 121 1.41 1.25 2.25 1.19
Na,O 1.52 1.65 1.14 1.77 07 1.34
F 2.46 3.87 4.89 3.74 3.83 3.14
sum 9877 9462  98.66 98.91 97.85 96.92
-O=F 1.04 1.63 2.06 1.58 161 1.32
Total 97.73 93 96.58 97.34  96.23 95.59
Atomsto 120 +1 (OH, F, CI)
P 2.80 2.86 2.90 278 2.79 2.86
si 0.02 0.00
Zr 0.05 0.05 0.05 0.04 0.04 0.05
Al 0.33 0.01 0.02
Y 0.03 0.02 0.02 0.03 0.00
La 0.01 0.00 0.01 0.00 0.01
Ce 0.04 0.00 0.05 0.01 0.03 0.01
Nd 0.01 0.00 0.02 0.00 0.00 0.00
Fe 0.01 0.02 0.02 0.02 0.01
Ca 4.61 4.98 479 5.14 5.12 4.98
Sr 0.06 0.06 0.07 0.06 0.12 0.06
Na 0.26 0.29 0.20 0.30 0.11 0.23
F 0.69 112 1.36 1.05 1.09 0.89

1199
1200
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1201 Table 4 Representative compositions of pyrochlore from the Fazenda Varela
1202  carbonatite.

Oxides
(%) 2 4 8 9 11 15 16
Nb,Os 65.51 67.94 66.79 66.93 68.38 67.76 70.82
Ta,O5 0.64 0.81 0.40 0.20 0.01 0.42 0.12
TiO, 1.78 2.10 2.00 1.95 1.75 1.78 1.86
SiO, 0.36 0.48 0.20 0.16 n.d. 0.22 0.20
ThO, 0.11 0.15 0.13 0.13 0.15 0.12 0.14
uo, 0.42 0.78 0.16 0.04 n.d. 0.04 n.d.
Zr0, 0.18 0.16 0.18 0.22 0.25 0.18 0.24
HfO, 0.10 n.d. 0.24 n.d. n.d. n.d. n.d.
Al,O4 n.d. n.d. 0.02 n.d. n.d. n.d. 0.03
Y,0; 0.06 0.12 n.d. n.d. n.d. n.d. n.d.
La,0; 0.37 0.38 0.45 0.37 0.37 0.45 0.40
Ce, 04 1.03 1.03 1.07 1.02 1.05 1.06 1.14
Pr,0O3 0.05 0.04 0.06 n.d. n.d. 0.07 0.12
Nd,03 0.10 0.09 0.12 0.04 0.09 0.09 0.12
FeO 0.33 0.25 0.49 0.42 0.56 0.35 0.41
MnO 0.06 0.04 n.d. 0.12 0.06 0.06 n.d.
CaO 13.34 14.48 14.56 15.8 15.98 13.77 13.98
SrO 3.17 3.18 3.26 3.22 3.29 3.61 3.45
BaO 0.04 0.2 n.d. 0.05 0.05 0.08 n.d.
PbO 0.01 n.d. n.d. 0.03 0.04 n.d. n.d.
Na,O 8.07 5.04 8.02 6.91 3.59 4.26 4.38
Sum 101.28 102.71 103.73 103.37 100.19 98.5 101.31
F 5.33 5.22 5.44 5.52 3.74 3.39 3.83
-O=F 2.24 2.19 2.28 2.32 1.57 1.42 1.6
Total 99.04 100.52 101.45 101.05 98.62 97.08 99.7
A site
Th 0.008 0.010 0.009 0.009 0.010 0.008 0.010
U 0.030 0.053 0.012 0.003 0.000 0.003 0.000
Y 0.002 0.004
La 0.013 0.013 0.015 0.013 0.013 0.015 0.013
Ce 0.036 0.034 0.036 0.035 0.035 0.036 0.037
Pr 0.002 0.002 0.002 0.003 0.004
Nd 0.004 0.003 0.004 0.001 0.003 0.003 0.004
Mn 0.004 0.003 0.007 0.004 0.004
Ca 0.775 0.806 0.828 0.907 0.906 0.782 0.762
Sr 0.218 0.210 0.219 0.219 0.221 0.242 0.223
Ba 0.003 0.014 0.003 0.003 0.006
Pb 0.000 0.003 0.003
Na 0.243 0.146 0.237 0.206 0.106 0.126 0.124
S cations 1.341 1.301 1.366 1.413 1.320 1.253 1.190
B site
Nb 1.860 1.849 1.856 1.879 1.896 1.882 1.889
Ta 0.021 0.026 0.013 0.007 0.005 0.014 0.004
Ti 0.087 0.098 0.096 0.094 0.083 0.085 0.085
Si 0.014 0.017 0.007 0.006 0.008 0.007
Zr 0.011 0.009 0.011 0.013 0.015 0.011 0.014
Hf 0.007 0.016
Al 0.001 0.001
Fe 0.001 0.001 0.001 0.001 0.001 0.001 0.001
S cations 2.000 2.000 2.000 2.000 2.000 2.000 2.000
F 0.468 0.450 0.466 0.472 0.329 0.304 0.331
NASIE 3930 3496 3170 2935 3402 3750  40.50
vacancies

1203 Structural formulas calculated based on 2 cations in B site; n.d.: not detected
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1204  Table 5 Whole-rock compositions of the Fazenda Varela carbonatite: major and some

1205 selected elements.

Oxides This work Ch'ar?;agg;' etal. F'\gf;%%gttaggg)
(%) CFV14|CFV16 |CFV17| gB (5 SB 02 11.4.2 VII.1.2
brown | brown | gray | brown gray brown gray
SiO, 4.81 2.96 0.69 2.53 1.46 2.85 1.19
TiO, 0.08 0.04 n.d. 0.05 0.04 n.d. n.d.
Al,O4 1.52 1.71 0.22 0.87 0.83 0.41 0.08
Fe,O3r1 12.79 | 12.25 | 10.72 22.85 39.43 14.05 19.99
MnO 1.77 1.75 1.47 1.06 2.39 2.07 1.89
MgO 5.46 5.14 8.05 14.16 12.72 11.27 12.34
CaO 32.1 33.29 | 20.59 34.27 29.41 26.86 24.05
Na,O 0.4 0.58 0.05 0.02 0.02 n.d. n.d.
K,0O 0.63 0.45 0.14 0.26 0.2 n.d. n.d.
P,Oy 11.33 | 13.91 | 0.03 0.03 0.04 0.05 0.06
CoO, 22.2 21.47 | 35.84 un. un. 34.4 32.1
BaO 1.39 1.46 n.d. 1.06 151 4.85 9.71
SrO 0.9 1.27 0.26 0.35 0.95 0.22 0.25
Total 95.38 | 96.27 | 78.06 7751 89 97.03 101.65
(ppm)
Nb 2857.6 | 913.0 89.4 8.9 8.4 58.0 75.0
Ta 8.8 3.9 0.4 15 2.0 2.0 2.0
Zr 649.7 | 868.7 12.1 7.7 14.3 98.0 110.0
Hf 7.6 8.1 0.1 0.4 0.1 0.5 0.6
Th 214.3 | 290.2 | 337.8 35 5.0 340.0 350.0
U 31.2 33.9 8.4 14 0.8 16.0 8.5
Nb/Ta 324.7 | 234.1 | 2235 5.9 4.2 29.0 37.5
Zr/Hf 85.5 107.2 | 121.0 19.3 143.0 196.0 183.3
Th/U 6.87 8.56 40.21 2.5 6.25 21.25 41.18
1206 un.: no information; n.d.: not detected

1207
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1209
1210

Table 6 Rare-earth element contents in the Fazenda Varela carbonatite.

Samples

Chiaramonti et al.

Menegotto and

Element This Work (2002)
Formoso (1998)
(ppm)
CFV14 | CFV 16 | CFV 17 SB 05 SB 02 11.4.2 VIIL1.2
brown brown gray brown gray brown gray
La 384.50 | 232450 | 4285.70 41.20 2569.00 | 3148.00 | 4656.00
Ce 693.50 | 4129.70 | 5519.20 90.31 5236.00 | 5313.00 | 5757.00
Pr 69.50 413.89 419.69 12.24 767.00 un. un.
Nd 227.10 1362.90 | 1057.60 47.54 2184.00 | 1495.00 | 1101.00
Sm 31.02 220.95 102.13 9.43 375.6 173.00 113.00
Eu 8.73 78.33 24.74 2.53 80.11 42.50 25.40
Gd 19.7 230.78 66.18 7.91 225.32 124.00 89.70
Thb 2.96 52.64 5.66 1.35 12.69 150.00 7.30
Dy 13.74 331.31 18.68 7.67 56.91 51.40 18.6
Ho 2.54 72.01 191 1.39 9.39 un. un.
Er 6.66 174.09 3.62 3.17 22.45 un. un.
Tm 0.96 21.56 0.47 0.56 2.34 un. un.
Yb 5.31 103.97 3.19 3.09 8.72 1.00 1.10
Lu 0.72 12.27 0.39 0.44 0.86 0.31 0.30
SLREE 1414.35 | 8530.27 | 11409.06 | 203.25 | 11211.71 | 101715 | 116524
>HREE 52.59 998.63 100.10 25.58 338.68 191.71 117.00
>REE 1466.94 | 9528.90 | 11509.16 | 228.83 | 11550.39 | 10363.21 | 11769.40
La/Yby« 48.82 15.07 905.77 8.99 198.62 | 2122.36 | 2853.68
Y 1101.9 1738.7 50.4 18.8 455 un. un.

un.: no information
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Table 7 LA-ICP-MS U-Pb in situ zircon

used in age determination.

168

analysis from CP-03 carbonatite sample. Discordant (plotted in red) and high common lead spots were not

SPOT Comm.Pb| Th | U | Th/U Conc.
RATIOS AGES (Ga)
207/235 | 1sigma | 206/238 1 coef. | 238/206 1 207/206 1 208/206 1 (%) ppm | ppm 206/208| 1 |207/235| 1 |207/206| 1 |206/238
sigma | corr sigma sigma sigma sigma sigma sigma | 207/235

CP3_15 0.0845 0.0065 0.0121 0.0003 0.36 82.5654 1.7507 0.0506 0.0047 0.7416 0.0288 0.55 341 153 223 776 1.6 82.4 6.1 2236 198.1 94
CP3_8 0.0944 0.0081 0.0125 0.0003 0.31 80.0657 2.0168 0.0548 0.0059 0.4461 0.0559 0.60 283 167 169 80.0 2.0 91.6 75 405.1 205.6 87
CP3_2 0.0884 0.0059 0.0121 0.0002 0.42 82.7650 1.5942 0.0531 0.0045 0.7585 0.0254 0.63 325 160 204 774 15 86.0 55 3324 190.6 89
CP3_1 0.0934 0.0079 0.0123 0.0003 0.01 81.3231 2.2295 0.0551 0.0058 0.7749 0.0451 0.64 284 144 198 7838 21 90.6 7.3 4148 2312 86
CP3_3 0.0956 0.0073 0.0123 0.0003 0.41 81.4045 1.9013 0.0565 0.0054 0.6190 0.0334 0.65 225 131 173 787 1.8 92.7 6.8 4704 2142 84
CP3_16 0.0942 0.0066 0.0121 0.0003 0.41 825321 1.7249 0.0564 0.0048 0.6331 0.0334 0.89 178 111 160 776 1.6 914 6.0 4675 1844 84
CP3_18 0.0902 0.0074 0.0120 0.0003 0.73 83.1764 1.9842 0.0544 0.0055 0.7141 0.0315 1.07 314 154 2.04 77.0 1.8 87.7 6.9 388.2 221.0 87
CP3_20 0.0828 0.0045 0.0122 0.0002 0.04 81.8919 1.2225 0.0492 0.0032 0.6987 0.0203 111 420 232 181 782 1.2 80.7 42 1554 1440 96
CP3_19 0.0957 0.0109 0.0123 0.0004 0.01 81.0276 2.7103 0.0562 0.0082 0.4823 0.0426 1.15 121 81 150 791 2.6 92.8 10.0 4612 3133 85
CP3_14 0.0953 0.0119 0.0123 0.0005 0.23 81.5611 2.9943 0.0564 0.0087 0.4099 0.0293 1.20 114 103 111 786 2.9 92.4 10.8 4672 277.8 84
CP3_17 0.0988 0.0063 0.0125 0.0002 0.49 80.1589 1.5879 0.0574 0.0046 0.6360 0.0252 1.38 258 155 167 79.9 1.6 95.7 5.9 5084 178.7 83
Discordant - plotted in red

CP3_11 0.1015 0.0083 0.0124 0.0003 0.44 80.9401 2.0952 0.0596 0.0062 0.6429 0.0310 0.93 164 109 151 792 2.0 98.1 7.7 588.0 235.9 80
CP3_4 0.1078 0.0087 0.0127 0.0004 0.62 78.5618 2.2719 0.0614 0.0066 0.6996 0.0326 0.73 238 129 185 815 2.3 104.0 8.1 6545 245.9 78

High common Pb - not plotted

CP3 6 0.1240 0.0190 0.0125 0.0007 0.06 79.8368 4.5799 0.0718 0.0151 0.3323 0.0631 3.17 73 76 096 802 4.6 1187 169 9811 3826 67
CP3_5 0.0922 0.0044 0.0120 0.0002 0.01 83.2010 1.4545 0.0556 0.0034 0.6669 0.0282 3.37 489 295 166  77.0 1.3 89.5 41 436.8 1353 86
CP3 9 0.1012 0.0102 0.0122 0.0004 0.12 82.2144 27799 0.0603 0.0081 0.4276 0.0479 421 129 125 1.03 77.9 2.6 97.9 9.3 615.6  267.9 79
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5 CONCLUSOES

A partir do levantamento de magnetometria, trés alvos distintos foram identificados
na area de estudo: (i) Alvo 1, que corresponde ao Carbonatito Fazenda Varela; (ii) Alvo 2,
relacionado as brechas vulcanicas; (iii) Alvo 3, rocha ndo aflorante. O CFV (Alvo 1) ocorre
na intersecdo de uma falha principal na direcdo NE-SW e outra na direcgdo NNW-SSE.
Segundo 0s modelos tectdnicos propostos para esta regido, estas falhas sdo provavelmente
formadas pela reativacdo de estruturas presentes no substrato da Bacia do Parand. Também foi
identificada uma estrutura NNW-SSE, que pode ter exercido algum controle sobre o
posicionamento do carbonatito e, possivelmente, foi reativada apds sua intrusao.

A reativacdo das estruturas ocorreu durante Cretaceo Superior e dividiu a area em
dois blocos: 0 morro norte (NE) e o morro oeste (SW). Os alvos 1 e 2 foram confirmados por
gamaespectrometria. Os resultados de eU, eTh e K, contetdo U andmalo, fator K e F anémalo
do alvo 1 auxiliou na defini¢do da forma circular do carbonatito, que possui aproximadamente
600 metros de didmetro e aproximadamente 50 metros de profundidade.

Em superficie, o CFV ocorre principalmente como veios que cortam arenitos
arcoseanos da Formacdo Rio Bonito, promovendo silicificagdo, brechacdo, carbonatacéo e
fenitizacdo potassica dos sedimentos. As analises quimicas permitiram classificar as amostras
do carbonatito como magnesiocarbonatito, calciocarbonatito ferruginoso e ferrocarbonatito. A
paragénese magmatica € principalmente composta por dolomita, Fe-dolomita, ankerita, com
pirocloro, apatita, barita, ortoclasio e quartzo. A fase magmatica € sucedida por um processo
carbohidrotermal, que promoveu a cristalizacdo de calcita, ankerita, parasita-(Ce), apatita
microcristalina, zircdo poiquilitico, barita, quartzo e pirita. Veios hidrotermais tardios
compostos por calcita, parasita-(Ce) e hematita cortam o CFV e as rochas encaixantes.

A cristaliza¢do de zircdo tardio bem desenvolvido, com inclusfes dos minerais da
matriz e de alto teor de Zr na apatita microcristalina reforcam a hipétese da existéncia de
cristalizacdo tardia a partir de residuos carbotermais, que foram responsaveis pelas
concentracdes relativamente elevadas de Ba, P e ETR. A mineralizacdio de ETR é
praticamente restrita a parisita-(Ce), na qual a ordem preferencial para incorporacdo de ETR é
Ce >La>Nd>>ETRP ~ Y, cujos teores de ETRL chegam a 52%. O padréo de distribuicéo
dos ETR na parisita € muito similar aqueles do carbonatito, mesmo em cristais com
concentracdes mais altas de ETRP, indicando que o fluido tardio que gerou a parisita tem a
mesma fonte do carbonatito. A fluorcalcioapatita possui contetidos de Sr (até 2,25% em peso
de SrO), ZrO, (até 1,17% em peso) e Y (até 0,69% em peso de Y,03) sdo consideravelmente
mais altos que o normalmente encontrado na apatita de carbonatitos. O alto valor desses
elementos pode significar que a composicdo do fluido formador da apatita e do zircdo tem
afinidade alcalina e pode ter sido misturado ao residuo carbonatitico tardio.

As caracteristicas gerais do CFV sdo semelhantes as dos carbonatitos primarios do
cla nefelinito (Mitchell, 2005), em virtude da associacdo com rochas alcalinas intrusivas e
extrusivas, pela variedade composicional dos carbonatos, bem como pela presenca de um
residuo carbotermal nos estagios finais responsavel pela formacao de minerais de Ba e ETR.
As altas razbes Nb/Ta e Zr/Hf também podem ser uma evidéncia de um processo de
cristalizacéo fracionada do carbonatito relacionados a rochas do cl& nefelinito.



170

A idade do carbonatito, obtida ao datar zircao por U-Pb, foi de 78 + 1 Ma. Essa idade
corresponde aos estagios iniciais da evolugdo do CAL e corrobora com o modelo
petrogenético de Scheibe (1986), que sugere que o CFV foi gerado a partir de um magma
parental de composicdo nefelinitica.

Em relacéo a dispersdo dos elementos durante o intemperismo, o P, 0 Nb, o Th e os
ETR foram transportados de maneira clastica e ficaram limitados a areas proximas do corpo
carbonatitico. Por este motivo, ndo foi possivel identificar a assinatura geoquimica do
carbonatito nas sub-bacias de drenagem na regido de Lages. O padrdo de distribuicdo dos
ETR dos sedimentos de corrente é similar ao dos fonolitos e pode indicar que os sedimentos
oriundos dessa rocha tiveram maior influéncia na formagdo das anomalias que os sedimentos
de carbonatitos. No entanto, na parte sudoeste do CAL foram identificadas anomalias com
altos teores de P e ETR, que comumente sdo observadas em areas proximas de carbonatitos.
Observa-se que ndo existem registros na literatura de rochas alcalino-carbonatiticas aflorantes
nestas sub-bacias, portanto, esta regido deve ser uma das prioridades para trabalhos
detalhados de geologia no futuro.

Sobre o CFV foram identificadas trés anomalias de P e ETR no solo. Estes elementos
apresentam forte correlacdo positiva e, algumas vezes, estdo associados com o lineamento
NW-SE e com altos magnéticos relacionados ao alvo 1. Estas anomalias podem representar a
regido onde o fluido carbohidrotermal tardio interagiu com o carbonatito de maneira mais
efetiva, sendo estas as areas mais promissoras para sondagem.

O estudo prospectivo do CAL e do CFV mostra um grande potencial para
mineralizacbes de P, Ba e ETR, embora estudos adicionais de mapeamento detalhado da
regido da CAL e perfuracdo na CVF sejam necessarios para confirmar a viabilidade
econdmica dessas ocorréncias. O achado inédito de zircéo hidrotermal tardio, o conhecimento
de novos alvos potenciais encontrados a partir de métodos indiretos, a crescente demanda por
agrominerais e, consequentemente, a potencialidade econémica do carbonatito evidencia que
0 Complexo Alcalino de Lages e o carbonatito Fazenda Varela representam um campo fertil
de pesquisa geologicas futuras.
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