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RESUMO
A avaliacdo integrada de dados de geoquimica do, smrogamaespectrometria (eTh),
mapeamento geoldgico e estrutural associado a icEscde furos de sondagem e
afloramentos da regido de Cacapava do Sul, sulrdsilBlevou a descoberta de dois corpos
de carbonatitos. Estes corpos estéo localizadosnpod aos limites sudeste e leste do Granito
Cacapava, intrudindo o Complexo Passo Feio. Ons&ésté composto por alvikitos de
coloracao rosada seguidos por beforsitos brancdi®$aambos na forma de corpos tabulares
deformados concordantes com a xistosidade e dabaasrochas encaixantes. Analises
petrograficas e avaliacdes utilizando microscopgtr&nico de varredura demonstraram que a
calcita € o mineral predominante nos alvikitosdseos seguintes minerais acessorios e trago:
apatita, magnetita, ilmenita, biotita, badeleiiecdo, rutilo, minerais do grupo do pirocloro e
minerais de elementos terras raras (ETR). O bédorsaracterizado pela presenca abundante
de dolomita, possui 0S mesmos minerais acessoritvace observados nos alvikitos. A
metodologia utilizada para geocronologia foi U-Pi &rcdes vidaser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), executada em uma amostra de befarsito
idade de cristalizacéo fornecida pelo método fob6@®&,2 + 4,5 Ma, colocando a intrusdo em
um contexto de ambiente pos-colisional ediacaracom tectonismo transpressivo

predominante e atividade vulcanica marcada poctaniaticas shoshoniticas.

Palavras - chave:carbonatito, alvikito, beforsito, Cacapava, geagod, geocronologia
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ABSTRACT

The integrated evaluation of soil geochemistry,ogammaspectrometry (eTh), geological
and structural mapping associated with descriptioimoreholes and outcrops of Cacapava do
Sul region, southernmost Brazil, led to the discpvef two carbonatite bodies. They are
located near to the east and southeast of Cac&yavete, intruding the Passo Feio Complex.
The system is composed by early alvikite pink-cedbrock followed by late white beforsite
dikes in deformed tabular units concordant with thaest rock schistosity and folds.
Petrographic and scanning electron microscopy sti@aw the alvikites are dominantly by
calcite with subordinate apatite, magnetite, ilnenibiotite, baddeleyite, zircon, rutile,
pyrochlore-like and rare earth element mineralsfoB#es have the same minor and
accessory minerals of the alvikites. U-Pb zirconalpeonology via laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) wadopeed on a beforsite sample,
yielding a 603.2 + 4.5 Ma crystallization age, m Bdiacaran post-collisional environment
with transpressive tectonism and volcanic activitgarket by initial shoshonitic

characteristics.

Keywords: carbonatite, alvikite, beforsite, Cacapayeochemistry, geochronology

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



LISTA DE FIGURAS

Figura 1. Classificacdo quimica para carbonatitoa 8iQ < 20% (% em peso de 6xidos).
Modificado de Woolley & Kempe (1989) 3

Figura 2. Representacdo esquematica do ciclo g&wmitto do carbono. Modificado de

Figura 3. Formas de ocorréncia do carbono em furd#iofugacidade de oxigénio e
profundidade no manto, com pressao e temperatlcal@a@dos em um sistema adiabatico.
*FMQ = Faialita-Magnetita-Quartzo (3 20, = 2 FgO, + 3 SiQ). Modificado de

Figura 4. Mapa de localizacéo dos afloramentosadeonatito conhecidos no Rio Grande do
Sul. Fonte da imagem: Google Earth (Figura obtide2614) 8

Figura 5. Mapa geoldgico simplificado da porcadoomstie do Brasil e Uruguai (modificado

Figura 6. Mapa geologico esquematico do escudoRiigrandense, com destaque para o
terreno S&o Gabriel (modificado de Lestaal., 2014; Hartmanmt al., 2016). C = Granito
Cacapava, J = Granito Jaguari, L = Granito Lavd#s7= Granito Santo Afonso, SR = Granito

Figura 7. (a) Mapa de contorno radiométrico, cath (Fonte: CPRM, 2010); (b) Mapa
geoldgico local, com indicacdo dos afloramentosa®onatito (c) Picada dos Tocos e (d)

Passo Feio. Mapa em coordenadas UTM (UniversalsVeasa de Mercatoratum SADG69,

Figura 8. (a) Fotografia do afloramento de carbtmahdicado no mapa da figura 7c,
ilustrando o contato entre a camada de carborattaocha fenitizada (Fonte: Rociaal .,
2013); (b) fotografia de alvikito brechado (stockigocom fraturas e vénulas preenchidas por
clorita e hematita; (c) fragmento de testemunhsatelagem mostrando a relacado de contato
entre alvikito (rosa) e beforsito (branco); (d) gireento de testemunho de sondagem

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



vi
mostrando alvikito brechado (rosa) devido a intouséb beforsito (branco), e fraturas

Figura 9. (a) Fotografia do afloramento de carbtmdi ocorréncia Passo Feio; (b) fotografia
da amostra de granada-titanita hornblenda granafeiszado (fenitizagdo sédica), coletado
proximo ao contato com o carbonatito (amostra TA)3Zc) fotografia da amostra de

carbonatito coletada para analise petrograficaimiqga (amostra PF). Fonte: Cerva-Ahats

Figura 10. (a) Fotografia de testemunho de sondagestmando as relagbes entre alvikito
(rosa), beforsito (branco) e a encaixante (bicamtdibolito verde escuro); (b) amostra de
biotita anfibolito (rocha encaixante) obtida jur@o contato de base (saindo da zona afetada
pela intrusdo do carbonatito), com presencadesgl@$a_ 17
Figura 11. Secédo geoldgica esquematica W-E da@&uoa de carbonatito Picada dos Tocos,

ilustrando os locais onde as amostras foram castddcluindo (a) o furo F1 e (b) os furos

LISTA DE FIGURAS - ARTIGO

Fig 1. Carbonatite and alkaline rock occurrenceBriawil, including the presently described
bodies. (1) Rio de La Plata Craton, (2) Luiz Al&ston, (3) S&o Francisco Craton, (4) Séao
Luis Craton, (5) Amazonas Craton. Modified fromkim, 2004; CPRM, 2015; Giovanini,

Fig. 2. Geological units of the Sdo Gabriel terraReecambrian Sul-Riograndense Shield,
southern Brazil, showing the main geotectonic uaitd carbonatite bodies. CCF = Cerro dos
Cabritos fault zone, AF = Andrade fault zone, CMFCamaqua Mine fault zone, CS =

Cacapava shear zone, IL = Ibaré lineament. Modffieesh Remust al. (2000) 41

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



Vi

Fig. 3. (a) Radiometric contour map of Th in ppnPEM, 2010); (b) geological map of the
Cacapava Region, including the (c) Picada dos Taecak (d) Passo Feio bodies, showing

Fig. 4. Diamond drill cores showing (a) bands with pink alvikite interbedded with

dark biotite amphibolite, with a globular befite xenolith; (b) beforsite and coarse
biotite amphibolite interval;, (c) foliated bi® amphibolite and pink alvikite, and
white beforsite vein showing abrupt concordant aont(d) interbedded and folded white
beforsite and pink alvikite; (e) abrupt concordaahtact between beforsite and alvikite; (f)
dark biotite amphibolite and pink alvikite interluksadi with a quartzo-feldspathic fragment. Ba

- biotite amphibolite, Cc - alvikite, Mc - beforsjtQf- quartz-feldspar xenolith rock 46

Fig. 5. Selected textural characteristics of P&s€0 and Picada dos Tocos carbonatites: (a)
beforsite showing dolomitic matrix and levels wdpatite concentration in cross-polarized
light (XPL); (b) mylonitic calc-silicate band withligned biotite, magnetite and apatite grains,
all affected by intense carbonation in plane-pakdilight (PPL); (c) carbonate porphyry in a
carbonate matrix, showing mortar texture (XPL); &batite showing zircon inclusion and
cracks filled with monazite in backscattered elattimages (BSE); (e) euhedral crystals of
thorium-rich pyrochlore-like minerals from alvikiample (PPL); (f) fragmented pyrochlore-
like minerals associated with ferrocolumbite in acite matrix (BSE). Ap - apatite, Bt -

biotite, Cb - ferrocolumbite, Dol - dolomite, Mag magnetite, Mnz - monazite, Pcl -

Fig. 6. Selected textural characteristics of P&3=0 and Picada dos Tocos carbonatites: (a)
pyrochlore-like minerals with oscillatory compositi altered to bastnaesite in backscattered
electron images (BSE); (b) baddeleyite grain witican overgrowth (BSE); (c) baddeleyite
inclusions in pyrochlore and thorite aggregatesgB%d) zoned bipyramidal zircon crystals
and monazite dispersed in a dolomitic matrix (BSEYted sample TA-19; (e) biotite grains
substituted by titanite, magnetite and ilmeniteaimatrix composed of calcite and apatite in
plane-polarized light (PPL); (f) pyrochlore-like merals and ilmenite inclusions in zoned
titanite with subtle variable Fe content associatgth biotite (BSE). Ap - apatite, Bd -

baddeleyite, Bt - biotite, Cal - calcite, Dol - dolite, lIm - ilmenite, Mag - magnetite, Mnz -

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



viii

Fig. 7. Selected textural characteristics of P&s€0 and Picada dos Tocos carbonatites: (a)
titanite with pyrochlore-like minerals inclusionseplacement?) in backscattered electron
images (BSE); (b) rounded albite grain with thermmadsional boundary and substituted by
calcite dispersed in a carbonate matrix in crodared light (XPL); (c) textural relationship
between beforsite xenolith and foliated alvikite,plane-polarized light (PPL); (d) ilmenite,
rutile and ilmenorutile intergrowth with barite insions in dolomitic matrix, and calcite
veinlets; (e) biotite showing king bands and atierato chlorite (PPL); (f) graphic texture in
a rutile/ilmenite grain close to xenolith borderb A albite, Ap - apatite, Brt - barite, Bt -
biotite, Cal - calcite, Chl - chlorite, Dol - dolat®, Ilm - ilmenite, limrt - ilmenorutile, Pcl -

Fig. 8. Selected textural characteristics of Picdda Tocos biotite amphibolite (a) and (b),
and Passo Feio titanite hornblende granofels (c) (fx (a) polycrystalline
iimenite/ilmenorutile aggregate, e.g. sigmoid irckscattered electron images (BSE); (b)
detail of Figure 8a showing overgrowth of ilmenitad ilmenorutile with monazite
inclusions, and apatite growth mainly bordering aimte/ilmenorutile grains (BSE); (c)
titanite hornblende granofels sample showing neblastic hornblende replaced by garnet
and titanite, in hand sample; (d) sample closeht darbonatite contact, showing needle-
shaped hornblende replaced by garnet and titamiéegrowth, strong albitization and levels
with epidotization, hand sample; (e) titanite amarngt replacing hornblende in plane-
polarized light (PPL); (f) albite replacing titamiand garnet intergrowth in cross-polarized
light (XPL). Ab - albite, Act - actinolite, Ap - apite, Bt - biotite, Cal - calcite, Ep - epidote,
Grt - garnet, Hbl - hornblende, Ilm - ilmenite, Hm ilmenorutile, Mnz - monazite, Ttn -
T NI 59
Fig. 9. Carbonatite ternary CaO - MgO - FeO(t) +Ovdiscrimination diagram after Woolley
and Kempe (1989) for Cagapava samples. The caibonalbts between the fields of

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



ix
Fig 12. Chondrite normalized REE diagram (McDonowgid Sun, 1995) for the studied

carbonatites and mafic rocks 67

Fig. 13. Zircon cathodoluminescence (CL) imagesther studied samples. The circles show
LA-ICP-MS dating spots and corresponding U-Pb dgeMa) 70

Fig. 14. (a) Isotopic analyses of zircon crystalpldyed in a Tera-Wasserburg Concordia

LISTA DE TABELAS - ARTIGO

Table 1. Representative bulk-chemical analyses aifaava carbonatites. Major and trace
elements in wt% and ppm, respectively. Rock abhtens: alvikite (Cc), beforsite (Mc),
biotite amphibolite (Ba) and titanite hornblendargsfels (Thq) 62

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



SUMARIO
RESUMO oo eeeeeseeesesesesseee s eeesssesessssesesseee s sesessssesesseesssseeesnses ii
ABSTRACT . ooeeeeeeeeeeeeeeeeeeeeoseeesssseessssesessssesssseseessesessesesesaseesesseeesssesesmssssesaseseena v
LISTADE FIGURAS | oeeeeeeeeeeeseeeeeseeesssesesssesesssssessasesesssesesasnsesnssesenssnns Y
LISTADE FIGURAS - ARTIGO | eeeeeeeeeeeeeeseeeeeesneesesseessseeessnsennannn V1
LISTADE TABELAS - ARTIGO oo seeeeeseeesesesesseesssseneennes iX
SUMARIO oo eeeeeeeeseeees s ssseeeeesesesessssesssmeesesssssssssseseeeeseesessssesssmeesssessesses X
LOINTRODUGAO oo eeoeeeeeeeeeessssssesseeesseseessssssssseeessessesssssssemmeeseseeeesses 1
L1 OBJBUVOS oo eeees s eeeessesessssesessssesessesessssesesnsseeessesesmsseees 2
1.2, CarbONALOS || __........oooooeeeeeeeeeeee oo eeeesseeess e eeeessesessssesessseesessesesssseees 2
1.3. LOCANZAGAQ. ... ..o ees e eeeesseeesssseesssseeessesessssesesnseesessesesnsseees 8
2. GEOLOGIA || ooeeeeeeeeeeeeeeeeeeeseeeeseseeeesesesessses s eee s esessssesesssesesseeesnsesesasneees 9
2.1. Geologia ReGIONAL | ... ..o ses e seeeesseeesnsnenes 9
2.2. GeO0IOGIA LOCAL ... oo eee e eeees s essees s eesesseseessenees 12
3. METODOLOGIA E TECNICAS ANALITICAS oo 19
4. REFERENCIAS BIBLIOGRAFICAS 23

5. ARTIGO - Integrated field, mineralogical and ge@hemical characteristics of

Cacapava alvikite and beforsite intrusions: a new Hiacaran carbonatite complex

iN SOUtherNMOSE Brazil ...t esss e 34
ADSITACE oo esseseeeeeesss e esssss s s s eessess s sesses s eessesssassesssessas 35
Lo INOTUCHION oo eeeeeeeeeeeesssssseeseesssss s sssss s essss s esssasssensesssassneen 36
2. GeOlogiCal COMEXE ... .ooooeeeeeeeeeeeeeeeeeeeeesseseeeseessss e essss s essssssseesnessassnenneens 38
3. LOCAIGEOIOGY.............oooeoeeeeeeeeeeeeee e sssss e essss e esssessessesssmsseessessansnenneens 42
4. Material and MethOUS, ... ..ot eeennessses s 47
5. Results 49

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



49

50

55

58

60

60

67

71

72

74

75

76

Xi

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do

Sul, Brasil



1. INTRODUCAO

As rochas igneas alcalinas, em particular as dadles ricas em carbonatos, sdo muito
importantes, tanto do ponto de vista econémico ueientifico, apesar de terem abundancia
volumétrica bastante restrita. Os carbonatitosaékdis no mundo todo fornecem substancias
como metais raros, fosfatos, dentre outros mineéndigstriais (Mariano, 1989). Embora sua
origem seja controversa, € amplamente aceito queracdo de carbonatitos possa ocorrer
através da fusdo parcial de um pequeno volume ddomam dominios enriquecidos com
elementos traco e volateis. Em funcdo da profuni@gidia fonte e pela rapida colocacao dos
magmas, por vezes violenta, as rochas alcalinagngente sdo portadoras de xenolitos do
manto. Desta forma, estudos diretos a partir denma&é mantélicos sdo possiveis, ampliando
nossa compreensao sobre 0s processos de geragés degmas, e sobre a composicao das

camadas mais internas da Terra.

Complexos carbonatiticos sdo reconhecidos em todosontinentes, desde o Pré-
cambriano até o presente. Embora existam rochaalingls em diversos ambientes
geotectdnicos (Woolley & Kempe, 1989), o estudotatesochas, particularmente dos
carbonatitos, concentrou-se desproporcionalmente anbientes de rifte continental
(Woodard & Heterington, 2014). Devido ao pouco wadue elevada reatividade destes
magmas, aceita-se que um ambiente tectbnico eateist necessario para a sua colocacao
na crosta superior (Woodard, 2010). Nas configwescéxtencionais poés-colisionais, as
rochas alcalinas tém potencial para fornecer indgdas a respeito dos efeitos dos processos
tectdnicos convergentes sobre a evolu¢do geoquitnicaanto. A determinacdo da idade de
intrusdo dessas rochas também pode ser usadaopéeataalizar, temporalmente, os eventos

tectdnicos.

No sul do Brasil, quatro intrusdes de corpos dbaratitos foram descobertos durante
pesquisas desenvolvidas pela Companhia Brasileiaatbre (CBC), pelo Servico Geologico
do Brasil (CPRM) e pelo Grupo Mining Ventures BlgkAVB). Duas areas com a presenca
de corpos de carbonatitos tabulares e foliadogyrdarados de ocorréncias Picada dos Tocos
e Passo Feio, foram identificadas na regido def@agado Sul - RS, e séo alvo do presente
trabalho. Os estudos desenvolvidos incluem a dgscidas relacbes de campo, petrografia,
geoquimica e datacdo. As interpretacfes dos daslagaim a conclusdo de que tratam-se de

carbonatitos originados no manto em uma sequéediatidisdes envolvendo pelo menos dois
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eventos, iniciando com a intrusao de alvikitos s#mgipor beforsitos, datados em 603,2,5

milhdes de anos.

1.1. Objetivos

O projeto teve como principal objetivo a caraetgio geoldgica, com énfase no
estudo petroldgico envolvendo os principais aspeata petrografia e geoquimica das
ocorréncias de carbonatitos Picada dos Tocos ® Fass, localizados em Cacapava do Sul.
A obtencdo da idade de cristalizacdo destas irgaus@mbém fizeram parte do escopo do
projeto. Levando-se em conta a velocidade de cofmcaa crosta superior, considerou-se
neste estudo que as idades de intrusao e crigiz®jam similares.

Para a caracterizacdo petrografica das rochasribicas foram utilizadas diferentes
técnicas, tais como microscopia Otica convenci@ahicroscopia eletronica de varredura
(MEV). As analises quimicas de rocha total forantidas pelos métodos de andlise de
espectrometria de emissdo atdmica por plasma wahnénte acoplado (ICP-AES), para
elementos maiores e traco, e espectrometria deanpassplasma indutivamente acoplado
(ICP-MS), para determinagdo dos elementos terras.rda a datacao foi elaborada com base
nas composicdes isotopicas U-Pb obtidas em ziredeatitir de andlises de ablacdo com laser

acoplado a espectrometria de massa indutivameopdsao (LA-ICP-MS).

Os resultados desta pesquisa sdo apresentadosrma fle um artigo que foi
submetido a revist®re Geology Reviewem janeiro de 2017, e pode ser visualizado no
Capitulo 5.

1.2. Carbonatitos

Conforme convencao dhmternational Union of Geological SciencéfJGS), os
carbonatitos compreendem rochas igneas intrusivaxtousivas que contém mais de 50%
em volume (modal) de minerais carbonaticos. Podantlassificados quanto a composicao
do carbonato dominante, sendo reconhecidos quatrpog principais: (1) carbonatitos
calciticos, compostos essencialmente por cal@tajstambém chamados de sovitos, quando
possuem granulacdo grossa, e alvikitos, quandocaaulzicdo varia de média a fina; (2)

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio Grande do
Sul, Brasil



carbonatitos dolomiticos, também chamados befarsitompostos por dolomita; (3)

carbonatitos ferriferos, ou ferrocarbonatitos, costps por carbonatos ricos em ferro; e (4)
carbonatitos alcalinos, também conhecidos como ocetbonatitos, constituidos por

carbonatos ricos em potassio e sodio (Wernick, RO84Unica ocorréncia de carbonatito

alcalino conhecida até o momento é provenientesldo vulcdo ativo Oldoinyo Legai, no

Norte da Tanzénia. Para a classificacdo dos catibmsaé utilizado o gréfico proposto por

Woolley & Kempe (1989), que leva em consideracdmmposicdo quimica de rocha total
(Figura 1).

CaO

Calciocarbonatitos

20 20

Magnesiocarbonatitos Ferrocarbonatitos

MgO 50 FeO+Fe,O3+MnO

Figura 1. Classificagdo quimica para carbonatitosnt SiQ < 20% (% em peso de 6xidos). Modificado de
Woolley & Kempe (1989).

Complexos carbonatiticos com diferentes mineraibanéaticos podem constituir uma
série evolutiva relacionada com o processo deatimatdo (Le Bas, 1989). Além dos
minerais de carbonato principais, sdo comuns assades fluorapatita, magnetita, flogopita,
titanita, hematita, pirocloro, piroxénio e anfilwli(Hogarth, 1989; Mariano, 1989).
Quimicamente, os carbonatitos sdo caracterizadosrp@muecimento extremo em elementos
traco, incluindo minerais contendo elementos incmpis do grupo HFSEH{gh Field
Strength Elemenjstais como niobio, tantalo e lantanideos do grdps elementos terras

raras (Woolley & Kempe, 1989).
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Geralmente os carbonatitos ocorrem como pequdngsegs intrusivos, diques, sills,
veios, brechas ou como intrusdes plutbnicas nadatenanéis. Quando as intrusées possuem
caracteristicas arredondadas ou anelares sédo dedani"Tipo Central”, e quando os corpos
sao alongados, com geometria longitudinal e/ouieadas em falhas sdo chamados de "Tipo
Lineares" (Lapinet al, 1999). Sdo associados a uma diversidade de roalcatinas
silicaticas como nefelinito, fondlito, sienitos elifiticos, ijolitos, urtitos, melilitolitos,
piroxenitos, peridotitos, kimberlitos e lamprofir@@arker, 1989; Woolley & Kempe, 1989;
Mitchel, 2005; Winter, 2010). Alguns autores admitgue possam ocorrer carbonatitos sem
associagdo com rochas silicaticas. Neste casoadmratitos tendem a ser dolomiticos
(Woolley, 2003; Winter, 2010; Hammouda & Keshav,120 Porém, para outros
pesquisadores (Garson, 1965; Mitchel, 2005), armiséle rochas silicaticas associadas é
explicada pela ndo exposicdo das porcdes profuddasomplexo plutbénico parental.
Segundo Mitchel (1995; 2005) e Woolley al. (1996), a avaliacdo do espectro de rochas
exoticas (insaturadas), modalmente diversas, magtigamente relacionadas, pode ser
utilizada para uma classificagdo mineralogica-geaétlos carbonatitos, uma vez que

provavelmente tenham sido geradas a partir de uco €ipo de magma.

Embora a maioria dos carbonatitos conhecidos sejatontrados em ambiente de
rifte ou proximo a riftes, também podem ocorrer @nfiguracdes cratdnicas, em locais de
suturas orogénicas ou colisionais, em falhas exteais geradas em regimes lakck-arcou
em zonas de colapso orogénico (Haual, 2006; Chakmouradiaet al, 2008; Woolley &
Kjarsgaard, 2008; Woodard, 2010; Kiet al, 2016). Os magmas carbonatiticos s&o
altamente reativos, e existem diversas barreisasofguimicas durante a sua colocacao na
crosta superior (Woodard & Hetherington, 2014; Hamda & Keshav, 2015). Por esta
razdo, € necessario que existam condutos estsjtr@isentes em ambientes extencionais,
ligando a fonte do manto a crosta superior, paraigie a rapida colocacédo destes materiais
(Woodard, 2010). Restricbes termais na geracdo dterial fundido também podem
contribuir para o dominio relativo das ocorrénaikes carbonatitos em ambientes rifte ou

proximo a riftes (Woodard & Hetherington, 2014).

A forma com que o carbono esta presente no masfendie da pressdo, da
temperatura e da fugacidade de oxigénio, que saudrotados pela profundidade e
concentracdo de ferro no manto (Luth, 1999; Frosv&od, 1997; Hammouda & Keshav,

2015). No manto superior, espera-se que o carbstegagoresente na forma oxidada de,CO
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(exceto sob cratons onde o carbono é reduzidofitegoa diamante); j& na astenosfera, entre
60 e 90 km de profundidade, a forma oxidada dooterké o carbonato, mineral ooelt
dependendo do regime termal (Hammouda & Keshas)2&Em profundidades superiores a
aproximadamente 150 km, o manto astenosférico éomaduzido para que o carbono
permaneca na sua forma oxidada, e somente o diamnestd presente, a menos que haja
hidrogénio suficiente para formar fluidos C-H redos (Hammouda & Keshav, 2015).
Portanto, a regiao localizada entre as profundsiaée60-90 km a 150 km, onde o carbono &
oxidado e age como fundente no manto, corresposd®rdas onde awmeltscarbonatiticos
sdo produzidos e metassomatizam o manto circundantpgcdes me magmas carbonéticos e
a presenca de inclusbes de minerais de carbonathagnantes fornecem evidéncias de que
esses limites podem ser invadidos em alguns c@soso todo o C@envolvido em fusbes do
manto € de origem superficial, o envolvimento deasulitologias se faz necessario para o
fornecimento de carbono ao manto (Sakanetlkil, 2009; Hammouda & Keshav, 2015). O
aporte de material € possivel devido a tectbnicapldeas, em zonas de subduccdo e
conveccao do manto. A figura 2 mostra uma repragéotsimplificada do ciclo geodinamico

do carbono.

Outro parametro que possibilita a fusdo na preseafe carbono no manto € a
fugacidade de oxigénio (Figura 3). O equilibrio figeaCO, (+/-H,O) foi estudado por
diversos autores, que executaram experimentoseeedies pressdes (Ulmer & Luth, 1991,
La Tourrette & Holloway, 1994; Frost & Wood, 19951897). As formas reduzidas do
carbono séo grafite, a baixa pressao, e diamargka gpressdo. Quando oxidado, o carbono
pode ocorrer na forma de minerais de carbonator{gsdig), em profundidades elevadas, ou
como carbonatos fundidos e vapor (carbonatito ou d@i€3olvido em fusdesilicaticas), em

profundidades mais rasas (Hammouda & Keshav, 2015).

Sob altas pressdes, 0s minerais de silicato reagemo vapor de CO2 para formar
carbonatos (Kushiret al, 1975; Breyet al, 1983; Luth, 1995; Knochet al, 1999; Martin &
Hammouda, 2011). Estudos experimentais envolvengéof de silicatos na presenca de
carbono indicam que, em sistemas ultrabdsicos d@éicos), € possivel a producdo de
fusdes silicaticas e carbonatitos (Wyllie, 1989;IM\& Lee, 1998). Osneltscarbonatiticos
em equilibrio com o manto peridotitico tém compdsg dolomiticas (valores
aproximadamente iguais de Ca e Mg) com uma tenalégeral de se tornarem mais

magnesianas com o aumento da pressdo (Hammoudal@aKe2015). Porém, composicdes
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calciticas sdo possiveis na auséncia de clinopifogém baixas pressodes (Dalton & Wood,
1993).

Placa Arco Cadeia Hot spot
Continental b 3 meso-oceanica

manto superior

e Vapor de CO,
Y™ Melt carbonatitico
# Emisséo de CO,

C de origem 4

400 km  zona de transicéo
manto
profunda (?)

Inferior

Figura 2. Representacdo esquemética do ciclo géodico do carbono. Modificado de Hammouda & Keshav,
2015.
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Figura 3. Formas de ocorréncia do carbono em funda fugacidade de oxigénio e profundidade no manto
com pressdo e temperatura calculados em um sistiEbatico. *FMQ = Faialita-Magnetita-Quartzo (3
Fe,SiO, = 2 Fg0, + 3 Si0y). Modificado de Hammouda & Keshav, 2015 e refaeénc
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Os sistemas carbonatados basicos (eclogiticogha&s complexos do que os sistemas
peridotiticos em funcéo do forte controle da cong@mstotal dos silicatos nas temperaturas
de fuséo (reciclagem de carbonatos), e consequentepcomposicdo do material fundido,
no contexto da subduccdo (Doucelamteal, 2010; Hoernleet al, 2002). Em eclogitos
carbonatados, o efeito da composicdo em massaetstéonado com a supersaturacdo em
silica, ou falta dela. Em alguns casos, fusbegjeacidas com célcio (>80% mol% CagfO
podem ser produzidas em eclogitos carbonataddsigasdo a génese de calcio-carbonatitos

no manto da Terra (Hammouda & Keshav, 2015).

Em regimes de subduccédo de altas temperaturas @gscadiano), os carbonatos
transportados pela placa oceénica atingem profadd&lde até 200 km, onde ocorre a fusdo
do eclogito, independentemente da saturacdo eoa §Hlammouda & Keshav, 2015). Por
outro lado, em caso de regimes térmicos mais (tips Honshu), os carbonatos subductados
podem ser estaveis em grandes profundidades, pdegpendem da composicdo em massa
(Hammouda & Keshav, 2015). Experimentos realizagdos diversos autores obtiveram
liguidos tanto de composigcdo calcitica (Hammoud#)32 Kiseevaet al, 2012), quanto
magnesiana (Dasgupt&t al, 2004; Yaxley & Brey, 2004), ressaltando a im@ocia das
composicoes iniciais nos resultados dos experirseattambém na natureza. Além disto,
ensaios a altas pressbes mostram evidencias deadgemde liquidos carbonatiticos,
kimberliticos, meliliticos e basélticos com o autoedlo grau de fusdo de peridotitos
carbonatados, e imiscibilidade de liquidos a pesstenores que 3 GPa (Canil & Scarfe,
1990; Dalton & Presnall, 1998a e 1998b; Moore & \Wot998; Keshav & Gudfinnsson,
2013; Novellaet al, 2014). Estes liquidos ndo foram documentadoxasm de fusdes
carbonatadas de eclogitos. No entanto, em sistgo@#cluem a subduccéo de sedimentos
carbonatados, podem ser gerados fusfes granitieesem K (anidro) e riodaciticas (com
H.O) sob baixas pressées (Thomsen & Schmidt, 2008nar'€. Dasgupta, 2011 e 2012),
fusdes fonoliticas a pressdes de 5 GPa (Thomsech&id8t, 2008), eneltscarbonatiticos a
pressdes superiores a 8 GPa (Grassi & Schmidt, 20d1). As principais caracteristicas
observadas em sistemas que envolvem a subducc¢&eqdéncias de rochas sedimentares
carbonatadas em comparacéo aos sistemas de r@sheaske ultrabasicas descritas acima é a
adicdo de potassio (K), com enriquecimento de sdtlia) e calcio (Ca) no liquido
(Hammouda & Keshav, 2015).
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1.3. Localizagéo

A descoberta de carbonatitos no escudo Sul-riogsé relativamente recente, e sua
distribuicdo temporal ainda é pouco conhecida. é&réncias de carbonatitos descritas no
Rio Grande do Sul incluem os corpos Picada dos S@cdasso Feio, no municipio de
Cacapava do Sul, o carbonatito Trés Estradas, emas.ao Sul e a ocorréncia Joca Tavares,
em Bagé (Figura 4). Os estudos apresentados nisstrtdcdo se referem as ocorréncias
localizadas em Cacapava do Sul.

Cacapava do Sul ¥

Lavras do SuI‘__’H‘

2

QIrés Estrasa_s/

Qloca Tavares

@ Ocorréncias de carbonatito € Sedes municipais Rodovias Federais

Figura 4. Mapa de localizacdo dos afloramentoscedebonatitos conhecidos no Rio Grande do Sul. Folate
imagem: Google Earth (imagem obtida em 2014).
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2. GEOLOGIA

2.1. Geologia Regional

O escudo brasileiro inclui cratons Arqueanos atdPoadicos e cinturdes moveis
(Orogenia Brasiliana), sendo encoberto por baceinentares Fanerozoicas (Almeida,
1967; Almeidaet al, 1981; Cordani & Brito-Neves, 1982; CPRM, 201Rochas do
Arqueano ao Proterozoico Inferior sdo encontradas cratons Amazonico e do Sé&o
Francisco, assim como em fragmentos cratonicos resrmmmo Rio de La Plata, Sdo Luis e
Luiz Alves (Fucket al, 2008).

Do Neoproterozéico Inferior ao Cretdceo Supeaqgupr¢ao centro-sudeste do Escudo
Brasileiro fazia parte do supercontinente Gondw@&iecominiet al, 2005; Veevers, 2007),
sendo representado atualmente pelo sistema orogdmamtiqueira, que compreende 0s
cintur6es Dom Feliciano (Uruguai e Sul do Brasfliheira (Parana, S&o Paulo, Minas Gerais
e Rio de Janeiro) e Aracuai (Espirito Santo, leeMinas Gerais e sul da Bahia). As
unidades pertencentes ao cinturdo Dom Feliciangu(&i 5) foram geradas durante trés
eventos principais: (1) Fase de acrescao crustal magmatismo juvenil, entre 900 e 850
milhdes de anos, (2) magmatismo de arco continenséarescao, entre 770 e 680 milhdes de
anos, e (3) eventos colisionais, incluindo metarmmd, entre 650 e 620 milhdes de anos, e
uma fase magmatica, entre 650 e 550 milhfes de, ammws intensa anatexia crustal
(Saalmanret al, 2010; Philippet al, 2016). Reativacdes tectdnicas ao longo das zd@as
cisalhamento e outras descontinuidades transcsusiatrolaram a distribuicdo das atividades

magmaticas (Riccomirat al, 2005).

Muitos tipos de complexos alcalinos e alcalindoaatiticos, com diferentes idades,
estdo disseminados na porcao sul-sudeste do Brasibrrem associados a zonas fraturadas e
de flexdo (Biondi, 2005). Os principais complexdsabno-carbonatiticos econdmicos
apresentam idades do Permiano-Triassico ao Cret@&cexorrem ao longo de cinturbes
moveis (Ciclo Brasiliano) e nas bordas da Baci@dmna (Riccomiret al, 2005; Gomes &
Comin-Chiaramonti, 2005). Alguns raros exemplos darbonatitos Pré-cambrianos
brasileiros incluem as ocorréncias Angico dos Piehia), Maicuru e Mutum (Para) (Lemos
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& Costa, 1987; Gomest al, 1990; Costa&t al, 1991; Angélica & Costa, 1993; Lapéh al,
1999; Antoniniet al, 2003).

|
54°W Santa N
BRASIL Catarina 2\l o
BRASIL "\ “Florianopolis
Rio Grande do Sul
[:]Coberturas Fanerozbicas 30°8—
DOM FELICIANO BELT

[:]Bacias Pés colisionais (0,6-0,54 Ba)
.Batc’)litos graniticos (BF=Floriandpolis,
BP=Pelotas) (0,65-0,54 Ba)

I T=rreno S3o Gabriel (0,95-0,68 Ba)

URUGUAI [ Terreno Rocha

[ Terreno Punta del Este (1,1 - 0,54 Ba)
|:|Ter3’eno Tijucas (2,35 - 0,78 Ba)

Cratons Rio de La Plata e Luis Alves
Unidades deformadas do Paleo ao

- Neoproterozobico
Terrenos Paleoproterozéicos
) Zonas de -(C:Taquaremb(), d=Riveira, e=Valentines)
Montevideo % cisalhamento Te /Pal t .
150km ducti [ errenos arqueanos/Paleoproterozdicos
(a=Luis Alves, b = Piedra Alta)

Figura 5. Mapa geoldgico simplificado da porcéo easdte do Brasil e Uruguai (modificado de Lena et al
2014; Philipp et al., 2016 e referéncias).

No sul do Brasil, as rochas silicaticas alcalirs@#® representadas por sienitos,
fonolitos, kimberlitos, lamprofiros e picritos, lzadas, principalmente, na porcao centro-
oriental do escudo Sul-riograndense. Estas rocttagdem tanto as coberturas Fanerozéicas
gue se limitam aos basaltos continentais da BaociaPdrana, quanto as unidades do
embasamento Pré-cambriano (Burgeral, 1988; Svisero & Chieregati, 1991; Tedesco &
Robaina, 1991; Caldasso & Sander, 1994; Phéipal, 2006; Adrido, 2015). O magmatismo
tardio a pés-colisional inclui magmas alcalinosissdos a supersaturados, com idades entre
610 e 560 milhdes de anos (Sileaal, 2005; Bittencouret al, 2015), e rochas alcalinas
isoladas com 613 a 549 milh6es de anos (Veevefs, @0eferéncias). Rochas vulcanicas e

plutbnicas com afinidade shoshonitica e sodicaliafcaaturada presentes no escudo Sul-
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riograndense foram geradas no intervalo de 6007-rBBhdées de anos (Liet al, 2005;
Sommeret al, 2006; Gastatt al, 2006).

As quatro intrusbes de carbonatitos conhecidafinoGrande do Sul ocorrem em
fraturas de segunda e terceira ordem, com orieesadd®, NE e NW, em trés compartimentos
geotecténicos distintos, sendo: (1) carbonatitos TEstradas, que compreende corpos
bandados intrusivos em rochas granuliticas e ditfias de 2,1 - 2,5 Ga, pertencentes ao
Craton Rio de La Plata; (2) ocorréncias Picada Tlmss e Passo Feio, no Municipio de
Cacapava do Sul, sendo constituido por corpos kbasda dobrados, intrusivos em rochas
neoproterozoicas metamorfisadas do Complexo Pasgn Ho Cinturdo Dom Feliciano,
interpretadas como tendo sido geradas em ambidatasco de ilhas e margem continental; e
(3) Joca Tavares, uma ocorréncia aparentementecanagdim geometria anelar tipica de
carbonatitos do Cretaceo, que intrudem rochas sedares cambrianas pertencentes ao
Grupo Guaritas, da Bacia do Camaqua (Roshal, 2013; Tonioloet al, 2013; Maciel,
2016).

A regido de Cacapava do Sul esta inserida no donto Terreno Séo Gabriel
(Chemale Jr., 2000), com derivagcdo mantélica juvemculada a Orogenia Brasiliana
extensiva da Ameérica do Sul (Saalmaenal, 2005; Lenaet al, 2014). O terreno é
delimitado por duas estruturas principais: a zoma cisalhamento transpressivo NW
(Lineamento de Ibaré) no sul/sudoeste, e a Zon&idalhamento Cacapava do Sul, a
leste/sudoeste (Figura 6) (Silea al, 2005; Lenaet al, 2014; Hartmanret al, 2016). A
origem das associacbes de rochas neoproterozémasedeno Sdo Gabriel tem sido
relacionada a evolucdo de uma bacia do ltigck-arc(Silva filho, 1984), e a um sistema de
arcos (Remuet al, 1999; Hartmanret al, 2000) formados durante a evolucao inicial do
cinturdo Dom Feliciano, como resultado da convesigéde placas e fechamento do Oceano
Adamastor (Lopest al, 2015, Philipget al, 2016).

A geologia do Complexo Passo Feio (Ribeatal, 1966; Bitencort, 1983; Remes
al., 2000), onde os corpos carbonatiticos estdo »ad@s, compreende uma associacao
supracrustal composta principalmente por rochagseetimentares (ardosias, filitos, mica
xistos, marmores, quartzitos, gnaisses, rochasocé&iticaticas) e rochas ortoderivadas
(anfibolitos, talco/tremolita xistos e rochas melaénica/metavulcanoclasticas). O

metamorfismo regional varia da facies xisto ver@afbolito (Hartmanret al, 1990; Remus
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et al, 2000). A presenca de uma crosta antiga (Arqyeana geracao de uma bacia
continental de retroarco por volta de 760 e 78thdeis de anos correspondem a idades
obtidas por andlises de U-Pb por SHRIMP em zirgesenientes de metassedimentos da
Formacéo Passo Feio (Renmisal, 2000). O fechamento desta bacia e a deformagstasi
rochas (M1 e D1) iniciaram por volta de 700 milh@es anos, e o0 metamorfismo M2 e
deformacdo D2 s&o correlacionadas a intrusdo dutgrsintecténico Cagapava, por volta de
562 milhdes de anos (Bitencourt, 1983; Remus, 2000)

LEGENDA

\\\ Zonas de cisalhamento ductil

|
54°W @

[ |Coberturas Fanerozoicas

EVENTO DOM FELICIANO

[ Granitos Pés-Orogénicos & Pos-tectonicos
[ |Bacia do Camaqua

EVENTO SAQ GABRIEL

- Complexos metavulcanossedimentares e
ultramaficos

EMBASAMENTO PALEOPROTEROZOICO

Sao Gabriel «

W

- Complexos metavulcanossedimentares,
/Batdlito de Pelotas

Afloramentos conhecidos de carbonatitos

@ Picada dos Tocos
@ Passo Feio

@ Joca Tavares
@ Trés Estradas

Figura 6. Mapa geol6gico esquematico do escudoRsadrandense, com destaque para o terreno Sao Elabri
(modificado de Lena et al., 2014; Hartmann et aD]16). C = Granito Cacapava, J = Granito Jaguari,=L
Granito Lavras, SA = Granito Santo Afonso, SR = @i@ Santa Rita, SS = Granito Sdo Sepé.

2.1. Geologia Local

Os principais aspectos e controles geoldgicoscdogsos de carbonatitos estudados
neste trabalho, incluem a geometria das intrus@gsestruturas internas, as texturas, as
associacles e paragéneses minerais e suas ratagdasrocha encaixante. Na area estudada,
os carbonatitos intrudem as rochas Pré-Cambriam&ochplexo Passo Feio. Toda a regido é
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marcada por falhamentos NW e NE, com destaqueymaeafalha normal NS que define o
contato entre rochas do Complexo Passo Feio e soalleanosedimentares do Grupo Bom
Jardim, da Bacia do Camaqua (Reretigl, 1999; Painet al, 2000) (Figura 7). Diversos
diques ousills de carbonatito ocorrem posicionados paralelamantestosidade da rocha
hospedeira anfibolitica. Aparentemente, o carbtma&icada dos Tocos é controlado por
falhamento NS, enquanto a ocorréncia Passo Femmpregnde corpos controlados por
falhamentos NE e NW.

Na ocorréncia Picada dos Tocos (Figura 7c), dsocatito possuem forma tabular e
estdo deformados juntamente com a encaixante.daosccom aproximadamente 2,2 km de
comprimento por 80 m de largura, mergulhando pardeste (N110° / 40° a 60°),
concordantes com a xistosidade regional (Roehaal, 2013). Estes carbonatitos sao
compostos por duas fases principais, sendo a pangemposta por alvikitos, e a segunda,
beforsitos. Os alvikitos sdo de coloracdo rosea) poedominio de calcita, tendo como
minerais acessorios e traco: apatita, magnetitegnita, rutilo, zircdo, badeleita, barita, torita,
pirocloro e minerais de elementos terras raragaPaalcopirita, clorita, hematita, quartzo e
biotita também estdo presentes em diferentes poesr na matriz ou comstockwork
(Figura 8). As fases portadoras de elementos teai@s identificadas incluem monazita,
pirocloro rico em Nb e Th, bastnaesita e alanitabeforsito foi observado somente nos
testemunhos de sondagem. Esta rocha € esbranquioaa@osta por aproximadamente 80%
de dolomita e possui 0s mesmos minerais acesstrago descritos nos alvikitos.

A ocorréncia Passo Feio (Figuras 7d e 9) foi ma@eam detalhe, porém, possui
exposicdo limitada de afloramentos rochosos e mealtampanha de sondagem disponivel.
Associados aos corpos de carbonatito ocorrem rodeasminadas titanita hornblenda
granofels, com assinatura geofisica (eTh) similac@réncia Picada dos Tocos, inserida na
mesma Formacdo Passo Feio. Um pequeno afloramengivikito, localizado na porgao
norte desta ocorréncia, mostra rochas bandadasaigita, apatita iimenita e magnetita, além
de niveis enriquecidos em tremolita. As estrutusagerem a presenca de um corpo
mergulhando 30° para NW. O segundo corpo de abvikéista ocorréncia foi definido com
base em amostras de carbonatitos rolados no teerebundancia de minerais pesados no

solo (principalmente apatita, monazita e ilmenita).

Nas bandas méficas descritas dentro dos pacotesrbenatitos, predomina uma
matriz composta por biotita, anfibdlio (actinolitacumingtonita) e cristais reliquiares de
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diopsidio. Estdo presentes, em menor proporcaocitasainagnetita, ilmenita, rutilo, apatita,
pirita e calcopirita. Estas rochas encontram-semitizadas e hidrotermalizadas, conforme
indicado pela presenca frequente de veicstoekworksde calcita, clorita especularita e
pirita/calcopirita e quartzo, principalmente préwmira falhas NW. As bandas méficas foram
interpretadas como pertencentes a rocha encaixsatézigura 10 € possivel visualizar as
relacdes de contato entre alvikitos, beforsitosecha encaixante.

264000 mE 264000 mE

6616000 mN

6608000 mN

Bacia do Camaqua Complexo Passo Feio Il Carbonatito

[ ] Grupo Guaritas (rocha sedimentar) Ex—i Marmore Gnaisse Neto Rodrigues
Grupo Bom Jardim 1- rocha sedi- [ ] Sericita e clorita xisto E]Ortognaisse milonitico

e mentar, 2- andesito o a==rtog

Granito Cacapava do Sul [ Anfibolito / Falhas .3~ Estruturas Sn

B Leucogranito I Tremolita xisto # Falha normal

[T Biotita granito [ Titanita hornblenda granofels & Furo @ Afloramento

Figura 7. (a) Mapa de contorno radiométrico, cardlh (Fonte: CPRM, 2010); (b) Mapa geoldgico locam
indicacdo dos afloramentos de carbonatito (c) Peakbs Tocos e (d) Passo Feio. Mapa em coordenadasé U
(Universal Transversa de Mercator), Datum SAD6%Q&Za2sS.
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Figura 8. (a) Fotografia do afloramento de carboib@tindicado no mapa da figura 7c, ilustrando o tato
entre a camada de carbonatito e a rocha fenitizgélante: Rocha et al., 2013); (b) fotografia de &lto
brechado (stockwork) com fraturas e vénulas preachpor clorita e hematita; (c) fragmento de testmho
de sondagem mostrando a relagdo de contato entrikital (rosa) e beforsito (branco); (d) fragmente d
testemunho de sondagem mostrando alvikito brecfrada) devido a intruséo do beforsito (branco)radras
preenchidas por clorita e magnetita.
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Figura 9. (a) Fotografia do afloramento de carboit@ida ocorréncia Passo Feio; (b) fotografia da astra de
granada-titanita hornblenda granofels albitizadcer{itizacdo sodica), coletado proximo ao contato com
carbonatito (amostra TA1320); (c) fotografia da astra de carbonatito coletada para analise petrogréfe
quimica (amostra PF). Fonte: Cerva-Alves et al1&0

Nos furos de sondagem realizados na area da oc@r®icada dos Tocos, se
observou que a rocha encaixante classificada cdot@abanfibolito, ocorre intensamente
hidrotermalizada (fenitizada), com carbonatacaond#&riz e aumento significativo de apatita
e magnetita. No topo, o contato brechado entre ogbas hidrotermalizadas com os
sedimentos da Bacia do Camaqud ocorre abruptamseats, evidéncias de atividade

hidrotermal nas rochas sedimentares. A transicéo gaequéncia basal é marcada por niveis
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de grossularia na rocha encaixante, com reduc&tick@los minerais de carbonato, apatita e

magnetita na matriz (Figura 10b).

Figura 10. (a) Fotografia de testemunho de sondagdlastrando as relacdes entre alvikito (rosa), bsitm
(branco) e a encaixante (biotita anfibolito verdecero); (b) amostra de biotita anfibolito (rochacaixante)
obtida junto ao contato de base (saindo da zonaadée pela intrusdo do carbonatito), com presenca de
grossularia.

Fragmentos centimétricos de rochas quartzo-feldsisa foram observados nos
intervalos de alvikitos, nos 3 furos de sondagemscrites. Os xendlitos sao constituidos
basicamente por grdos com granulometria muito oudarredondados, de quartzo (85%),
feldspato (7%), 6xido de ferro (7%) e opacos (186)n sutil bandamento (ou xistosidade?).
Estas caracteristicas sdo similares as observadas ém rochas pertencentes a facies do
Grupo Bom Jardim, da Bacia do Camaqua, quantaaitfils de baixo grau metamoérfico do
Complexo Passo Feio (Fragoso-Cesar, 1991). Estiutosos poderdao definir a qual

Formacao estes xendlitos pertencem.

Na ocorréncia Passo Feio, a rocha encaixanteifclada como titanita hornblenda
granofels sdo homogéneas, de coloracdo esverdeaaa, textura faneritica média,
ocasionalmente grossa, e localmente porfiriticamm canegacristais centimétricos de
hornblenda e titanita. Proximo ao contato com obaratitos foram encontrados fragmentos

rolados de granada titanita hornblenda granofielss iem albita (fenitizacdo sodica).

A geologia local indica que a geometria dos com®sarbonatito € controlada pelo
tipo e permeabilidade das rochas encaixantes,cetpetonismo na area. O tamanho de gréo
fino dos carbonatitos sugere que tenham sido isisasas. Até 0 momento, nao foram
descritas na area de estudos rochas silicaticasiadas aos carbonatitos. Porém, a idade
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obtida para o carbonatito Picada dos Tocos o emguad um evento mundial magmatico
alcalino pés-colisional estudado por Veevers (2602007), entre 650 e 500 Ma. Veevers
(2004 e 2007) descreveu, para este periodo, ag8esi@ntre carbonatitos, granitos tipo A e
nefelina sienitos relacionados a ARCs, em ambietsigesftes extencionais. No Rio Grande
do Sul, eventos magmaticos pds colisionais incloegmatismo alcalino saturado (sienitos)
a supersaturados (granitéides e alcali-gnaissasilas alcalinas isoladas (granitos tipo A a
sienogranitos) (Silvaet al, 2005; Bitencourtet al, 2015, Veevers, 2017). Poderia haver,
portanto, alguma relacdo genética entre os caribosaescritos e as rochas alcalinas citadas

acima.

Diversos autores (Liet al.,2005; Sommeet al.,2006; Gastaét al., 2006 Phillipp et
al., 2016) descrevem a colisdo entre os microcontineRiesde La Plata e Encantadas
durante o Ediacarano, seguido por tectonismo trasspo e atividades vulcanicas com
caracteristicas shoshoniticas. Experimentos debedeos por Thomsen e Schmi¢2008),
utilizando um complexo sistema representando a wgded de pelitos carbonaticos,
obtiveram fusGes de carbonatito e silicato potassikssim, a fusdo parcial do manto
enriquecido pela subducg¢éo poderia prodomgttssilicaticos ultrapotassicos ou shoshoniticos
associados a carbonatitos imisciveis, como por pkema ocorréncia Naantali, na Finlandia
(Woodard e Hetherington, 2014). No Rio Grande dip Bartmannet al. (2011) apresentam
dados geocronoldgicos e isotopicos indicando urfogerde subduccdo compreendido entre
900 e 700 Ma, gque resultou no fechamento de umnoceaconsumo da placa litosférica
oceanica. Apesar da possibilidade desta placa meeéubductada ter fornecido €& HO
para 0 metassomatismo do manto e consequente gedagdelt carbonatitico, estudos

aprofundados deverao ser desenvolvidos para corpessga hipotese.
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3. METODOLOGIA E TECNICAS ANALITICAS

A metodologia adotada para a elaboracéo destert#isdo incluiu analise de imagens
de satélite, fotografias aéreas, gamaespectron{ettieal do Th), mapeamento geoldgico e
estrutural associado a descricdo de afloramentestemunhos de sondagem. Foram feitas,
ainda, andlises petrograficas com microscopio amiveal e utilizacdo de microscépio
eletrénico de varredura. As analises de rocha utaklementos maiores e traco foram
executadas pela empresa ALS Minerals (Belo Horeadwlinas Gerais, Brasil), enquanto que
a datacdo em zircdes, pelo métodd_deer Ablation foi obtida no Instituto de Geociéncias
da Universidade de S&o Paulo.

Para a andlise petrografica foram coletadas 25 tamsode furos de sondagem e 6
amostras de afloramentos. Todas as amostras de dersondagem foram fornecidas pela
empresa Mining Ventures Brazil. O critério de amegem adotado levou em consideracédo a
sanidade das rochas e a representatividade dempaabte sondado. Em funcéo da pequena
dimensdo de éarea exposta em superficie, considerogde as amostras coletadas sao
representativas dos carbonatitos estudados. Aizacdb dos furos e dos afloramentos
amostrados, bem como as profundidades das amassdaros sao apresentadas no mapa da
Figura 7c e 7d, e sec¢obes longitudinais da Figusaelllb.

Os minerais foram caracterizados com o auxilio d&ascépio otico LEICA, de luz
polarizada transmitida e refletida, modelo DM45@Mto ao laboratério de Petrologia
Metamorfica do Instituto de Geociéncias, IGeo/UFR@8rmitindo a identificacdo dos
constituintes minerais e caracteristicas texturBisncipalmente em funcdo do reduzido
tamanho dos graos e associacfes minerais, diverstais ndo puderam ser identificados
com este microscopio. Por esta razdo, um estuddhddb foi executado utilizando-se o
microscopio eletronico de varredura convencionalsZeEVO MA10, equipado com
filamentos de tungsténio, operando a voltagens,21&\d a 20 kV, junto aos laboratérios do
Centro de Estudos em Petrologia e Geoquimica (CRIBq)Geo/UFRGS. O microscopio
conta ainda com uma camera de deteccdo de elé&mmsdarios, detector de elétrons
backscatteredBSE) acoplado com detector de espectrometriaspeisao de energia (EDS),

calibrado com amostras padrédo naturais e sintéticas
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w Segio (a) E & Furos de Sondagem
/' Falha
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[ Biotita granito
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w Secio (b) E I Carbonatito
Prof. (m) F2 L I Rocha fenitizada
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F1 - Amostras TA9 a TA17
F2 - Amostras TA18 a TA26
F3 - Amostras TA1 a TA8

Figura 11. Sec¢éo geoldgica esquemética W-E da éowia de carbonatito Picada dos Tocos, ilustranddazais onde as amostras foram coletadas, incluifgd o furo F1 e (b)
os furos F2 e F3.
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Quanto a amostragem para analise quimica, fordeni@@adas 18 amostras da
ocorréncia Picada dos Tocos, sendo 10 amostrasikigoa5 amostras de beforsito e 3

amostras das rochas encaixantes. Ja na ocorréns

g5 [Feio foram feitas 3 coletas,
sendo as amostras TA1320 e PF1 de afloramentatadiat hornblenda granofels, e a
amostra PF do afloramento de alvikito. Em funcdo lbmdamento, por vezes
centimétrico, dos materiais amostrados, e pequeaatigade necessaria para a analise
quimica, optou-se por fazer uma coleta seletiva,sefa, de uma mesma amostra
(fragmento de testemunho) foram retirados materiargo de alvikito quanto de
beforsito e biotita anfibolito. Por exemplo, a atm@slustrada na figura 6a forneceu
material de alvikito (TA25), cuidadosamente retrada faixa rosada, e biotita
anfibolito (amostra TA24), extraido do centro daxdm mafica. As amostras foram
trituradas e pulverizadas no laboratério de preg@arade amostras do CPGq -
IGeo/UFRGS, e enviadas a Allginerals, em Belo Horizonte. O programa analitico
compreende as técnicas de espectrometria de emasddmca por plasma acoplado
indutivamente (ICP-AES) para analise de elementa®nes e traco, e espectrometria
de massa por plasma acoplado indutivamente (ICP-pEBR determinacdo dos
elementos terras raras.

Os dados quimicos e petrograficos auxiliaram riaragnacdo da abundéancia e
qualidade dos zircGes. Desta forma, uma amostleefibesito com 1.460 ppm de Zr foi
selecionada para a obtencédo da idade do carbgnatiémnostra TA19 (Figura 8c).
Apesar de terem sido detectados cristais de zeo@idodas as amostras descritas, em
diferentes proporc¢des, descartou-se a datacaore@ezide alvikitos por dois motivos:
(1) tamanho reduzido dos graos de zircao (o tamamhono ideal do grdo de zircéo
para datacdo utilizando-se a técnica adotada eetiieo € de pelo menos 4, no
entanto, os zircbes observados nos alvikitos stiones a 30um); e (2) elevada
possibilidade de assimilacdo de zircbes da encaxaor ter sido a primeira fase de
intrusdo. Em funcdo do pequeno volume de rochaodispl, a banda de beforsito da
amostra TA19 foi extraida manualmente, sendo tealendissolvida em uma solucéo
de HCI 100% para eliminar a matriz carbonaticantrserais pesados foram separados
por procedimentos convencionais magnéticos e couidlds densos, e posteriormente
os zircoes foram catados manualmente. Todos osrasn®ram analisados por BSE
para determinar as estruturas internas e fases rid¢éalizacdo. Cristais com

imperfeicdes, fraturas ou inclusdes foram descastaffinte cristais de zircao foram
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selecionados e colados com resina epoxy em umithpasendo posteriormente polido
para expor uma face do mineral.

As composicOes isotopicas U-Pb foram obtidas p&taica de ablacdo com
laser indutivamente acoplado a espectrometria dsan@A-ICP-MS), na Universidade
de S&o Paulo. O equipamento utilizado inclui o Léd#ation modelo UP-213A/1f da
New Wave que conta com um amostrador por ablacdo a laseplamlo a um
espectrdmetro de massa com analisador quadrupadotrgbalhou com laser de Nd-
YAG no comprimento de onda de 193 nm. O feixe ddaséoi maximo (7 mJ/pulso)
para uma taxa de recepcdo de 6 Hz de pulso, coranteonda cratera gerada de
aproximadamente 32m. Cada amostra e padrao sofreram ablacéo podd@aguisicéo
de dados. Os métodos analiticos, limites de detepgéidametros operacionais, forma de
processamento de dados, acuracidade, precisdo res odetalhes técnicos, de
instrumentacdo ou procedimentos foram executadoacdedo com Andradet al
(2014). Nesta etapa, somente 8 cristais foram dereilos aptos para datagcédo, sendo
considerada a idade obtida em 4 cristais.

A utilizacdo integrada das técnicas citadas acpeemitiu a descoberta e
caracterizagdo dos carbonatitos de Cagapava do CRilresultados obtidos sé&o
apresentados na forma de artigo, no Capitulo 5.
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Abstract

The integrated evaluation of soil geochemistry, ogammaspectrometry (eTh),
geological and structural mapping associated whth description of boreholes and
outcrops in Cacapava do Sul region, southernmasziBied to the discovery of two
carbonatite bodies. They are located near to teeaal southeast border of Cacapava
Granite, which intrude the Passo Feio Complex. $&tem is composed of early
alvikite pink-colored rock followed by late whiteetorsite dikes hosted in deformed
tabular units concordant with the host rock sclisgoand folds. Petrographic and

scanning electron microscopy studies show that&ites are dominantly composed
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of calcite with subordinate apatite, magnetite, eiite, biotite, baddeleyite, zircon,
rutile, pyrochlore-like and rare earth element mate Beforsite is composed of
dolomite and has the same minor and accessory atsnef the alvikite. U-Pb zircon
geochronology via laser ablation inductively codpfgdasma mass spectrometry (LA-
ICP-MS) was performed on a beforsite sample, yigjdi 603.2 £ 4.5 Ma crystallization
age, which places it in an Ediacaran post-colligioenvironment with transpressive

tectonism and volcanic activity marked by initiabshonitic affinity.

Keywords: carbonatite, alvikite, beforsite, Cacamayeochemistry, geochronology

1. Introduction

The study of carbonatites is relevant from bothneoaic and scientific viewpoints.
Carbonatites can be important sources of econolynisthtegic mineral deposits of Nb,
U, Th, Ti, Ba, Sr, rare earth elements (REE) amllistrial minerals such as apatite and
magnetite (Hogarth, 1989; Mariano, 1989). Theseiapeock originate in the mantle,
but lot of details about their genesis is still endlebate. According to Jones et al.
(2013, and references therein), the accepted #wetor the carbonatites origin include
"(1) residual melt of fractionated carbonated ndippeor melilite; (2) immiscible melt
fractions of CQ-saturated silicate melts and (3) primary mantlé&srgenerated through
partial melting of C@-bearing peridotite”.

Usually carbonatites occur in relatively small usive plugs, dikes, sills, breccias,
veins or as composite plutonic ring complexes soamtion with a diversity of alkaline
silicate rocks such as nephelinites, phonolitegphakte syenites, ijolites, urtites,
melilitolites, pyroxenites, peridotites, kimberbteand lamprophyres (Barker, 1989;

Woolley and Kempe, 1989; Winter, 2010). They casoabccur without associated
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coeval silicate rocks. In this case, these carli@satend to be rich in dolomite
(Woolley, 2003; Winter, 2010; Hammouda & Keshavl2)

In the southernmost region of Brazil, four carbdeantrusions were discovered by
the Companhia Brasileira do Cobre - CBC, Geolog&aivey of Brazil - CPRM and
Mining Ventures Brazil Group - MVB (Parisi et a2010; Toniolo et al., 2010; Grazia
et al., 2011; Rocha et al., 2013). The ages ot#nbonatites remain undetermined. The
Trés Estradas body was the first carbonatite baslyodered by a consultant geologist
of the Companhia Brasileira do Cobre from boreloblemical and petrographical data
during the development of a gold project. The Jbagares carbonatite was found by
the Geological Survey of Brazil - CPRM through @@mmmaspectrometry and field
examination. The Cacapava carbonatites, main targetthis work, comprise two
reported occurrences called Picada dos Tocos assbHweio, and were discovered by
follow-up of geochemical anomalies from a soil synby Mining Ventures Brazil
Group.

The Cacapava carbonatites are a recent discovery description on the field
relationships, petrography, geochemistry and agethef bodies is required. The
techniques used include geological mapping of Hrbanatites, analyses of drill cores
and outcrop samples using petrographic conventimnaioscopy and scanning electron
microscope techniques. Total rock chemical analy®esmajor, minor and trace
elements using inductively coupled plasma mass tepretry (ICP-MS) and
inductively coupled plasma atomic emission specétoyn (ICP-AES) are also
additional techniques. Zircon crystals were datéd l&ser ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS). The integireh of the data led to the
conclusion that the carbonatites originated inrfantle in a sequence of at least two

events, starting with an alvikite intrusion into dyeoterozoic host rocks followed by a
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beforsite intrusion at ca. 603.2 £ 4.5 Ma. The anialytical approach led to the

description of these newly-discovered carbonatitids.

2. Geological context

The Brazilian Shield (Fig. 1) includes Archean d&nvdterozoic cratons, and mobile
belts (Brasiliano/Pan afrian mobile belts) covebydPhanerozoic sedimentary basins
(Almeida, 1967; Almeida et al., 1981; Cordani armit@Neves, 1982; CPRM, 2015).
Archean to Early Proterozoic rocks are found inlénge Amazonian and Sao Francisco
cratons as well as in the smaller Rio de La PI&&g Luis and Luiz Alves cratonic
fragments (Fuck et al., 2008).

From Late Neoproterozoic to Early Cretaceous, @wral-southeastern part of the
Brazilian Shield was within Gondwanaland (Riccomatial., 2005; Veevers, 2007),
which is represented by the Mantiqueira orogenistesy, comprising the Dom
Feliciano (Uruguay and southern Brazil), Ribeirar@a, S&o Paulo, Minas Gerais and
Rio de Janeiro states) and Aracuai belts (Esp8aato, eastern Minas Gerais and
southern Bahia states). The Dom Feliciano beltsudéveloped during three major
events: (1) crustal accretion phase with juveniBgmatism between ca. 900-850 Ma,
(2) continental arc magmatism and accretion betw&gh680 Ma, and (3) collisional
event including metamorphism between 650-620 Ma anthain magmatic phase
between ca. 650-550 Ma, with intense crustal ama{&aalman et al., 2010; Philipp et
al., 2016). Tectonic reactivations along shear goaed other discontinuities in the
basement rocks have played a major role in theilligion of magmatic activity

(Riccomini et al., 2005).
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Fig 1. Carbonatite and alkaline rock occurrencesBirazil, including the presently described bodids.
Rio de La Plata Craton, (2) Luiz Alves Craton, &30 Francisco Craton, (4) Sdo Luis Craton, (5)
Amazonas Craton. Modified from: Alkmim, 2004; CPRMI15; Giovanini, 2013; 1975;
1988.

Issler et al.,

Silva et al.,

Many types of alkaline and alkaline-carbonatitiangexes with different ages are
widespread in the southern region in Brazil in aggmn with flexure and fractured

zones (Biondi, 2005). The Angico dos Dias, Mutund Mmaicuru are examples of rare

Precambrian carbonatites occurrences in Brazil iseand Costa, 1987; Gomes et al.,

1999; Antonini et al.,

1990; Costa et al., 1991; Angélica and Costa, 188Bin et al.,

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio
Grande do Sul, Brasil



40

2003). The main known economic carbonatite comglexel alkaline associated rocks
are Permian-Triassic to Paleogene in age and oaloung mobile belts (Brasiliano

Cycle) and at the Parana Basin borders (Riccomtirl.e 2005; Gomes and Comin-
Chiaramonti, 2005).

In southernmost Brazil, alkaline silicate rocks amepresented by syenites,
phonolites, kimberlites, lamprophyres and picritesated in the central-eastern area of
the Sul-Riograndense Shield. These rocks intrudb tie Phanerozoic cover around
the Parana Continental Flood Basalts and the Pla@@mbasement (Burger et al.,
1988; Svisero and Chieregati, 1991; Tedesco an@iRap1991; Caldasso and Sander,
1994; Philipp et al., 2006; Adrido, 2015). Late-ptost-collisional magmas, including
saturated alkaline magmatism (syenites) to supeeded (granitoids and alkaline
gneiss) are dated as 610-560 Ma (Silva et al., 2B@&ncourt et al., 2015), and isolated
alkaline rocks (A-type granite to syenogranite)gann age from 613 Ma to 549 Ma
(Veevers, 2007 and references therein). Volcand @atonic rocks with shoshonitic
affinity and sodic alkaline silica saturated in R® Grande do Sul Shield were formed
in the interval of 600-587 Ma (Liz et al., 2005;r%wer et al., 2006; Gastal et al., 2006).

The four recently-discovered carbonatite bodiesiooear second (and third) order
fractures oriented NW and NE (Fig. 2), in thredid geotectonic compartments: (1)
Trés Estradas carbonatite, intrusive into 2.1-@abgranulitic and amphibolitic rocks
from the Rio de La Plata Craton, (2) Passo FeioRindda dos Tocos occurrences in
Cacapava do Sul, intrusive into Neoproterozoic metahic rocks from the Passo Feio
Complex, Dom Feliciano Belt, interpreted as islancl and continental margin, and (3)
Joca Tavares body in an intracontinental rift cetentruding fluvial and eolian

Cambrian sediments from the Guaritas Group, Campaqaécollisional Basin (Rocha
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et al.,, 2013; Toniolo et al., 2013; Maciel, 2016pntemporaneous silicate alkaline

rocks have not been described in association toaH®natite occurrence.

Legend
“~..  Highway o Town

Y Fault

7 |:| Phanerozoic sedimentary
cover

Neoproterozoic to Ordovician

Alkaline granites
Calc-alkaline granites

Shoshonitic to calc-alkaline
| granites

|:| Camaqua basin

Neoproterozoic basement

# .

X + ’

. i [ Porongos Belt metasediments

+ F - Ultramafic rocks

"lllii " T Cambai Gneiss Complex
1 & ; [ﬂm]m] Vacacai Group metavolcanic
X 5 - and metasediments

x . . Passo Feio Complex
F31° X

Paleoproterozoic basement

¥ __-‘ :
X m_,r!; X X % ‘ - ge;r;rt];gﬂxaria Chico Granulitic
? vl )/J Vai

l O Carbonatite 1 - Picada dos Tocos, 2 - Passo Feio, 3 - Joca Tavares, 4 - Trés Estradas

Fig. 2. Geological units of the S8o Gabriel terrafrecambrian Sul-Riograndense Shield, southern
Brazil, showing the main geotectonic units and cadtite bodies. CCF = Cerro dos Cabritos fault zone
AF = Andrade fault zone, CMF = Camaqua Mine fawhe, CS = Cacapava shear zone, IL = Ibaré

lineament. Modified from Remus et al. (2000).

The Cacapava region is part of the Sdo Gabrielanerr(Chemale Jr., 2000), a
mantle-derived juvenile section of the extensivadirano Orogen of South America.
The terrane is delimited by two principal structiréhe NW trending transpressive
shear zone (Ibaré Lineament) in the south/southare$the Cacapava shear zone in the
east/southeast (Silva et al., 2005). The origiNebproterozoic rock associations of the
Sao Gabriel Terrane has been related to the ewnlafi a back-arc basin (Silva Filho,

1984) or an arc system (Remus et al., 1999; Hannedral., 2000) formed during the
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early evolution of the Dom Feliciano Belt, as autesf plate convergence and closure
of the Adamastor Ocean (Lopes et al., 2015; Phaipal., 2016).

The geology of the Passo Feio Complex (Ribeirolet1®66; Bitencourt, 1983;
Remus et al., 2000), that hosts the Cacapava catites) comprises a supracrustal
sequence composed mainly of metasedimentary r(aikte, phyllite, mica schist,
marble, quartzite, gneiss, and calc-silicate roeks) orthoderived rocks (amphibolite,
talc/tremolite  schist and metavolcanic/metavolcéasiccs rocks). Regional
metamorphism varies from greenschist facies - dblaone to amphibolite facies -
staurolite zone (Hartmann et al., 1990; Hartmand Bemus, 2000, Remus et al.,
2000). The presence of an old crust (Archean) dred generation of a retroarc
continental basin around 760-780 Ma was dated fopziU-Pb SHRIMP analyses from
Passo Feio metasediments (Remus et al., 2000xlddare of this basin, and the initial
deformation of the rock sequence (M1 and D1) siaste700 Ma. M2 metamorphism
and D2 deformation are related with the Cacapawitgr syntectonic intrusion, at
about 562 Ma (Bitencourt, 1983; Remus, 2000). Tégusnce has centripetal strike
dipping 20°, exposed around the Cacapava granietemporaneous with the NE
strike-slip related fault system that overprintse ttBom Jardim Group, a
volcanosedimentar Ediacaran unit from the CamagasinB Field evidences indicate
that the Cacapava carbonatites suffered the safoentsion events of the associated

Ediacaran country rocks, becoming significant ttedbe described carbonatite.

3. Local geology
The main geological controls of the two carbondbivelies of the Cacapava region,
including size and geometry of the intrusions, nmé structures, their mineral

assemblage and host rocks contact relationshiggesented. The study areas (Fig. 3)
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are underlain by the Precambrian Passo Feio Compderolled by NW, NE and N-S
faults systems. The N-S normal fault, in Picada @osos occurrence, defines the
tectonic contact between the Passo Feio Complextengounger Bom Jardim Group,
composed of a volcanosedimentary sequence ofclsstiimentary rocks and andesites

(Remus et al., 1999; Paim et al., 2000).

264000 mE ‘ 264000 mE

6616000 mN

Legend

Camaqua Basin Passo Feio Complex
[ ] Guaritas Group eolian and fluvial sediment ~ FTT] Marble Il carbonatite

Bom Jardim Group 1- alluvial sediment and Sericite and chlorite ; ;
m 5 ahdauls |:| ohict Neto Rodrigues gneiss
Cagapava do Sul granite [ Amphibolite E=AMylonitic orthogneiss
B Leucogranite [ Tremoiite schist / Faults o5~ Snstructures
- Biotite granite -Tltanite hornblende granofels # Normal Fault

Fig. 3. (a) Radiometric contour map of Th in ppnPRM, 2010); (b) geological map of the Cacapava
Region, including the (c) Picada dos Tocos andRd3$so Feio bodies, showing bedding and foliation.

Map coordinates are in meters, Datum SAD69, Zorg 22
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Several carbonatite dikes or sill-like intrusiorie parallel to the bedding and
schistosity (So/S1) of the metasedimentary hostsdom Passo Feio Complex. In the
Picada dos Tocos occurrence, the carbonatite bagipear to follow a major NS-
trending fault. In the Passo Feio occurrence, grbanatites are controlled by NE-NW
faults.

The Picada dos Tocos bodies (Fig. 3c) comprisda@rded tabular 2.2 km long and
ca. 80 m wide unit, dipping to the southeast (N14@” to 60°), concordant with the
host rock schistosity and folds (Rocha et al., 20Ihe drill holes exploration
campaign conducted by Mining Ventures Brazil Grgopfirmed a carbonatite system
to at least 290 m depth. In the northwest, tranmsatirruptile faults imprint sinistral
displacement in the body (about 100 m horizonfidie carbonatite comprises two main
phases: an early alvikite and a later beforsiteeyToccur as a centimeter to a meter
pink alvikite bands and white beforsite dikes/vaiteced along concordant, interleaved
with thick to thin mafic layers. The pink alvikiteas mainly calcite with accessory
minerals apatite, magnetite, ilmenite, rutile, airc baddeleyite, barite, thorite,
pyrochlore-like and rare earth element (REE) milserByrite, chalcopyrite, chlorite,
quartz and biotite are also present in differenpprtions. The beforsite was identified
only in drill cores. It has around 80 vol.% doloitvith the same minor and accessory
minerals of the alvikite. Variation within the carmtite system was defined from drill
core samples, with the carbonatite showing differeegrees of alteration, contact
relationships (including sharp and gradationalpimgrsize and recrystalization. REE-
bearing phases identified include fine-grained madea pyrochlore-like minerals that
are rich in Nb, Th and REE, bastnaesite and a#anit

The Passo Feio carbonatite has limited outcrop&x@ and no drill cores (Fig. 3d).

Abundant titanite-hornblende granofels occurs aased to the carbonatite body with
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similar geophysical signature to the Picada doso$oaccurrence. A small alvikite
outcrop in the north of this area shows a bande# vath layers of abundant calcite,
apatite, ilmenite and magnetite intergrowth, witiriehed layers of tremolite, where
structures suggest the presence of a body dipfAdNBV. A second alvikite boundary
was defined based on float samples and heavy nhitnacg abundance in soil (mainly
apatite and monazite).

Thick mafic lenses observed between the layersadianatites, are composed by
biotite and amphibole (actinolite, hornblende ananmingtonite), with remains of
diopside, in a matrix comprised of calcite, mageeiimenite, rutile, apatite and pyrite.
These rocks were strongly mylonitized, metasomdtiaed affected by hydrothermal
fluids, as shown by stockworks and the veining @icite, chlorite, hematite,
chalcopyrite/pyrite and quartz, frequently closethe NW faults. Some macroscopic
relationships are shown in Figure 4.

As noted in drill core descriptions, the occurrentenydrothermalized rocks with
carbonation of the matrix and increase of apatitd aagnetite minerals by the
carbonatite intrusion is restricted to the envelopPasso Feio unit amphibolites. At the
top, the brecciated contact of hydrothermalizeksowith pelites and sandstones from
the Camaqua Basin occurs abruptly, without evidesfcdeydrothermal activity on the
Basin. The basal transitional zone is marked bylbawith grossular in the hosted rock,

with decrease of carbonates, magnetite and apaititerals in the matrix rock.
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Fig. 4. Diamond drill cores showing (a) bands
of with pink alvikite interbedded with dark
biotite amphibolite, with a globular beforsite
xenolith; (b) beforsite and coarse biotite
amphibolite interval; (c) foliated biotite
amphibolite and pink alvikite, and white

beforsite vein showing abrupt concordant

contact;(d) interbedded and folded white
beforsite and pink alvikite; (e) abrupt
concordant contact between beforsite and
alvikite; (f) dark biotite amphibolite and pink
alvikite interbedded with a quartzo-feldspathic
fragment. Ba - biotite amphibolite, Cc - alvikite,
Mc - beforsite, Qf- quartz-feldspar xenolith

rock.

In the Passo Feio occurrence, the host rock areogeneous, green-colored, with

phaneritic texture which is usually medium-grainedgcasionally coarse-grained and
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locally porphyritic due to centimetric megacrystditanite. Close to the contact, there
is a garnet-titanite hornblende granofels richlbita (sodic fenitization).

The local geology indicates therefore that the getoynof the carbonatite bodies is
controlled by the type, permeability and densityo$t rock and the tectonism. The fine

grain size suggests that the studied carbonatdeebare a shallow level intrusion.

4. Material and methods

The varied methodology included the study of sié¢elmages, aerial photographs,
aerogammaspectrometry (eTh), geological and straictnapping associated with the
description of drill cores and outcrops. The petaphic analysis and scanning electron
microprobe were carried out using 31 thin sectidvigjor and trace elements of 21
whole-rock samples were analyzed at ALS MineralsldBHorizonte, Minas Gerais,
Brazil). Eight zircon crystals were obtained fronziecon-rich borehole sample, and
were studied using LA-ICP-MS geochronology techeigi the Universidade de Sao
Paulo.

The investigated samples are mainly from drill sopeovided by Mining Ventures
Brazil Group, which are part of a geochemical esqtion program at Picada dos Tocos
occurrence. Surface samples were collected at Potida dos Tocos and Passo Feio
intrusions. In spite of the small area covered, dkailable samples are considered
representative of the carbonatites and host rocks.

Twenty-one samples from three different borehole$ eutcrops were investigated
in detail. They were ground in an agata mill andts® ALS MINERALS, Belo
Horizonte, Brazil. The analytical program compriseductively coupled plasma atomic
emission spectrometry (ICP-AES) analyses for majat trace elements, and inductive

coupled plasma techniques (ICP-MS) for REE deteations.
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Mineral analyses were carried out in the labs efltistituto de Geociéncias (IGeo),
from Universidade Federal do Rio Grande do Sul (BBR using a LEICA optical
microscopy, model DM4500, in transmitted polarizatd reflected light to identify
their major constituent minerals and textural cbemastics. A few minerals could not
be identified with optical microscopy due to themall grain size or intimate
association with other minerals. Therefore, a tedastudy was done using a ZEISS
EVO MA10 conventional scanning electron microscéifed with tungsten filament,
operating at voltages of 0.2 kV to 20 kV. The ZEI®&roscope is equipped with a
secondary electron detector camera; a backscatedeetron detector (BSE) coupled
with energy dispersive X-ray spectrometry dete¢kidS); and calibrated with natural
and synthetic standards. More than 2,000 pointe wktained.

Geochemical and petrographical data helps to determaircon abundance and
quality, so one sample of beforsite was selected tli@ characterization of the
carbonatite age (sample TA-19). Alvikite zirconsravéliscarded because they are too
small for dating, and because of the high posgjbdf assimilation from the host rock.
Beforsite zircon grains were concentrated froml ddre samples with high Zr value
(1,460 ppm); and the presence of zircon was alsntified in thin section. Because of
the small volume of rock available, the sample diasolved in HCI 100% solution to
eliminate the carbonate matrix. Heavy minerals weeparated by conventional
magnetic and heavy liquid procedures, and the Beédction was carried out by hand
picking. Zircons were mounted in epoxy resin, gwg using diamond paste to expose
their inner parts. Sample preparation was mad&e laboratories. Imaging was made
by backscattered electrons (BSE) to determine titernal structures of zircon and
crystallization phases. Only clear zircon grainsefrof imperfections, fractures and

mineral inclusions were selected for isotopic asialy
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U-Pb isotopic compositions were performed withsetaablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at Universgdal@ Sao Paulo, Brazil. The
equipment includes a New Wave UP-213A/F, with adablation sampler coupled to a
mass spectrometer with quadrupole analyzer, worliitly Nd-YAG laser in the 193
nm wavelength. The powder of the output beam isimam (7 mJ/pulse) for a 6 Hz
reception rate of pulse, and the crater size isuitaBa um. Each sample and standard
was ablated for 40 seconds of data acquisition. ahalytical methods, limits of
detection, operational parameters, forms of dategssing, accuracy, precision and
other details of the technique, instrumentation pratedures of this equipment are
described in Andrade et al. (2014). The use ofaletgrated techniques resulted in the

discovery of the Cacapava carbonatites and thawacherization.

5. Results
5. 1. Petrography and mineral chemistry

Relationships between beforsite and alvikite arenglex and their contacts in
outcrops and drill cores is too variable. The cadiite system and host rocks show
evidence of post-magmatic activities related to tithtbrittle tectonism, including
folding, brecciation, recrystalization and graindbdary migration and intergranular
foliation with alignment of elongate carbonate, tdpaand biotite crystals. Some
domains of carbonatite bodies show consistent eedtterns cross cutting foliation,
filled by calcite and chlorite (generation 1), qaaand chlorite (generation 2), pervasive
pyrite and chalcopyrite and fracture filling (geaon 3) and hematite fracture filling
(generation 4).

Zones with minerals resistant to ductile defornraontain grains of mechanically-

twinned calcite, dolomite and biotite with some tbeleavage. Considering the textural
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and compositional aspects observed in the handinspes, thin sections and BSE

imaging, these rocks can be considered as metacitas.

5.1.1. Carbonatites

Calcite and dolomite are the dominant mineralshs Picada dos Tocos and Passo
Feio carbonatites, and constitute up to 80 vol %hef rock. Biotite xenocrysts and
hydrothermalized xenoliths of the biotite amphibolhost rocks are abundant.

The beforsite layers are fine-grained and typicakfibit an inequigranular banded
texture due to the discontinuously aligned layknsiinae and lenses of elongate apatite
crystals. They also contain minor, but variable pprtions of ilmenite, magnetite,
zircon, baddeleyite, REE and Nb minerals sandwidbetsveen dolomite grains (Fig.
5a).

The alvikite portion displays good orientation, danced by elongated calcite
aggregates, biotite and apatite grains; it is aswngly marked by millimetric
actinolite-biotite-chlorite mylonitic calc-silicatdand, perhaps host rock xenoliths,
affected by intense carbonation (Fig. 5b). Bottboaatite types have similar accessory
minerals and grain size. Their contacts are alangtconcordant, locally diffuse.

Calcite and dolomite are anhedral with straightserrated boundaries, ranging in
size from a few tens of micrometers to severaliméters. They also form porphyry in
a fine matrix (Fig. 5¢). They have moderate torggrandulose extinction, are stretched
in the mylonitic foliation and cataclased. In alwkand calc-silicate mylonitic bands,
calcite largely replaces actinolite, biotite anat#p.

Apatite, magnetite, ilmenite and ilmenorutile (mgp@wth with ilmenite) are
common accessory minerals; zircon, pyrite, rutild ayrochlore-like minerals are less

common. In addition, chalcopyrite, barite, thoated celestine were also identified.
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Apatite occurs as anhedral or subhedral crystas than 0.8 mm in size, with
moderate to strong undulose extinction, stretclongthe protomylonitic foliation and
showing some cracks filled with recrystallized dal@nd monazite (Fig. 5d). Multiple
crystals of magnetite, ilmenite and ilmenorutile @ommon, typically anhedral, 5-10
mm in size and rarely >1 cm in width. These crystalay be concentrated to form
larger aggregates. In Passo Feio alvikite samjlegnite is common as lamellae in
magnetite and as discrete platy crystals <0.5 miength. All observed rutile forms
very fine-grained aggregates, probably develope¢kdeagéxpense of ilmenite.

The most important Nb mineral recognized belongsat@yrochlore group, in
different alteration stages, here called pyrochlike mineral. They form disseminated
fine to coarse-grained elongate to anhedral crysthging from yellow to dark red
(Fig. 5e). The crystals occur disseminated in thdea@nate matrix along the foliation
and can form aggregates with ferrocolumbite (Ff§j. & incomplete pseudomorphs of
barite and bastnaesite (Fig. 6a). Other mineratlls 8ome Nb concentrations are found
in Ti and Fe phases, which for the most part ardiced to oxide minerals (ilmenite,
rutile, ilmenorutile). Among rock-forming mineralgmenite and rutile are the only
significant Nb hosts. Columbite was found in jusealvikite sample. Carbonates and
phosphates are essentially devoid of detectabledity EDS analysis.

Minerals containing REE are present in all carbib@atnits and include monazite,
pyrochlore-like minerals, bastnaesite, allanite aodtgenite. Monazite occurs as
isolated crystals in carbonate matrix or includedninerals such as apatite, ilmenite,
ilmenorutile and biotite, sometimes filling fracksr in apatite and biotite. Less
commonly, there is bastnaesite, allanite and rontgereplacing pyrochlore-like

minerals.
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Fig. 5. Selected textural characteristics of Pabsio and Picada dos Tocos carbonatites: (a) befersi
showing dolomitic matrix and levels with apatitencentration in cross-polarized light (XPL); (b)
mylonitic calc-silicate band with aligned biotitsjagnetite and apatite grains, all affected by isgen
carbonation in plane-polarized light (PPL); (c) d¢amnate porphyry in a carbonate matrix, showing
mortar texture (XPL); (d) apatite showing zirconclmsion and cracks filled with monazite in
backscattered electron images (BSE); (e) euhedyatals of thorium-rich pyrochlore-like mineralsom
alvikite sample (PPL); (f) fragmented pyrochlorkeli minerals associated with ferrocolumbite in a
calcite matrix (BSE). Ap - apatite, Bt - biotiteh Eferrocolumbite, Dol - dolomite, Mag - magnetiténz

- monazite, Pcl - pyrochlore-like mineral, Zrn rczin.

Baddeleyite occurs as crystals dispersed in théoocate matrix, in places

surrounded by a narrow zircon overgrowth (Fig. @ also as inclusions in thorite
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and pyrochlore-like mineral aggregates (Fig. 6a)hétral trace zircon is common as
cumulate bipyramidal crystals in beforsite (typicablkaline rocks, as demonstrated by
Corfu et al., 2003), zoned, up to 0.1 mm, assotialeh apatite and REE minerals (Fig.
6d). They are dispersed in the alvikite, with caystup to 3um in size.

Titanite occurs as prismatic zoned crystals, irtggarounded, with different Fe and
Ti contents. Two types of titanite were found. Tivst has inclusions of ilmenite,
ilmenorutile and pyrochlore-like minerals (Fig. 6&€he second one has a clean surface,
growth along the biotite/chlorite cleavages (Fig) &nd can have pyrochlore-like
minerals filling some fractures (Fig. 7a). Optigalboth titanites are indistinguishable.
It is likely that the titanite with inclusions igneous, and the other one is metamorphic.

Biotite is interstitial or isolated in the carboeatnatrix with lamellae following
protomylonitic orientation. The size is less tha@ Bim. The integrated use of texture,
petrography and BSE features did not lead to teéndtion between biotite from the
carbonatite system and that from the host rock. diilg evidence is the presence of
inclusions of pyrochlore-like minerals and apaitit¢he magmatic biotite.

Other accessory minerals, including pyrite and ab@rite, are common pervasive
or filling fractures. Chlorite grew replacing manbiotite and actinolite as ripiform
crystals aligned in the foliation and associatethwiotite in mylonitic bands. Chlorite
also occurs filling fractures and eventually sunoing plagioclase grains in calc-

silicate layers consumed by carbonates (Fig. 7b).
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Fig. 6. Selected textural characteristics of PadSeio and Picada dos Tocos carbonatites: (a)
pyrochlore-like minerals with oscillatory compositi altered to bastnaesite in backscattered electron
images (BSE); (b) baddeleyite grain with zircon rgvewth (BSE); (c) baddeleyite inclusions in
pyrochlore and thorite aggregates (BSE); (d) zobgryramidal zircon crystals and monazite dispersed
in a dolomitic matrix (BSE), dated sample TA-19;{mtite grains substituted by titanite, magnetted
ilmenite in a matrix composed of calcite and agatit plane-polarized light (PPL); (f) pyrochloreké
minerals and ilmenite inclusions in zoned titanitiéh subtle variable Fe content associated withtitéo
(BSE). Ap - apatite, Bd - baddeleyite, Bt - bigt@al - calcite, Dol - dolomite, Ilm - ilmenite, a

magnetite, Mnz - monazite, Pcl - pyrochlore-likeenal, Th - thorite, Ttn - titanite, Zrn - zircon.
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One xenolith of globular beforsite into an alvikéample (Fig. 7c) has abundant
dolomite, biotite, intergrowths of ilmenite, rutiéed ilmenorutile (Fig. 7d). Pyrochlore-
like minerals and monazite are less present, wéttdd and thorite present as trace
minerals. Kink bands and chloritization of biotiee present (Fig. 7e). Close to the
border, graphic relations in ilmenite/rutile crystacan be observed (Fig. 7f). This
xenolith may suggest more than two intrusive caalitaevents.

Throughout the intrusion, alvikite hosts numeropartially digested xenoliths of
silicate rocks, most of which are fine-grained,idtdd biotite amphibolite described
below. Very fine-grained quartz-feldspar centineetkenoliths were also observed in
alvikite portions, in all bore cores (Fig. 4f). Heerocks are constituted by sub-rounded
quartz, feldspar and iron oxides, apparently bar{dedbliated). The characteristics are
similar to those observed in facies of Bom Jardiraup, a part of the Camaqua Basin.
They are also described to low-grade metamorphigligiites from Passo Feio
Complex (Fragoso-Cesar, 1991). More studies ardeteé define which Formation

these xenoliths belong.

5.1.2. Biotite amphibolites

Biotite amphibolites enveloping carbonatites in fieada dos Tocos occurrence
exhibit a penetrative foliation and are composed cafcite, biotite, actinolite,
hornblende, chlorite, apatite, magnetite, ilmenitagnorutile, pyrite, chalcopyrite and
minor plagioclase, pyrochlore, quartz, monazitetitpy zircon and titanite; locally,
clinopyroxene (augite and diopside-hedenbergit@sare present.

The mylonitic texture is evidenced mainly by strostgetching and alignment of
calcite, biotite, amphiboles, chlorite, apatite anagnetite. The essentially ductile shear

also caused boudinage of actinolite and apatiteiclwkeventually have synthetic
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fractures and pressure shadows with calcite. Suilesly, brittle tectonics caused

fragmentation and brecciation of the rock, withc&saand fissures filled by biotite,

calcite and chlorite, suggesting hydraulic fragtgri

Fig. 7. Selected textural characteristics of Paf®io and Picada dos Tocos carbonatites: (a) titanit
with pyrochlore-like minerals inclusions (replacent® in backscattered electron images (BSE); (b)
rounded albite grain with thermal erosional boungand substituted by calcite dispersed in a cartena
matrix in cross-polarized light (XPL); (c) texturatlationship between beforsite xenolith and faléht
alvikite, in plane-polarized light (PPL); (d) ilmé&a, rutile and ilmenorutile intergrowth with baeit
inclusions in dolomitic matrix, and calcite veirdet(e) biotite showing king bands and alteration to
chlorite (PPL); (f) graphic texture in a rutile/ilemnite grain close to xenolith border. Ab - albif) -
apatite, Brt - barite, Bt - biotite, Cal - calcit&;hl - chlorite, Dol - dolomite, Ilm - ilmenite,ntirt -

ilmenorutile, Pcl - pyrochlore-like mineral, Py yiite, Rt - rutile, Ttn - titanite.
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Calcite nematoblastic aggregates in aligned balwig dahe axial plane of micro and
mesofolds developed in biotite aggregates. Theylacep intensely biotite and
actinolite, as well as apatite with the £@filtration under a predominantly ductile
shear regime.

Biotite is lamellar and strongly oriented, showitight bends slightly open with
transposition flanks, kink bands and recrystaltizim the axial plane, with strong
undulose extinction. The mineral is intensely repth by chlorite, calcite, apatite,
titanite and opaque minerals. Chlorite can be lEmand fibrous, grown from biotite
by replacement due to hydrothermalism, and alfodicracks.

The amphiboles (actinolite, hornblende) are ripifproriented in the mylonitic
foliation, boudinaged and consumed by calcite apdtiee. The plagioclase, with
polysynthetic twinning and intense undulose exiorgtoccurs preferably in the biotitic
layers, aligned to the foliation.

Opaque minerals are composed of magnetite, ilmeniteenorutile, pyrite.
Sometimes the pyrite is idiomorphic. They all shgrewth relationships from biotite,
and mobilized forming aggregates along the fissuassociated with chlorite. limenite
and ilmenorutile aggregates exhibit patchy or sfggtkoning due to extreme variations
in Fe, Ti and Nb content (Fig. 8a and b). Titanstadiomorphic, grew in biotite and
actinolite, and occurs locally.

Close to the contact with sediments from the Bondida Group, the rock displays
cataclastic features with cracks filled by chlagritpaque minerals, calcite and rarely
guartz. Although there is a predominance of fragseelative to matrix, intense local
cataclase occurred generating ultracataclasite.

The conditions for dynamic metamorphism are loweregschist facies involving

chlorite associated with calcite and opaque migsemnader an essentially brittle system
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affecting the protolith. Later, with the carbonatihtrusion, this package was affected
by cataclase accompanied by £g&d HO infiltration, causing intense chloritization of

amphibole and pyroxene and carbonation/sausstiatizaf plagioclase.

5.1.3. Titanite-hornblende granofels

The titanite-hornblende granofels from the Passio Becurrence are essentially
medium-grained with granoblastic texture (Fig. 8d)ey are composed of hornblende
and titanite, with accessory phases observed imgupatite, biotite, pargasite,
ilmenite, actinolite, zircon and epidote. Hornbleratygregates are locally aligned, and
interpreted as a sub-solidus tectonic structures€lo the contact with carbonatites,
coarse grained garnet and abundant albite are canfiagng. 8d).

The hornblende is anhedral to subhedral, needlgeshacommonly showing
scalloped to embayed grain boundaries sometimds tténite aggregates exhibiting
moderate to strong undulose extinction. The aligmemgjregates suggest tectonic
arrangement, being consumed by titanite, garnetepiibte (Fig. 8e) under conditions
of amphibolite and lower/upper greenschist facies.

The titanite occurs usually as a millimetric to enttmetric aggregates, interstitial
and also by coalescence, replacing hornblende gyr#tirfrequently shows inclusions
and intergrowth with garnet. The garnet was idexdifusing EDS as grossular, and
occurs in rocks close to the carbonatite contadfh @rain size >1.0 mm. Textural
observations show garnet growing by coalescenceatoll texture, surrounding

hornblende and intergrown with titanite.
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Fig. 8. Selected textural characteristics of Picattas Tocos biotite amphibolite (a) and (b), and $as
Feio titanite hornblende granofels (c) to (f): (pplycrystalline ilmenite/ilmenorutile aggregatege.
sigmoid in backscattered electron images (BSE)déiail of Figure 8a showing overgrowth of ilmenite
and ilmenorutile with monazite inclusions, and agagrowth mainly bordering ilmenite/iimenorutile
grains (BSE); (c) titanite hornblende granofels gdenshowing nematoblastic hornblende replaced by
garnet and titanite, in hand sample; (d) sampleselto the carbonatite contact, showing needle-sthape
hornblende replaced by garnet and titanite intekgtio, strong albitization and levels with epidotinat
hand sample; (e) titanite and garnet replacing Hidemde in plane-polarized light (PPL); (f) albite
replacing titanite and garnet intergrowth in cropstarized light (XPL). Ab - albite, Act - actina@itAp -
apatite, Bt - biotite, Cal - calcite, Ep - epido@rt - garnet, Hbl - hornblende, Ilm - ilmenitemiit -

ilmenorutile, Mnz - monazite, Ttn - titanite.
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Albite with polysynthetic twinning and intense uihale extinction is abundant close
to the carbonatite contact, strongly replacing ghenet/titanite intergrowth (Fig. 8f).
Apatite is anhedral, in a few cases subhedralrsht&al or forming aggregates. Biotite
and pargasite are interstitial fine-grained, witbtenogeneous distribution, but also
occur as inclusions in hornblende. Zircon occurssaishedral, fine-grained crystals
included in titanite. Rare amorphous celestinengraiccur isolated in the hornblende
matrix. Epidote forms granoblastic aggregates elted) parallel to the foliation,
resulting from partial hornblende replacement. ltgdroxide occurs mainly filling

fractures.

5.1.4. Mineral geochemistry

The mineral geochemistry was evaluated using didder zoning in BSE images
and the composition obtained by semiquantitativeSEQarbonates and phosphates
analyzed, contain Sr in their structures. The atsai Sr in some analyzed carbonate
samples suggests a secondary mineral generatiome Sarbonates and all apatite also
contain F.

Pyrochlore-like minerals show compositional vagatiand discernible zoning in
BSE, with variable contents of Nb, Ti, Th, Ca, irel REE. Mineral phases with Th and

U are also present.

5.2. Whole-rock geochemistry

The representative whole-rock chemical analysesnfajor and trace elements of
carbonatites, biotite amphibolites and titanitenfsbendite are displayed in Table 1.
Carbonatites data are plotted on the Woolley anah@(1989) classificatory diagram,

shown in the figure 9. Overall, the Ca-carbonatliesabove the 80% CaO reference
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line, and the Mg-carbonatites lie between 60% &bfib &£aO, all less than 20% FgO

(FeQy = total iron). One sample plots in the Fe-carbibadield because of the high
magnetite and biotite contents, with no Fe carbEmagiresent. Two samples plot
between Mg- and Fe- carbonatites because of théuraibetween alvikite, beforsite
and biotite amphibolite in these samples.

Variations in the modal proportions of biotite, dniwle and apatite are reflected in
the content of Si@ Al,Os;, NaO, KO and BOs. Trace element characteristics of
alvikite and beforsite are similar and share thaesaanges of trace element abundances
and trace element distribution patterns showingcald.REE enrichment (Table 1, Fig.
10 to 12).

Carbonatites and mafic rocks are distinguishecherbaisis of elemental distribution.
The carbonatites have high levels of Ca@)4?Nb and Sr. Mafic host rocks, on the
other hand, contain relatively high contents of Si€l,0O3 and Fe@); notably they also
have significant values of T¥KDRb, Nb and Sr, but erratic CaO, a KO and MgO
contents.

The relatively higher values of SiGand FeQuay observed in alvikite when
compared to beforsite suggest that alvikite siéicabd iron-rich minerals crystallized
during the early stages of carbonatite magmaticluéem. However, host rock
assimilation could contribute significantly withetbe components. The contents of
Al,0O3, NaO and KO are very low. Although carbonatite melts are rnichiK and Na
(Woodard and Holtta, 2005), Barker and Nixon (1988port K- and Na-poor
carbonatite magmas at Fort Portal, Uganda. The f@a&gacarbonatites lack alkalis, but
the enrichment in one Passo Feio fenite sampleestigdghat the carbonatite magma

contained some Na but was relatively poor in K.
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Representative bulk-chemical analyses of Cacaparzonatites. Major and trace elements in wt% and

ppm, respectively. Rock abbreviations: alvikite YQmeforsite (Mc), biotite amphibolite (Ba) ancatiite

hornblende granofels (Thg).

Sample TAl TA2 TA3 TAS5 TA8 TA9 TA9-10 TA10 TAl11-12 TAl6
Borehole/de 2/199.8 2/234.7 2/235.1 2/237.2 2/239.4 4/45.0 4/45.05 4/45.1 4/45.3 4/51.5
pth(m)

Rock type Cc Mc Mc Cc Cc Mc Cc Ba Cc Cc

SiO, 4.45 0.71 2.01 144 9.26 0.79 0.83 30.40 0.77 7.23
TiO, 0.68 0.03 0.02 0.02 2.34 0.07 0.02 4.09 0.01 0.66
Al,03 1.26 0.13 0.15 0.15 3.16 0.23 0.26 9.61 0.18 2.02
FeO(t)* 4.02 2.40 3.33 2.30 6.07 2.64 2.70 12.05 530. 4.62
MnO 0.20 0.43 0.42 0.54 0.43 0.43 0.20 0.22 0.16 180.
MgO 2.38 17.50 14.50 5.50 5.80 17.15 2.40 8.82 190 2.98
CaO 47.9 33.0 34.7 46.9 38.7 31.8 50.3 14.4 52.4 345
Na,O 0.05 0.02 0.03 0.02 0.07 0.03 0.02 2.25 0.03 0.55
K20 0.06 - - - 1.27 - 0.04 3.53 0.05 0.64
SrO 0.57 0.42 0.38 0.22 0.42 0.42 0.62 0.16 0.70 62 0.
BaO 0.01 - - - 0.08 0.03 0.03 0.12 0.05 0.08
P>0s 2.72 2.68 5.58 531 3.17 2.00 4.46 2.02 1.67 3.55
LOI 35.3 415 36.8 36.6 28.6 42.9 37.3 10.55 41.4 2.03
Total 99.61 98.83 98.18 99.00 99.37 98.49 99.18 238. 99.85 100.43
Y 121 27 72 72 249 18 46 398 14 140
Cr 30 10 10 10 10 10 20 100 10 10
Co 14 21 7 6 26 12 4 48 3 11

Ni 12 7 8 8 25 7 8 54 7 11

Cu 34 5 1 2 70 8 4 35 2 14

Zn 34 34 24 10 113 37 9 96 10 61
Rb 15 0.2 0.2 0.2 29 0.5 10 99.0 1.0 195
Y 56.9 42.8 45.7 52.2 94.8 334 85.8 47.2 85.9 78.5
Zr 134 30 106 117 253 26 221 384 111 220
Nb 543 1010 >2500 >2500 1015 448 162 384 158 127
La (ppm) 265.0 127.0 209.0 190.5 331.0 120.5 261.0 142.0 258.0 335.0
Ce 542 342 543 531 606 287 581 292 523 662
Pr 62.5 44.7 68.6 70.2 72.3 37.4 69.4 36.3 67.8 9 83.
Nd 226.0 1715 269.0 279.0 267.0 146.0 277.0 137.8261.0 306.0
Sm 33.7 27.3 42.5 46.0 45.8 24.9 49.3 25.3 44.0 2 47.
Eu 9.34 7.31 10.85 11.00 12.65 6.62 13.60 6.93 512.1 12.85
Gd 22.2 17.85 26.6 26.1 29.7 15.95 36.6 17.7 311 103
Tb 271 2.19 3.15 3.15 3.90 2.01 4.66 2.29 4.02 439
Dy 13.40 10.65 14.30 14.65 20.80 9.02 22.00 11.75 0.3@ 18.15
Ho 2.14 1.60 1.98 2.06 3.30 1.33 3.66 1.85 3.23 129
Er 5.03 3.90 4.27 4.42 8.35 2.84 8.20 4.25 7.68 86.7
Tm 0.63 0.43 0.47 0.47 1.08 0.32 0.99 0.52 1.00 00.38
Yb 3.45 2.29 1.98 2.56 6.79 1.80 5.33 2.60 5.62 341
Lu 0.44 0.28 0.28 0.30 0.94 0.22 0.73 0.33 0.73 305
Hf 2.8 04 11 11 6.3 0.4 17 8.7 1.1 3.7
Th 245 40.8 59.1 84.3 190.0 717 152.5 50.8 1305 175

U 28.0 5.1 25 2.6 59.8 12.1 23.3 125 23.1 4.6
XREE 1188.5 758.9 1196.0 1181.4 1409.6 655.9 1333.5%81.3 1239.6 1515.2
La/Lug 62.51 47.08 77.48 65.91 36.55 56.85 37.11 44.66 .6836 65.61

FeO(t) = Total IronEREE = Total Rare Earth Elements, (-) Below detectimit (K,O, BaO)
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Sample TA18  TA19 TA20 TA21 TA23 TA24 TA25 TA26 PF TA1320 PF1
Borehole/ 5/21.0 5/52.35 5/54.25 5/54.3 5/54.4 5/64.37 5/64.41 5/67.25 Outcrop Outcrop Outcrop
depth (m)

Rock type Cc Mc Mc Ba Cc Ba Cc Cc Cc Thg Thg
SiO, 1.15 1.88 6.71 3590 243 20.20 2.25 11.30 5.48 5046. 36.30
TiO, 0.03 0.10 0.18 3.66 0.04 3.09 0.10 1.69 0.48 145 345
Al,O; 0.17 0.27 0.61 10.50 0.94 4.16 0.56 3.66 0.41 16.509.89
FeO(t)* 3.77 2.55 3.32 1295 717 10.05 3.08 6.22 9.25 9.84 17.15
MnO 0.25 0.51 0.32 0.15 0.20 0.35 0.24 0.30 0.35 0.17 320
MgO 3.43 9.59 10.70 9.83 3.13 14.85 3.94 6.92 3.60 2.23 5.98
CaOo 48.60 41.50 36.90 11.45 45.80 19.80 46.60 37.20 7044. 13.00 18.75
NaO 0.04 0.02 0.02 1.58 0.09 0.44 0.14 0.10 0.17 501 .791
K0 0.02 0.01 0.07 2.29 0.05 2.44 0.15 0.89 0.02 0.68 910
Sro 0.71 0.37 0.36 0.13 0.46 0.21 0.64 0.22 0.52 043 .060
BaO 0.05 0.01 0.23 0.17 0.02 0.12 0.07 0.09 0.02 0.04 .020
P,0s 3.12 471 8.38 0.84 9.55 3.22 5.65 5.68 2.88 125 121
LOI 37.8 37.8 29.9 1045 285 19.55 34.4 24.8 323 122 1.18
Total 99.14 99.33 97.70 99.95 98.38 98.49 97.82 99.07 .1000 98.30 98.82
\% 76 43 70 373 72 257 60 192 227 358 640
Cr 30 20 20 370 10 10 10 20 10 10 60
Co 16 8 11 54 7 30 17 26 12 18 49
Ni 5 14 17 200 10 28 8 27 13 2 46
Cu 16 8 11 54 7 30 17 26 12 18 49
Zn 36 37 30 106 25 176 35 64 185 50 134
Rb 0.5 0.2 1.6 64.2 1.2 64.3 3.8 20.7 0.3 7.2 4.4
Y 91.6 190.0 82.4 36.5 91.0 63.6 106.0 86.6 58.5 34.0 80.2

Zr 32 1460 140 322 761 281 120 354 98 392 578
Nb 826.0 859.0 1530.0 184.0 854 1140.0 1845.0 1530166.5 45.9 239.0
La (ppm)  269.0 552.0 259.0 84.0 300.0 284.0 322.0 22.@ 229.0 40.0 90.5
Ce 580 1095 646 173 652 590 711 572 483 71.3 271
Pr 74.9 140.0 84.7 22.4 88.1 721 93.0 77.1 53.7 238. 306
Nd 291.0 536.0 339.0 86.6 347.0 269.0 366.0 307.0 07.@2 35.3 128.5
Sm 49.10 94.30 58.60 16.45 60.60 45.30 62.70 54.9(83.00 7.72 23.80
Eu 13.80 24.30 14.75 4.50 15.65 12.05 18.05 15.80 .18 9 2.57 6.95
Gd 34.30 60.50 36.00 11.50 40.10 28.20 43.00 37.3@3.60 7.56 20.30
Tb 443 7.65 4.30 1.57 4.69 3.68 5.35 4.80 2.93 309 296
Dy 22.30 39.30 21.70 7.73 22.80 17.85 27.30 23.70 3.581 5.00 15.60
Ho 3.67 6.67 3.24 2.28 3.53 2.57 4.22 3.52 2.22 309 296

Er 8.94 18.95 7.55 3.02 7.87 5.68 9.70 8.01 508 722. 7.51
™™ 1.15 2.80 0.91 0.40 0.96 0.75 121 0.91 0.62 104 0.96
Yb 6.02 18.02 5.20 2.32 4.76 3.80 6.94 5.08 3,53 592. 5.89

Lu 0.80 2.80 0.68 0.31 0.68 0.44 0.91 0.61 0.42 703 0.82

Hf 0.6 16.2 2.0 7.5 8.2 6.8 18 6.0 17 59 12.8
Th 156.5 1735 327.0 29.2 933.0 256.0 354.0 185.0 .87 9 3.68 27.6

U 9.9 8.0 56.2 10.1 50.7 95.3 72.5 26.1 6.4 6.1 5.8
YREE 1359.4 2598.5 1481.6 415.1 1548.7 1335.7 16711332.7 1066.8 185.6 608.4
La/Lug 34.90 20.46 39.53 28.13 45.79 67.00 36.73 37.78 .5956 11.22 11.46

FeO(t) = Total IronZREE = Total Rare Earth Elements, (-) Below detectimit (K,O, BaO)

Cerva-Alves, T. (2017) Geologia dos carbonatitos ediacaranos de Cagapava do Sul, Rio
Grande do Sul, Brasil



64

A # Pink carbonatite
© B White carbonatite

Fe-carbonatite

Mg-carbonatite

Fig. 9. Carbonatite ternary CaO - MgO - FeO(t) +
MnO discrimination diagram after Woolley and

The

Kempe (1989) for Cacapava samples.

carbonatite plots between the fields of

calciocarbonatite  and  magnesiocarbonatite.
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Some relevant plots are shown in Figure 11 to ewaluhe characteristics and
evolution of both carbonatites. A negative corielatbetween CaO and SiGs
observed in alvikite samples, and similar behaisoseen between MgO and i
beforsite samples, probably because silica mindralstionated during carbonatite
evolution. A positive correlation between TiSIO; and FeQuySiO, mainly in
alvikites could also be explained by the abundanich biotite in the host rocks and
xenolith content. A positive correlation betweenOC&»0s and XREE (Total Rare
Earth Elements) and a negative correlation betwdg@® andXREE is restricted to
beforsite samples, while the positive correlatietmeen Ba andREE is an exclusive
alvikite characteristic. A negative correlation ween CaO and MgO, which can be
referred to as mineral ratio (e.g. calcite/dolomitecarbonatites), characterizes all
studied carbonatites. Sr is variably enriched amows erratic variation, the larger
amounts found in alvikite, as suggested by the weoge of celestine. In alvikites, Sr
contents decrease when MgO increases, but oppmigevior is observed in beforsites.
The analyzed samples have relatively lower Nb adeteompared to carbonatites from
the literature (cf. Woolley and Kempe, 1989): 8@4>2500 ppm for alvikites and 448
to >2500 for beforsites.

For alvikite and beforsit&,REE vary within the intervals 1067 - 1671 ppm aiié 2
2599 ppm, respectively (Table 1). Figure 11 sholmes tariation of the La and Ce
contents whereas the early-formed beforsite iserich LREE than the late-formed.
This correlation is subtle in alvikites. The REEuabances were normalized to
chondrite using the primitive mantle values of Mcibagh and Sun (1995), that
represent CI (carbonaceous) chondrites, which gotabon, water and other volatile
elements. The values (Fig. 12) show a large enmctimvhen compared with other

terrestrial rocks and a strong fractionation betwkght and heavy REE (LREE and
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HREE). All samples are LREE-enriched withydu) ratios of 20.46 to 77.48 for
beforsites and 34.90 to 65.91 for alvikites (i &bnbeforsite = 20.60 — 71.71 and
LagyYbmalvikite = 29.69 — 55.10).

At the current stage of study, the magma evolutanthe carbonatite is not clear.

The observed chemical characteristics suggest alnten of an early alvikite to a late

beforsite.
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Fig 12. Chondrite normalized REE diagram
(McDonough and Sun,1995) for the studied

carbonatites and mafic rocks.

Based on field relationships, the relative agehef¢arbonatite system is interpreted

as older than the Cacgapava granite intrusion amthger than rocks from the basis of

Camaqua Basin. The LA-ICP-MS dating of zircon gsafnom one representative

sample of beforsite yields significant informatisagarding the age of the rock,

corroborating the field observation, and has estaéll an absolute timeframe for the

emplacement of the studied carbonatite. The andlyzeons have short prismatic and

bipyramidal habits and show a diameter of betwe®ard 10Qum. Internal structures
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observed in CL and BSE show concentric planar zomandicating igneous origin for
zircons (Corfu et al., 2003).

Eight zircon grains were analyzed, and four show-ICR-MS data with an
anomalously high content of common-Pb resultingaidarge uncertainty, so these
samples were rejected for calculation of the agew@vVer, four zircon spots have
concordant U-Pb data and yield an age of#6@3®% Ma interpreted as the igneous
crystallization age, as shown in Table 2, Figureésaidd 14.

This Cacapava carbonatite age is within the 650-8120 (Late Neoproterozoic-
Cambrian) worldwide alkaline post-collisional madism described by Veevers (2004,
2007), that includes A-type granite, nepheline ggeand carbonatite associated of
ARCs with rifts or extensional environments, dengtcrustal extension. Furthermore,
during the Ediacaran, a collision of the Rio deRlata and Encantadas microcontinent
is described followed by a transpressive tectoniand volcanic activity with
shoshonitic, high-K calc-alkaline and tholeiiticachcteristics (Saalman et al., 2010;
Philipp et al., 2016 and references therein). Fobbtne carbonatite intrusion is related

to one of these events.
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Table 2

193 nm laser ablation ICP-MS U-Pb analyses of sebkzircon.
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Sam. Isotopic ratios (%o errors) Age (+2c errors), Ga Pbtotal Pbrad Th U Th/U  Conc. Conc.
Ppm Ppm Ppm 206/238 206/238
2pppiy 2PpfEy 2PpfPp 2pppiy 20ppPEyY 20ppPoPp 207/235 207/206
2.1 0.0975 (0.0014)  0.7556 (0.0422)  0.0562 (0.0035).600 (0.008)  0.571 (0.025) 0.460 (0.145) 7,42 19 235 91 2,58 104 130
3.1 0.0964 (0.0023)  0.7537 (0.0763)  0.0567 (0.00669.593 (0.013) 0,570 (0,044) 0,480 (0,150) 2,00 20 327 73 4,49 104 123
51 0.0972 (0.0013)  0.7558 (0.0376)  0.0564 (0.00319.598 (0.008)  0.572 (0.021) 0.468 (0.119) 1,79 22 240 102 2,36 104 127
8.1 0.1012 (0.0016)  0.8114 (0.0496)  0.0582 (0.00399.621 (0.009) 0.063 (0.028) 0.536 (0.141) 2,96 26 512 94 5,43 103 116
Zircons not used to age calculation
11 0.0966 (0.0013)  0.7193 (0.0387)  0.0540 (0.00319.595 (0.008)  0.550 (0.023)  0.371(0.132) 20,84 16 193 92 2,10 108 160
4.1 0.0898 (0.0015)  0.7239 (0.0454)  0.0584 (0.00420.555 (0.009) 0.553 (0.027) 0.546 (0.160) 6.51 16 233 70 3.33 100 101
6.1 0.1108 (0.0024)  0.8304 (0.0789) 00544 (0.00590.677 (0.014)  0.614 (0.043) 0.387 (0.207) 6.62 15 312 49 4.75 110 175
7.1 0.0993 (0.0017)  0.7762 (0.0560)  0.0567 (0.0043).610 (0.010) 0.583 (0.031) 0.479(0.161) 9.52 19 277 83 3.36 104 127
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Fig. 13. Zircon cathodoluminescence (CL) images

for the studied samples. The circles show LA-ICP-

| 6219M ) ' _
Bhalie 2 MS dating spots and corresponding U-Pb ages (in
Sample TA-19 (LA-ICP-MS) 25 pm Ma)
L Concordia Age = 603.2 + 4.5 Ma @

4 (10, decay-const. errors included)
MSWD (of concordance) = 2.8
0.084 Probability (of concordance) = 0.094

b ®pp

0.04 empty ellipses not used for age calculation
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238 206
ur Pb
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i B Fig. 14. (a) Isotopic analyses of zircon crystals

L I I o displayed in a Tera-Wasserburg Concordia
540
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Zircon samples

average of®Pb/*®U ages. Error in &.
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6. Tectonic setting

Many studies have shown that primary carbonatitgmas can be generated from mantle
peridotite, with invariably magnesian compositiand the reaction of the Iherzolite to
wehrlite mantle leading to the production of catedonatite magmas (Wyllie, 1989; Wyllie
and Lee, 1998; Dalton and Wood, 1993; Woodard aathétington, 2014). Other studies
suggest carbonatites to be derived from the meltegycled carbonated oceanic crust
(eclogite) (Doulcelance et al., 2010, Hammouda Kedhav, 2015, Hoernle et al., 2002).
Experiments results of Hammouda (2003) and Kisesval. (2012) suggest that naturally
calcic carbonatites could be the result of direeitimg of carbonated eclogite. However,
experimental results of Dasgupta et al. (2004) dakley and Brey (2004) obtained
magnesian liquids, showing it strongly relies oe $tarting composition. Because of the low
volume and high reactivity of carbonatite magmaswall as physico-chemical barriers, an
extensional tectonic environment is needed to afltmwapid emplacement in the upper crust.
Experiments done by Thomsen and Schmidt (2008)gusomplex systems, representing
subducted carbonated pelitic sediments, resultedotassic silicate and carbonatite melts
immiscible under upper mantle conditions. Thustiphmelting of a subduction-enriched
mantle could produce ultrapotassic or shoshonilicate melts with associated immiscible
carbonatite (Woodard and Hetherington, 2014). Exeshwpf carbonatites from post-
collisional tectonic settings include Naantali, $\viland (Woodard and Hetherington, 2014
ant therein references), Hongcheon area, SouthaK@ém et al., 2016), Maoniuping,
Lizhuang and Dalucao, Sichuan, China (Hou et 81062 and Eden Lake, Manitoba, Canada
(Chakmouradian, 2008).

Previous studies (e.g. Lima & Nardi, 1988; Painalet2000; Sommer et al., 2006) show a
shoshonitic to high-K calc-alkaline magmatic adyivin Sul-Riograndense shield. It is
represented by shoshonitic granitoids such as #veals do Sul and their volcanic equivalent
Hilario andesites with associated lamprophyre diKdsese rocks are related to the same
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period/event of carbonatite emplacement. Sommeralet (2005) interpreted that the
magmatism results from the melting of subductedkspavhereas the high-Nb magmas
display less influence of subduction-related metestcsm, and are closer to magmas
produced from intraplate sources. Isotopic and lgewwlogical data presented by Hartmann
et al. (2011), indicate a subduction activity besaw®00 and 700 Ma, resulting in the closure
of an ocean and consumption of the oceanic liphergph.ima and Nardi (1998), however,
considered that the differentiation processes efghoshonitic magmatism have negligible
crustal involvement.

The age results obtained in this study fit with them Feliciano Belt tectonic model,
where emplacement in the upper crust was facitithtethe reactivation of pre-existing deep
shear zones and associated structures (e.g. Cacapaar zone) at the onset of tectonic
extension. The Cacapava carbonatites intruded lplatal a normal fault, close to a shear
zone, which likely acted as a conduit for the cadiite magma. Despite the evidences,
specific studies are needed to prove the genetatioeship between shoshonitic and

carbonatitic magmatism in the Sul-Riograndensel&hie

7. Discussion

Calcite, dolomite, apatite, REE and Nb mineralstitba strontianite and thorite are
associated with different phases of carbonatiteusidn and consequent hydrothermal
alteration. According to Mitchel (2005a), in priggrartial-melting sequence of carbonatites,
a partial melting progress is marked by an incréasiee activity of silica in the melt. As SO
essentially participates in silicates, it decreagsth the evolution of the carbonatite magma
and silicates mostly crystallizing during the eastgges (Gomide et al., 2016). Applying this
reasoning, added to the petrographic observatiwas;an interpret that the alvikite is more
silicate enriched compared to beforsite and reptsesan early stage of the carbonatite

magmatism. Nonetheless, the beforsite contains Besgoncentration than expected. The
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absence of sodic pyroxene, and rare fenitizatiavcgsses may be related to the small
dimension of bodies and primary magma chemistry.

Baddeleyite crystals enveloped by zircon, and taaeplacing pyrochlore-like minerals,
indicate an increase in silica and thorium actiwitythe late evolution of the rock. The silica
may be assimilated from metasedimentary silicatt hacks or can have a late hydrothermal
origin. Petrography studies suggest that sometejditanite and amphibole are relics of the
host rock, but titanite and biotite can also havégaeous origin related to carbonatite.

Low density and low viscosity characteristics ofbmmatite magmas make cumulate
processes and gravitational settling important etspéor the development of carbonatite
complexes (Kjarsgaard and Hamilton, 1989; Le B&891 Constanzo et al., 2006; Woodard
and Hetherington, 2014). The presence of compositimillimetric apatite banding supports
our interpretation that the main foliation in thagapava carbonatites is primarily a magmatic
feature linked to a syncinematic emplacement.

Post-magmatic tectonic events and late hydrotephakes are evidenced by small scale
folding of banding with minerals oriented with respto the external regional foliation (host
rocks), brecciation and presence of (1) chlorilen§ fractures and pervasive calcite fracture
filling, (2) associated veins filled by quartz awtlorite, (3) pyrite and less commonly
chalcopyrite fracture filling and pervasive, and ffematite fracture filling and along the
foliation. Furthermore, the brecciation is locatiz@bserved close to faults, suggesting that
the Cacapava carbonatite intrusion was not ex@osiv

During the low-temperature hydrothermal procesded produced carbonate-chlorite-
quartz veins, hydrothermal carbonate replacedmalghagmatic carbonate in the carbonatite.
These processes were unable to accommodate latgascauch as Sr, and secondary
carbonates formed without Sr. As a result, theemehts preferentially partitioned into the
hydrotermal fluid, which explains the occurrencesoime free strontium carbonates in the

matrix and veins. Following the indication of Miel(2005b), the significant presence of Nb,
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Ti and P, and low REE, Sr and Ba concentrationgestg that the carbonatite would be
associated with the melilitite clan, although riecate rock associated were found.
There are no indications suggesting a parentalioakhip between the host mafic rocks
and intruded carbonatites. The signature obsemvettiogeophysics, especially in the Passo
Feio occurrence, suggests that there is a muclerlargrbonatite system at depth than

observed in outcrops. These bodies are probaldysipérsed with host rocks.

8. Conclusions

(1) The field relationships, mineralogy and geocistrym were used to study and
characterize carbonate dikes in Cacapava do Suthesxmmost Brazil, as a first occurrence of
carbonatite in the region.

(2) The discovery of carbonatite bodies in the @aga do Sul region, southern Brazilian
Shield, led to the characterization of early alkirich in host rock xenoliths, followed by
late beforsite, in an intrusive sequence into thesP Feio Complex.

(3) The shape of bodies observed in outcrops, aoiles and geophysical images indicate
that they are tabular, possibly dikes or sills. 8ese of the shape of the bodies and no directly
known igneous alkaline rocks association, weresdiag as linear carbonatites. In addition,
the described porphyritic texture is indicativetttizere are shallow bodies. It would be a
shallower expression of a larger body at depth.

(4) Calcite and dolomite followed by apatite are ttominant minerals in the Cacapava
carbonatites, and constitute up to 80% of the r@&istite xenocrysts and hydrothermalized
xenoliths of the biotite amphibolitic host rockse aabundant. Minerals containing REE are
present in all carbonatite units and include maeazyrochlore-like minerals, bastnaesite,
allanite and rontgenite. Zircon, baddeleyite, myritutile, chalcopyrite, barite, thorite and

celestine are the other accessory minerals.
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(5) The studied carbonatites have high levels oD.CBOs, Nb and Sr. Trace element
characteristics of alvikite and beforsite are samdnd share the same ranges of trace element
abundances and trace element distribution patsgrosing typical LREE enrichment.

(6) The Cacapava carbonatites lack alkalis, butetmchment in one Passo Feio fenite
suggests that the carbonatite magma contains senfeifNvas relatively poor in K.

(7) The U-Pb zircon dating yields an Ediacaran fagenagmatism at ca. 603.2 £ 4.5 Ma,
one of few carbonatites in the Precambrian Brazifhields, and the only dated carbonatite
in southern Brazil related to the Pan-Gondwanal@&s@-500 Ma) Arc activity described by

Veevers (2004, 2007).
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