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Resumo

O depésito de niébio do Morro do Padre, no Complakaalino Carbonatitico
Cataldo Il, foi descoberto na década de 80, poréin 2805 nenhum trabalho
representativo havia sido feito para melhor caraete a mineralizacao ali presente.
Com as campanhas de sondagem de 2005 a 2010,skivelorealizar a modelagem
geologica e econbmica tanto da porcao alteradatquada primaria do depdsito.
Técnicas de geoestatistica foram utilizadas paendar espacialmente as distribuicbes
das diferentes populacdes presentes na area. 0s dadeoquimica exploratoria foram
interpolados por krigagem ordinaria para obterdsastimados ao longo de todo o
volume mineralizado.

Andlises quimicas de rocha total e dados de quimioaral de pirocloro, bem
como estudos mineralégicos e texturais em testeasurie sondagem e laminas
delgadas polidas auxiliaram na definicdo de tiftogdhicos e evolucdo magmatica do
minério primario. Dados mineraldgicos e texturas sblo desenvolvido sobre o
minério primario, obtidos por microscopia eletr@ie difratometria de raios-x
permitiram compreender a distribuicdo, estrutuvareacées do minério supergénico. A
modelagem das diferentes rochas e dos corpos numaei@s apoiada nessas
informacgdes permitiu estabelecer a geometria, delage contato e evolucédo tanto das
rochas quanto dos minérios primario e supergénicdepésito de nidébio do Morro do
Padre.

O depésito pode ser dividido em trés zonas, Supdntermediaria, e Inferior,
sendo que a primeira corresponde ao minério supiemé&oincidente com o manto de
intemperismo, e as outras duas a distintos domaaosiineralizacdo em rocha fresca
(minério primario).

A zona superior, ou manto de intemperismo, foi neme levando em
consideracdo os diferentes niveis intempéricos,reseptados por variacdes
mineraldgicas, como o minério caulinitico-oxidadunério do tipo silcrete, e minério
micéaceo.

A relacdo direta entre o solo e a rocha € eviddacielas zonas estéreis
intercaladas com zonas mineralizadas no solo tal ga rocha fresca. O minério
supergénico tem um fator de enriquecimento residealidébio de cerca de 30% devido
a lixiviagdo principalmente dos carbonatitos.A idade dos solos desenvolvidos
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sobre as rochas intrusivas facilitou a percolagédluddos durante o intemperismo, o
que levou a formacdo de niveis de silcrete, preféaémente sobre as regifes de
minério mais rico. A profundidade destes niveisoétmlada pela interface entre o
minério caulinitico-oxidado e o minério micaceo.eqepresenta uma superficie de
contraste de permeabilidade.

O envelope mineralizado no solo tem orientacaocprat E-W, possui cerca de
70 metros de profundidade, 475 metros de comprimeatdirecdo leste-oeste, e 100
metros de largura na direcdo norte-sul e totali@812000 toneladas com teor de 1,69 %
Nb,Os.

A rocha fresca foi dividida em duas zonas. A zamtarimediaria, sotoposta a
zona superior, consite de enxame de diques deapasonito (N1), calciocarbonatito
(C1), pseudonelsonito (N2) e magnesiocarbonatit®),@@caixados em fraturas nos
filitos e anfibolitos fenitizados do Grupo Araxaeda zona predominam rochas das
unidades N2 e C2, as quais estdo espacial e gametinte relacionadas, uma vez que 0s
pseudonelsonitos N2 formam-se como cumulados nasdgm dos diques de
magnesiocarbonatito C2. A geometria dessa zona \@m a profundidade. Nas
porcoes mais profundas, os enxames de diques denitel e carbonatito estdo
concentrados em uma faixa estreita, que se alamyadieecdo a superficie. Tal
comportamento esta provavelmente relacionado cdimiauicdo da presséo litostética
nos niveis superiores, permitindo a ocorrénciardemaior numero de fraturas abertas
por onde os magmas carbonatitico e, em menor idee nelsonitico, puderam
percolar.

A zona inferior consiste de usill ou pequena camara acamadada,onde ciclos
sucessivos e ritmicos mostram a evolucdo dosnédsoNil para os calciocarbonatitos
C1 por cristalizacéo fracionada a partir de um nmeagnginal nelsonitico.

O depdsito de nidbio de rocha fresca, isto € zotexmediaria somada a zona
inferior, possui 11.518.000 toneladas de recursosidbio com teor de 1,48 % de
Nb,Os.

O montante total de recursos de nidbio no depoBlimro do Padre
(medido+indicado+inferido em minério primario + m@i residual) € de 14.499.000
toneladas, a 1,52 % MNDs.
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Abstract

The Morro do Padre Nb deposit, in the Cataldo 2laik-carbonatite complex
was discovered in the 80's, but detailed explonatvas not undertaken in this deposit
until 2005. Extensive drilling campaigns from 20052010 made it possible to model
both the supergene and primary domains of the defamsn the geological and
economic point of views. Geostatistics techniquesewemployed to understand the
spatial distribution of the several populations spré in the area. Geochemical
exploration data were interpolated by ordinary ¢gimg in order to estimate Nb grades
throughout the ore.

Whole-rock chemistry, pyrochlore mineral chemistayyd mineralogical and
textural studies on drill cores and thin sectidmsped to define the lithological types
and magmatic evolution of the primary (fresh-rook®. The mineralogy and textures
determined for the soil cover by means of electmeroscopy and X-ray diffractometry
allowed the understanding of the distribution, ctinee and variations in the supergene
(residual) ore. The modeling of the various roghety and ore-bodies supported by
these data lead to establish the geometry, contdationships and evolution of the
igneous rocks, as well as of the primary and seagnakre.

The deposit may be subdivided into an upper, inteliate, and lower zones.
The first corresponds to the supergene ore, witisttwo later are represented by
distinct domains of the primary ore.

The upper zone was modeled taking into account weous levels of
weathering intensity, represented by mineralogit@nges: kaolinite-oxide ore, silcrete
ore, and micaceous ore.

A direct relatioship between the soil and the fresbk is depicted by the
intercalations of ore and barren vertical bodied tiepresent the extension of the fresh
rock ore bodies into de soil. The supergene oravshan Nb enrichment factor of ca.
30% due to the leaching of soluble componentesedsiy from the altered
carbonatites.

The high porosity of the soil over the alkalinerusive rocks (particularly
nelsonites) favored the infiltration of meteoric ters, leading to the formation of
silcrete crusts preferably from the higher-grade dihe depth of such silcrete levels is
controlled by the limit between the kaolinite-oxide2 and the micaceous ore, since this
represents a permeability contrast limit.

viii



The ore envelope within the soil cover is elongdied/, has 70 meters in depth,
475 meters E-W, 100 meters N-S and contains tesdurces of 2.981 Mt @ 1.69 %
NDb2Os.

The fresh rock was subdivided in two separate zdimésrmediary and lower).
The intermediary zone underlies the soil cover @ncharacterized by dike swarms of
apatite-nelsonite  (N1), calciocarbonatite (C1), udemelsonite (N2) and
magnesiocarbonatite (C2), intruded in fenitized lileg and amphibolites of the
Precambrian Araxa Group. This zone is dominatedNByand C2 rocks, which are
geographically and genetically associated, since p@udonelsonites precipitate as
cumulates on the walls of the C2 magnesiocarb@satiThe geometry of the
intermediary zone varies from a narrow zone witlhso@te and carbonatite dike
swarms in deeper levels to a wider zone towardsstitéace, probably due to the
decrease in lithostatic pressure, thus leading targer number of open fractures
through which the magmas (particularly carbonatiégss so nelsonite) were able to
percolate.

The lower zone consists of a rhythmically layeriidos small magma chamber,
where successive cycles of differentiation and meageplenishment show that the N1
nelsonites evolved to the C1 calciocarbonatitefdgtional crystallization.

The Nb resources in fresh rock (i.e. IntermediaieeZ+ Lower Zone) amount to
11.518 Mt @ 1,48 % NiDs

The total Nb resources of the deposit (measuredieated + inferred; primary
+ secondary ore) is 14.499 Mt @ 1,52 %0
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1 CAPITULO 1 - INTRODUCAO E CONTEXTO GEOLOGICO

1.1 INTRODUGCAO

A presente Dissertacdo € parte integrante do GiesMlestrado em Geologia
Econbmica e Prospeccado do autor junto ao Progranrads-Graduacdo em Geologia do

Instituto de Geociéncias, Universidade de Brasilia.

O trabalho teve como objetivo a caracterizacaddgeza e avaliacao estatistica
do minério de nidbio do Depdsito Morro do Padre, @omplexo Alcalino-
Carbonatitico-Foscoritico de Cataldo I, Goias,edadoracdo de um modelo geoldgico
que permitisse compreender a estrutura e a evoldgamineralizacdo primaria em
rocha fresca e suas relagcdes com a mineralizag&og&nica.

A dissertacdo estd estruturada em 4 capituloscdp@tulo 1 sdo abordados o
histérico do conhecimento sobre a regido, e o gtmtgeoldgico no qual se situam o
Complexo de Cataldo Il e o depdsito de Nb do MdiodPadre. O capitulo 2 descreve
0s metodos utilizados para elaboracdo dos modalatisticos e determinacdo dos
recursos e reservas de acordo com os preceito®digcCIJORC (2004). O capitulo 3
consiste de um artigo para submisséo ao periédiondiic Geology, versando sobre
as caracteristicas, subdivisdo, e evolugdo geaoda depdsito Morro do Padre. O

capitulo 4 sumariza as conclusdes do trabalho.

1.2 HISTORICO

Nas regides sudeste de Goias e noroeste de Marass@sta situada a Provincia
Alcalina do Alto Paranaiba (APIP, Gibsab al, 1995), uma importante provincia
mineral do Brasil, onde ocorrem ambientes geol&jfevoraveis a mineralizacdes de
diamante em kimberlitos e aluvibes, e de nidbicfdim, titdnio, vermiculita, terras
raras e barita, entre outros, associados a corpbsayultramaficos alcalinos Cretaceos,
intrudidos em terrenos Pré-Cambrianos Exemplosedagtimos sdo os Complexos de

Araxa, Tapira, Salitre, Serra Negra e Cataldoll e |



Os complexos de Cataldo | e 1l contém uma graadedade de mineralizacoes,
incluindo nidbio, fosfato, terras raras, titani@rmiculita e barita (Carvalho, 1974a;
1974b; Carvalho & Araugjo, 1974; Carvalho & Bress&af81; 1997; Baecker, 1983;
Gierth et al., 1985; Gierth & Baecker, 1986; Maahddnior, 1991; Fava, 2001; Brod et
al., 2004; Ribeiro et al., 2005b; Ribeiro, 2008nftari et al., 2006; Grasso et al., 2006),
com potencial também para outros bens minerais amie, uranio, tério e magnetita.
Dentre estes, operagfes minerais para fosfato kionidcorrem atualmente nos
complexos, e barita é esporadicamente explotada saimproduto.

Considerando os recursos mineraisja conhecidosamoplexos de Cataldo | e
II, e 0 potencial para sua ampliacdo e descobertaodos recursos, a Anglo American
Brasil Ltda. intensificou, a partir de 2005, osudsts geoldgicos nos dois complexos,
por meio de um expressivo adensamento da malhamdiagem, e estudos geoldgicos,
geofisicos, geoquimicos e mineralogicos, para dmiasoas informacdes existentes e
definir os recursos minerais associados a novogosore minério porventura
existentes, visando seu aproveitamento econdOmeta. gampanha detectou a presenca
de novos depositos de niobio e fosfato no compléataldo Il, os quais podem ser
incorporados, de imediato, ao projeto minero-megad j4 existente no ambito das
empresas de mineracdo Copebras Ltda e Minerac@dGate Goids Ltda. Dentre os
novos depdsitos descobertos, figura o depdésito lWaldNMorro do Padre, objeto da

presente dissertacao.

1.3 LOCALIZACAO, ACESSO E FISIOGRAFIA

A area em estudo localiza-se na folha SE.23-Y-éefca de 20 km a NNE da
cidade de Cataldo (Fig. 1.1), no sudeste do Eslad@oias, proximo a divisa com o
Estado de Minas Gerais, na bacia hidrografica do FRiranaiba.A cidade de Catalédo
estd as margens da rodovia BR-050, asfaltada, dige @&s cidades de Sdo Paulo e
Brasilia. As ligacdes rodoviarias com os principaestros do Pais sdo asfaltadas e de
razoavel manutencao, e dao acesso a Brasilia (@)5Goiania (256 km), Sdo Paulo
(720 km), Uberlandia (100 km), Belo Horizonte (480) e Rio de Janeiro (1.140 km).
Por ferrovia também se tem acesso a grandes cetdrpais como Brasilia (375 km),
Goiania (363 km), Sado Paulo (862 km), Belo Horieoft00 km) e Rio de Janeiro
(1.265 km).



O acesso ao Complexo Cataldo Il é feito a padiCdtaldo, pela BR-050, em
direcdo a Brasilia. Percorre-se cerca de 20 kna, foanar, a esquerda, estrada de terra
(antigo tracado da BR-050) e estradas vicinais dgreandam as fazendas da regido,

para se chegar aos locais da pesquisa.

Figura 1-1 Composicao colorida de imagem de saétibstrando a localizacdo das
cidades de Cataldo e Ouvidor e dos Complexos Aloalde Cataldo | e Cataléo II.
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A regido é de planalto profundamente dissecadanirdmda por rochas
metassedimentares e metavulcanicas proterozoicdsaida Brasilia (Grupo Araxa),
com dois tipos principais de relevo. O primeiroresponde a micaxistos de granulacéo
grossa onde predomina um relevo suavemente ondutkEkiacando-se elevagdes
alongadas de quartzitos, alinhadas segundo NW-Seglndo corresponde a filitos e
sericita-xistos finos que ocorrem a NE dos comp@eadoalinos e mostra um relevo bem
mais acidentado e vales mais profundos.

O Complexo Cataldo | destaca-se como um platdieipcom eixo N-S de
aproximadamente 6,0 Km, e eixo E-W de cerca dé,5E constituido por um ntcleo



de rochas igneas, com encaixantes metamorficasgadgs em um domo por efeito da
intrusdo. O domo, truncado pela superficie de aphaento, coincide com o proprio

platd, e esta preservado devido a existéncia danehresistente de quartzito em torno
do corpo igneo. Dentro do domo, a acéo do interserisobre as rochas alcalinas foi
particularmente intensa, originando espessa cabeti solo que pode atingir 250 m.
As feicbes morfoldégicas neste local sdo pouco esras, sobressaindo apenas
pequenas elevacgdes irregulares, constituidas dasaicas em magnetita.

Cataldo Il, ao contrario, ndo possui auréola dehas resistentes ao
intemperismo, 0 que resultou em expressao topaografienos conspicua e permitiu o
desenvolvimento de uma bacia de drenagem, com segoente erosao parcial da
cobertura de solo. Nao obstante, um perfil de ipgsmemo substancial, com cerca de
80 m de espessura esta ainda preservado sobreptegzomO complexo tem uma forma
eliptica, com eixo NW de cerca de 4,5 km e eixod€Eerca de 2,5 km.

A drenagem obedece padréo regional dendriticdicpErmente acentuado na
zona defilitos e sericita-xistos finos. Sobre oxaristos grossos este padrdo pode
tender a sub-retangular, com as drenagens priscgeguindo a direcdo geral da
xistosidade. Préximo as intrusivas, particularmed&taldao l,a drenagem tem padréo
radial-anelar caracteristico, ressaltando a estritdmica. No complexo Cataldo |l toda
a drenagemtende para SSW, com uma Unica saidaC@ekgo Coqueiros.

1.4 CONTEXTO GEOLOGICO REGIONAL

As rochas alcalinas do Cretaceo Superior, quer@rono sul de Goias e no
oeste de Minas Gerais foram agrupadas sob a deéigre Provincia ignea do Alto
Paranaiba (APIP), por Gibson et al. (1995). Estaipcia estende-se por 25.000%aen
consiste principalmente de lavas e plugs kamatugiticom diatremas kimberliticos
subordinados e complexos alcalino-carbonatiticagtdplcos. A intensa atividade
magmatica que gerou a provincia € interpretada aomesultado do impacto da pluma
mantélica de Trindade, sob a litosfera continedtaBrasil Central a cerca de 90 Ma,
ocasionando a fusdo parcial do manto litosféricdapsmatizado sobrejacente e a
producdo volumosa de magmas ultrapotassicos(Giesah, 1995; Thompson et al.,
1998).

Os complexos alcalino-carbonatitico-foscoriticasAPIP (Fig. 1.2) tém carater

ultrapotassico e afinidade kamafugitica (Brod gt24100; 2004), e sdo cogenéticos com

4



0s numerosos diatremaspkigs kamafugiticos que ocorrem na provincia, bem como
com as lavas e piroclasticas kamafugiticas do GMata da Corda(Leonardos et al.,
1991, Sgarbi & Gaspar, 2002; Sgarbi et al., 20040 et al., 2001).
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Figura 1-2 Mapa geoldgico da Provincia ignea dooARaranaiba, mostrando os
complexos alcalino-carbonatiticos plutdnicos e nrameintrusdes de kimberlitos e
kamafugitos de pequeno porte. Note a ampla areartalpelas lavas e piroclasticas
kamafugiticas do Grupo Mata da Corda. Adaptado tieeDa et al. (2004).,

A provincia é um importante distrito mineral blaiso, especialmente em
funcdo dos depositos econdmicos de nidbio e faskeim como substanciais recursos
ainda ndo explotados de titdnio, vermiculita eatenraras, entre outros, associados a
complexos carbonatiticos (Grossi Sad & Torres, 18&8bert, 1984; Issa Filho et al.,
1984; Silva, 1986; Torres, 1996; Carvalho & Bressk97; Gierth & Baecker, 1986;
Brod et al., 2004; Ribeiro, 2008; Cordeiro et aD11a). Tais complexos ocorrem nas
localidades de Tapira, Araxa, Salitre, Serra Negnal Cataldo, e muitas vezes
consistem de mais de uma intrusdo (e.g. SalitBallire 2, Salitre 3; Cataldo 1 Cataldo
2). As rochas alcalinas da APIP intrudem rochasassetdimentares proterozoicas da
Faixa de Dobramentos Brasilia, em uma faixa comentacdo NW (Arco do Alto

Paranaiba), entre a borda sudoeste do Craton dé&r&éocisco e a borda noroeste da

Bacia do Parana. (Fig. 1.2).



1.5 SERIES PETROGENETICAS NOS COMPLEXOS CARBONATITI COS DA
PROVINCIA IGNEA DO ALTO PARANAIBA

Os complexos alcalinos da APIP consistem de roctiassivas pertencentes a
trés séries petrogenéticas distintas - bebedariiiscoritica e carbonatitica (Brod et
al., 2004), intimamente relacionadas entre si pora ucomplexa combinacdo de
cristalizacdo fracionada, imiscibilidade de liqud® desgaseificacdo/metassomatismo.
(Brod, 1999; Cordeiro et al., 2010; Cordeiro et a011la; Cordeiro et al., 2011b;
Grasso, 2010; Barbosa, 2009; Ribeiro, 2008; Painzetl).

A série bebedouritica representa as rochas giicatiestes complexos e inclui
dunitos, clinopiroxenitos e bebedouritos com textaumulada e, como termo mais
diferenciado, sienitos. Os bebedouritos sdo cumsladaracterizados por ampla
variacdo modal de seus constituintes essenciaignal clinopiroxénio, flogopita,
perovskita (x melanita, titanita) e apatita (Bradak, 2004; Barbosa et al.,, 2011).
Segundo Lloyd & Bailey (1991) e Brod et al. (20083sas rochas representam uma
ligacdo genética entre os complexos alcalino-catiticos da APIP e as lavas e
piroclasticas kamafugiticas do Grupo Mata da Coedppdem ser encontradas como
xendlitos no interior destas Ultimas. Brod et @aDQ4) propuseram uma classificacédo
para essas rochas, conforme figura 1.3.

As rochas ultramaficas da série bebedouriticam@&ooces na evolucdo dos
complexos alcalinos da APIP, e estdo frequentemiatedidas porstockworksde
carbonatito e foscorito. Os sienitos tendem a sas rrardios e estdo frequentemente
associados com carbonatitos, podendo representatutps de imiscibilidade de
liquidos (Brod, 1999). Metassomatismo potassicomtdmsidade variavel, resultante das
intrusdes tardias de foscorito e, principalmente cdrbonatito, transformou as rochas
ultramaficas da série bebedouritica em flogopititeste processo foi particularmente
intenso nos complexos de Araxa e Cataldo |, relatente aos demais (Brod et al.,
2004).
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Figura 1-3 Esquema de classificacdo de rochas d& d#ebedouritica proposto por
Brod et al. (2004).

A série foscoritica esta representada nesses ewogppor foscoritos, nelsonitos,
magnetititos e apatititos. Yegorov (1993) definiln@menclatura dessas rochas em
funcdo dos constituintes essenciais olivina, apaitmagnetita, conforme figura 1.4.
Entretanto, Krasnova et al. (2004) propdem queosusilicatos magnesianos, como
flogopita e diopsidio, ocorrem em foscoritos e diewe ser adicionados ao vértice da
olivina. A questdo ndo esté totalmente resolvidhite@tura, e pode ter desdobramentos
importantes. Por exemplo, em alguns complexosiatslda APIP, como Cataldo | e
Araxa (Ribeiro, 2008; Torres, 2008), foscoritostpdores de olivina (i.e. foscoritos no
sentido de Yegorov) sdo 0s responsaveis pela nigagao primaria de fosfato,
enquanto nelsonitos, por vezes portadores de fitgopdo 0s responsaveis pela
mineralizacdo primaria de niodbio. A reclassificagi® uma parte desses nelsonitos
como foscoritos, em funcao da presenca de flogopitderia introduzir dificuldades na
compreensao dos controles metalogenéticos da Maag&@o primaria. Por esta razéo
adota-se nesta dissertacao a classificacéo origgngkegorov (1993).

Carbonatitos sao rochas igneas compostas por aeas0% em volume de
carbonatos e devem, em principio, ser classificadi®sacordo com o carbonato
predominante (calcita carbonatito, dolomita cartitmaetc.). Quando néo € possivel
determinar com precisdo o tipo e a quantidade da eapécie de carbonato pode ser
utilizado o esquema de classificacdo quimica de \p& Kempe (1989), conforme
figura 1.5.
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Figura 1-5 Classificagdo quimica de rochas da sédaebonatitica segundo Woolley &
Kempe (1989)

1.6 CONTEXTO GEOLOGICO LOCAL

O sudeste goiano, onde se localiza Cataldo, éfoedtalmente constituido de
rochas pré-cambrianas. Predominam micaxistos ggossofinos e filitos, com
intercalacbes de delgados leitos e lentes de dartze raros anfibolitos,
correspondentes ao grupo Araxa (Barbosa et alQ)19Y comportamento regional da
xistosidade é NW-SE, mergulhando para SW. Nas @dgas da intrusdao de Cataldo I,
essas rochas estdo arqueadas em estrutura dotareemente visivel em imagens de

satélite e fotografias aéreas por padroes de deemaadial e anelar. A figura 1.6 mostra



um mapa geoldgico da regido, incluindo os complaegfataldo | e Il, e a figura 1.7

ilustra a resposta dos complexos em levantamenbonagnetométrico.
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Figura 1-6 Mapa Geologico da Regido de Cataldo, ahocalizagcdo dos complexos
alcalinos de Cataléo | e Il. Adaptado de Oliveittzaé (2004).

Os complexos de Catalédo Il (83.4 £ 0.9 Ma, Rb—Sach&do Junior, 1992) e
Catalédo 1(85 + 6.9 Ma, K-Ar, Sonoki & Garda, 1983p os mais setentrionais da APIP
(Fig. 1). Ambos contém depdsitos minerais impodsnincluindo fosfato (Carvalho &
Bressan, 1997; Palmieri et al., 2006), niébio (@i & Bressan, 1997; Cordeiro et al.,
2011a; este trabalho), elementos terras raras i(Rile¢ al., 2005a; Ribeiro et al.,
2005b), titanio, vermiculita e barita. Duas minas fdsfato (Vale Fertilizantes e
Copebras) estdo em operacdo em Cataldo |. Minérimabio foi lavrado até 2000 em
Cataldo | (Mina | e Mina Il, Mineracao Cataldo dei&%) e é atualmente lavrado na
Mina Boa Vista (Mineracao Cataldo de Goias) em l@atdl. Depdsitos ainda ndo
explotados de ni6bio compreendem Area Leste, eralZ@ai, e Morro do Padre e
Fazenda Mineragdo, em Cataldo Il. Barita tem sidasionalmente aproveitada em
pequena escala, como sub-produto da mineracéo sfi@tdo Titanio, terras raras e
vermiculita ndo tiveram aproveitamento econémiéocanomento.
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Figura 1-7 Resultados de levantamento magnetonoétiéreo (sinal analitico) dos

complexos de Cataléo | (a SE) e Catalao Il (a NSMperposto a imagem de radar. A
anomalia magnética na porcdo oeste de Cataldo responde auma barragem de
rejeito rico em magnetita
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1.7 GEOLOGIA DO COMPLEXO CATALAO II

De maneira similar a outros complexos carbonasitida APIP (Santos &
Clayton, 1995; Brod et al., 2001; 2004; Ribeiralet 2001; 2005a), Catalédo llpode ser
considerado como uma ou mais camaras magmaticas, /@es evolucdo multifasica.
Nesses complexos, um magma primitivo de afinidadadfugitica (Brod et al., 2000;
Barbosa, 2009; Ribeiro, 2008; Grasso, 2010) evolpar meio de complexas
combinacBes de cristalizacdo fracionada, imisdaide de liquidos, segregacdo
magmatica, desgaseficacdo e metassomatismo,arednlem uma ampla diversidade

de tipos litolégicos e de mineralizagcédo, com irtaitias relacdes de contato.

A alta susceptibilidade das rochas alcalinas aemiperismo quimico em
ambiente tropical resultou na formacédo de espebsozontes de solo sobre os
complexos carbonatiticos da APIP. Neste context@has alcalinas frescas séo
encontradas apenas em profundidade, por meio diagens, ou, de modo localizado,
em afloramentos nas minas existentes. Mesmo assim,uma cobertura adequada de
sondagens é possivel estabelecer a distribuicdcodhas alcalinas no substrato e sua
influéncia na cobertura de solo (Brod, 1999; Gragsal., 2006; Grasso, 2010; Barbosa,
2009; Palmieri et al., 2006; este trabalho).Em I@at#, essa cobertura tem espessura

de cerca de 80 m.

A figura 1.8 mostra um mapa geoldgico do complettido por integracao de
informacfes de sondagem, imagens de radar e satgébfisica aérea e terrestre,

geoquimica de superficie (solo) e raros afloramse(itna Boa Vista).

As rochas alcalinas do complexo Catalao Il est@map parcialmente expostas
através das encaixantes no nivel de erosdo atuakgio com a exposicdo mais
completa situa-se na porcao norte do complexonsiste de uma sequéncia acamadada
de piroxenitos/bebedouritos, foscoritos e carbtwgtidepresentativos de uma camara
magmatica rasa, cuja estrutura se reflete, em g&ojdorizontal, em uma série de
camadas concéntricas. Neste dominio, ocorre um rtemge depdsito de fosfato

(Depdsito Coqueiros), relacionado as camadas derits.
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Figura 1-8 Mapa Geoldgico do Complexo Cataldo Il. &kea com estruturas
concéntricas na porcao norte representa uma intous&posta, que contém o depdsito
de fosfato Coqueiros. As areas dominadas por digagsorcao sul sdo os depositos de
niébio do Morro do Padre, Mina Boa Vista e 0 Alvargbs. A pequena area de diques
de nelsonito e carbonatito no interior da intrus@oqueiros € o depdsito de nidbio
Fazenda Mineracéo.
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A porcdo sul do complexo, por outro lado, é doméngmblas encaixantes
precambrianas, com ocorréncias restritas de enxateesliques de carbonatito e
nelsonito. Este dominio provavelmente reflete astéricia de outra camara em
profundidade, o que é corroborado por evidénciasigieas (ver capitulo 3). Neste
local, estdo concentrados os depdsitos e alvosdthoncuja mineralizacdo primaria é
controlada pelos nelsonitos. Delgados diques enasede flogopita picrito ocorrem nos
dois dominios, e representam o magma primitivo dgie origem as demais rochas do

complexo.

As marcantes diferencas nos litotipos, estilo deigdo e tipo de mineralizacéo
entre os dominios sul e norte do complexo, a gemnedncéntrica das unidades do
dominio Coqueiros e o contorno do complexo indieapresenca de pelo menos dois
sistemas magmaticos envolvidos em sua formacdapbmando a sugestdo de
Machado Junior (1991), de que Cataléo Il é formamtoduas intrusées independentes.
A ocorréncia de rochas semelhantes as do domirionsu interior da intruséo
Coqueiros (Deposito Fazenda Mineracdo, Fig. 1.8icanque o sistema mineralizado
em fosfato (dominio norte) precede o sistema miizedo em nidbio (dominio sul) na
historia evolutiva do complexo, o que € consisteai® o observado no complexo de
Cataldo | (Ribeiro, 2008; Cordeiro et al., 2010128, 2011b)

Na presente dissertacdo serd abordado em detahasap depdsito de nidbio
do Morro do Padre (capitulos 2 e 3), enquanto osagedepositos de Nb e o depdsito

de fosfato Coqueiros serdo objeto de trabalhosdsiu
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2 AVALIACAO DE RECURSOS MINERAIS NO DEPOSITO DE NIOBI O
MORRO DO PADRE

2.1 INTRODUGAO E OBJETIVOS

O Presente trabalho iniciou-se em 2005, com asigmas campanhas de
sondagem para aumentar recursos minerais de nm@bfdomplexo Cataldo Il. Nesse
periodo a Mineracdo Cataldo de Goias Ltda possutepositos denominados Mina |,
Mina Il e Area Leste, no Complexo Cataldo |. Ossdaiimeiros foram responséaveis
pela producdo de niodbio da empresa durante as a®dad80 e 90, enquanto o terceiro
nao foi explotado até o momento. Além desses, idaad depdsito denominado Mina
Boa Vista, no Complexo Cataléo Il, que € resporigéaia producéo de nidbio de 2000
até hoje.

O depdsito Morro do Padre, em Cataléo I, ja era&ahhecimento da empresa
desde a década de 80, porém nenhum estudo hawvidesiol para determinar o seu
potencial econdmico. Apos cinco anos de producablida Boa Vista, cujas reservas
de minérios estavam avaliadas para mais cinco daggroducdo, as campanhas de
sondagem se intensificaram em todos os cinco degdde nidbio. J& era conhecido
que os depositos de Cataldo | ndo eram restriteisagpa por¢cao secundaria, mas que
também existia potencial econébmico em rocha frestague mostra que as

mineralizacdes de nidbio eram primarias e ndo apesaduais.

Naturalmente, 0s processos supergénicos geramedate enriquecimento
nessas jazidas e, em alguns casos, podem conweréemineralizacdo sub-econémica
em econdmica. Exemplo disso sdo os depositos ddaBat onde a Mina Il e Area
Leste possuem mineralizacbes em rocha fresca, eioqua Mina | os teores de py

em rocha ndo sdo econdmicos.

As campanhas de 2005 e 2006 foram exclusivameangesaprolito, com apenas
10 m de cada sondagem em rocha fresca. Com essesd&Orocha recuperados nas
sondagens foi possivel uma avaliacdo prévia donpiaeem rocha fresca, o que se

confirmou nas campanhas seguintes de 2007, 2008,£20010.

O trabalho de modelagem teve dois objetivos: (ayletagem dos diferentes

tipos litolégicos presentes na area, a fim de almes melhor caracterizacao das rochas
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mineralizadas e da geometria das sucessivas iegugde formaram o depdsito, bem
como caracterizar o perfil de intemperismo; e (bdelagem dos teores de Mg para
avaliar o potencial econémico da jazida primarigidecloro.

Para tanto, foram utilizados todos os testemurd@msondagem disponiveis,
analises quimicas exploratorias, amostragem dentesthos para analise de rocha total

e confeccao de secdes delgadas.

2.2 BASE DE DADOS

A pesquisa no Deposito de nidbio do Morro do Paelve como base de dados
um conjunto de informagdes de diferentes campaddaondagem, realizadas de 2005
a 2010.As primeiras campanhas tiveram o objetivaedeemunhar apenas a porcao
supérgena do depdsito (Zona Superior, ver cap8ul@enetrando apenas dez metros
em rocha fresca. A partir de 2007 iniciou-se unacira pela mineralizacdo primaria
de nibbio, isto é, o depdsito de nidbio em roclkada. A tabela 2.1 ilustra os dados de
producdo das campanhas de sondagem.

Ano N° de furos prof. Média (m) Total (m)
2005 64 117 7464
2006 29 112 3252
2007 8 224 1794
2009 10 335 3147
2009 1 800 800
2010 3 610 1831

TOTAL 115 18287

Tabela 2.1 Diferentes campanhas de sondagem cosndselos de producdo (numero
de furos executados por ano, profundidade médiafulms de cada campanha e total
de metros perfurados).

A malha de sondagem utilizada para modelar o depgigpergénico foi de 25 m
X 25 m, com 117 metros de profundidade média, eriquas campanhas para
mineraliza¢do primaria tiveram em meédia 610 med®profundidade com uma malha
variando entre 50 e 100m de espagamento, dependkngoofundidade, e um furo

vertical de 800 metros de profundidade na zona esgiessa do depdsito (Figura 2.1).
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Figura 2-1 Mapa de localizagcdo dos furos de sondadepdésito de Nb do Morro do
Padre.

Todas as campanhas de sondagem foram feitas usandistema de
“embuchamento” para o solo, com coroa de vidia é&mektro de 63,5 mm e coroa

diamantada com diametro de 47,6 mm para a rocha.

A amostragem é feita a partir da metade do testemupara intervalos de 5

metros de comprimento na porcdo supergénica exden2je comprimento em rocha
fresca.

A preparagcdo e analise quimica das amostras devaids de minério foram
realizadas nos laboratérios da Anglo American Brddida. e seguiram 0s

procedimentos da empresa, descritos abaixo (Wunter2004).

1. Coleta de metade do testemunho de sondagem ewaiotepré-definidos (2,5m
para rocha fresca e 5m para solo);

2. Secagem de 100% da amostra em estufa a tempedatuagé 10%C (apenas
solo);

3. Insercdo da amostra branca, composta unicamenigupadzo, para controle de

qualidade. Essa amostra é tratada tal qual asnaisge € responsavel pela
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determinacao da eficiéncia da limpeza dos equiptmeebdma amostra branca €
inserida a cada 20 amostras originais, o que rept&$% do numero total de
amostras.
Britagem primaria de 100% da amostra em %1 de pdéega

5. Quarteamento utiliza-se de quarteador rotativmhtér 6-8kg de material,

6. Coleta de duplicatas de quarteamento a cada 20tr@and5% do total) para
controle de qualidade;
Britagem secundaria de 100% da amostra quarteadanem;

8. Quarteamento secundario em quarteador rotativoldéd 500g de material

9. Coleta de duplicatas de quarteamento secundaredda 20 amostras (5% do
total) para controle de qualidade;

10.Pulverizacdo das amostras a fim de obter 95% enml€%ns;

11.Insercdo de amostras padrdo (Material de RefereDertificado) a cada 20
amostras originais (5% das amostras) para cordeotpialidade;

12.Andlise da pastilha fundida com metaborato de, Iftar fluorescéncia de raios-
X;

13.Checagem dos resultados analiticos e do contrajei@elade;

14.Insergao das informacgdes no banco de dados.

As analises quimicas sédo importadas diretamentdamo de dados SQL e
inseridas em software de armazenamento de dados SG[®dological Database
Management Systgrpara seguranca dos dados. Os dados quimicosaaksoaodogs

de sondagem sao importados no software de modelggeidgica Datamine Studio.

2.3 CONTROLE DE QUALIDADE DAS AMOSTRAS (QA/QC - QUALITY ASSURANCE
/ QUALITY CONTROL)

A Inser¢cdo de padrbes com certificados internatsynamostras brancas e
amostras duplicadas € utilizada para demonstraakdade da preparacéo e analise dos
dados. Caso uma duplicata ou amostra branca éstajdos limites de aceitacao, todo

o lote devera ser re-amostrado para garantir aidgqul@ do resultado analitico. O

17



mesmo deve ocorrer quando a analise das amostte&gepestiverem fora dos limites

aceitaveis.

A amostra branca visa aferir a limpeza dos briteglee quarteadores para
averiguar se houve contaminacdo na preparacdo rdastras. As duplicatas visam
averiguar a qualidade do quarteamento e garargioguesmo material encontra-se em
todas as aliquotas quarteadas. A amostra padrametada no préprio deposito e
enviada para laboratorios externos, de forma abegcem certificado e servir como

referencia nas analises de fluorescéncia de raios-X

2.4 DESCRICAO GEOLOGICA-GEOFISICA DOS TESTEMUNHOS D E SONDAGEM
(LOGS DE SONDAGEM)

A preparacdo de amostras e andlises quimicas fagalimadas apenas apos a
descricdo geologica-geofisica dos testemunhos dgagem. Essa descricdo tem por
objetivo a localizacdo e caracterizacdo das roehamerais, relacdo de contatos entre
diferentes rochas, medida e descricdo dos tipdmatieas, medida de susceptibilidade
magnética e registrofotografico dos intervalos anadss.

A descrigcdo geoldgica é feita a partirdos testdroarintegrais e possibilita, com
relativa precisao, a identificacdo da zona mineada em pirocloro, que ocorre como
diques de nelsonito em contato abrupto com as soeheaixantes.Porém,muitas vezes
0 espalhamento dos diques individuais dentro darmexnéo permite a definicdo visual
precisa da zona mineralizada. Nesses casos, 0% diegdsusceptibilidade magnética

desempenham um papel fundamental na determinasgeglémites.

O minério de nidbio, contidoem nelsonitos e pseethonitos, que sao as rochas
com maior quantidade de magnetita do depdsito, aéardente evidenciado pelas
medidas de susceptibilidade magnética. Essa tégnicaia utilizada por Jaconet.al.
(2010), porém os autores realizaram amostragersigierem intervalos de 2,5 m, ao
passo que no presente trabalho utilizou-se um naaue¢ro capaz de realizar medidas
continuas (varredura), ao longo de cada intervao2db m, coincidente com as
amostragem de geoquimica exploratoria. Dessa forfoa, possivel obter a
susceptibilidade média do intervalo, o que reds@nificativamente a variabilidade
dos dados.
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A relacao diretamente proporcional entre suscidiglde magnética e teores de
Nb,Os é facilmente relacionada com a descricdo geold§igara 2.2), pois o0 nelsonito
apresenta maior teor de nidbio e maior suscept#inik magnética. Pequenas barras em
fenitos indicam estreitos veios de nelsonito e/atb@natito com magnetita, mas que

foram codificados como fenito pela predominéancistele

2.1 MODELAGEM GEOLOGICA E DE RECURSOS MINERAIS NO P ERFIL DE
ALTERACAO

O deposito de nidbio do Morro do Padre foi desdobpor apresentar altos
teores de nidbio em superficie, confirmados naspeaims de sondagem de 2005 e

2006, o que propiciou modelar a zona mineralizétgacala.

A modelagem e avaliagcdo de recursos minerais lwofsorealizada por Assis
(2009) e seguiu os mesmos procedimentos adiantFitdespara a modelagem em
rocha fresca. Os resultados da avaliacdo em sofm simarizados a seguir, para

permitir a compreensao do potencial econémico ¢ldbdaepdsito.
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Figura 2-2 Log de sondagem padrdo que mostra acéeglada rocha (coluna LITHO),
susceptibilidade magnética (coluna SM) e teor dgifcoluna NB205). Codigo das
diferentes rochas e solo na legenda: AA- aloteamaarela; AV — aloterita vermelha;
BR — brecha; CB — carbonatito, FEN (branco) — feneBN (magenta) — fenito; FL —
flogopitito; FLAP — flogopita apatitito; FO — fosato; 1S — isalterita; NL — nelsonito;
Pl — picrito; PX — piroxenito; RA — rocha alterad8ED — sedimentos lacustres; SIE —
sienito; SX — silexito.
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A figura 2.3 mostra o contorno do corpo de miné nidbio no perfil de
intemperismo do Depésito Morro do Padre, obtidoneadlelo tridimensional. A malha
de sondagem de 25 x 25 m propiciou a modelagenogm anineralizado orientado
segundo direcao principal leste-oeste de 475 nodgwigmento por 100 m de largura e
70 m de profundidade média. Essa geometria expassaexatiddo a extensdo da
intrusdo de enxame de digues mineralizados suliggdémineralizacdo primaria, ver

capitulo 3) e o volume de minério de niébio do d#pdsecundario.

A

Legenda

[ ]Corpode minério
[ ]Contatosolo/rocha

\ Furosde sonda

Figura 2-3 Contorno do corpo mineralizado no saio,Depdsito Morro do Padre, com
base nos dados de avaliacao de Assis (2009).

A tabela 2.2 ilustra o resultado da campanha ea@oa do manto de
intemperismo em numero de furos de sonda executadodarea, metragem total

amostrada, numero de amostras coletadas e as aswstcorpo mineralizado.
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Dados de exploracgéao
Numero de furos Metros perfurados Amostras de minério Amostras totais
112 12045 1981 4988

Tabela 2.2 Dados exploratdrios utilizados na modefa do corpo mineralizado em
perfil de intemperismo do Morro do Padre (Assi)20

A mineralizacdo, orientada segundo o eixo pridctpdV, foi amostrada em
malha de sondagem regular com célula de 4Fim 2.4a) e produziu 19 secdes norte-
sul (ver exemplo na figura 2.4b) que foram coriele@das, gerando o envelope
mineralizado. O teor de corte empregado na modeldgeo mesmo utilizado em rocha
fresca (0.5 % NiDs) e a densidade foi de 1,8g/&na mesma adotada na Mina Boa
Vista.

O mapa de localizagédo das sondagens realizaddsamedeores de nidbio onde
cores quentes representam teores altos g©g8bas cores mais frias teores baixos.
Notar que a porcao central e oeste do corpo minadal tém teores e espessuras de
minério maiores, enquanto nas por¢des leste e teudedeores sdo mais baixos e mais
espacados, mostrando que o solo desta por¢do dsitedesenvolveu-se sobre uma

zona mais pobre em diques de nelsonito.

Apesar da variacao do teor, a mineralizagédo no S®jue a mesma orientacao e
estrutura do depdsito primario (ver capitulo 3)tabsstrutura se reflete no solo pela
intercalacdo de zonas verticais mineralizadas éeast representando dominancia de
nelsonitos e fenitos como protolitos, respectivameA zona silicificada também tém
evidente correlagdo com as porgcbes mineralizadageriado que a precipitagédo de

silica ocorre preferencialmente sobre as rochassivgs.
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MORRO DO PADRE (a)
z Localizagdo dos Furos de Sonda

I
0002008
800‘2000

1900

LEGENDA

| Minério Padrdo
/ Estéril Interno
/ [ Aloterita verm. Mineraliz.
Aloterita vermelha estéril
“Rocha encaixante”

Rocha Fresca

8001950 8001900 8001850 . Silexito

Figura 2-4 (a) mapa de localizacdo das sondagensDepdsito Morro do Padre
(projecdo no plano horizontal) com teores de niGbgpressos em cores e barras
laterais. Cores quentes com barras maiores indiedtos teores de Ns, coloracao
azul indica teores abaixo do teor de corte. (b)&degeoldgica do minério na zona
intemperizada do depésito (Assis, 2009).
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O total de recursos minerais avaliados na zomanipérica do Morro do Padre é

fornecidona tabela 2.3.

RECURSOS MINERAIS

Tipo Medido Indicado Inferido Total
Toneladas Nb205| Toneladas Nb205; Toneladas Nb205! Toneladas Nb205
(x1000) (%) (x1000) (%) (x1000) (%) (x1000) (%)
Supergénico 2771 1,72 210 1,35 - - 2981 1,69

Tabela 2.3 Recursos do minério secundario do dépdsi nidbio do Morro do Padre
(Assis, 2009)

2.2 MODELAGEM GEOLOGICA E DE RECURSOS MINERAIS EM R OCHA FRESCA

A modelagem geoldgica e de recursos minerais aeralizacdo primaria foi
realizada pelo autor da presente dissertacdo ntediras abordagens, uma consistiu
em envelopar teores de X3 a fim de realizar uma estimativa de teores e veldan
zona mineralizada em pirocléro para avaliar o pogreconémico do depdésito. Outra
visou modelar os diferentes tipos de rochas do sitp@om base em dados de
exploracdo mineral em intervalos regulares, cormprego de cddigos de litologias e
os resultados quimicos de X3, P.Os e BaO, e de dados petrogréaficos, quimicos e
mineraldgicos de amostras individuais de rochd,tptra melhor definicdo de zonas

mineralizadas.

Os testemunhos de sondagem sao descritos geotmyita a partir de
procedimento proposto por Palmieri et al. (2006950 et al. (2006) e Ribeiro (2008)
que estabelece as unidades de mapeamento e deswigd zonas de predominancia
de um determinado tipo de rocha. A menor unidaddegericdo utilizada foi de um
metro, isto é qualquer litotipo que apresentaspesssira aparente menor do que um
metro e litotipos com espessura inferior foram segdos apenas na descricdo do
intervalo, mas nao utilizados como rocha dominaBsse parametro foi adotado em
funcdo da variabilidade observada nos testemunleosotidagem e da resolucdo
desejada para o modelo.

As rochas mineralizadas possuem orientacdo pahdpW com mergulho
vertical a sub-vertical, 0 que condicionou que exss fossem modeladas na direcéo
N-S, perpendicular a do enxame de diques. Para obt®lume de minério e das

rochas, correlacionou-se os furos de sonda de ssgho por todo o comprimento do
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corpo de minério, totalizando 19 secOes para a Bupeerior, distante 25 metros uma
da outra, e 11 se¢bBes para as Zonas Intermediariafegor. Algumas secdes

intermediérias foram necessarias para suavizagé@owdgope modelado.

A modelagem tem por finalidade separar unidadegtinths sejam elas
litologicas, estagiosde alteracdo e/ou teores g@osniPara ambos os modelos (de
rochas e de minério) os horizontes de solo de tervelos com rochas foram
considerados separadamente devido as significadifeencas estruturais, texturais e

composicionais.

Apo6s modelar todas as secdes, os contatos (lifibi@sh conectados secao por
secdo até se obter o0 solido de interesse. Seletieaas amostras internas ao volume,
obtendo-se assim as utilizadas nos modelos dosenliés litotipos e do envelope de
minério, entdo excluem-se as que ficaram para €twraenvelope. O suporte das
amostras, isto € o comprimento, foi regularizado2e¢bnm para rocha e 5 m para solo,
como preparacdo dos dados para analise estatskdgagem. A figura 2.5mostra o

processo de modelagem até a obtencdo das amastrasiportes regularizados.

Apés a regularizacdo das amostras, efetuou-se W dEsagrupamento
(declustering. Esse procedimento € fundamental quando as amasttao distribuidas
aleatoriamente devido as dificuldades de amostrggammotivo de profundidade ou
dificil acesso a area de interesse; maior adenganderamostras em zonas mais ricas,
etc. Dessa forma, é necessario utilizar um mecanigara atenuar a influencia da

distancia entre amostras, atribuindo peso as me&oaga et al., 2001).

A figura 2.6 ilustra o efeito do desagrupaments wores de nidbio, onde o teor
meédio das amostras agrupadas, isto € sem pesoadmgia sua posicdo espacial, € de
1,34 %NbOs, enquanto nas desagrupadas este é de 1,41,84NBDs teores
desagrupados sdo maiores porque 0s mais alto®kie situam-se em profundidade e
foram obtidos em malha mais espacada, ao passosgunais baixos estdo localizados
em niveis superiores e com malha mais apertaden¢@tl0 m da malha de 25 x 25m
das campanhas de exploracdo para minério secunpdasgim, quando se aplica peso

as amostras, as mais espacadas recebem pesossmaiore
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Figura 2-5 Fluxograma de sele¢do de amostras patamativa de recursos minerais.
Os histogramas mostram o suporte das amostras,emdmamostras com tamanhos

variaveis, segundo com suporte regularizado.

Teores de Nb205 Teores de Nb205
0.160 ] Number of Data 1006 T Number of Data 1006
number trimmed 13 7 number trimmed 13
mean 1.34 0.120_} mean 1.41
std. dev. 1.03 sid. dev. 1.02
7 coef. of var 0.77 T coef. of var 0.72
0.120_| .
maximum 7.87 E maximum 7.87
upper quartile 1.97 upper quartile 2.05
median 1.31 7 median 1.35
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Figura 2-6 Histogramas de teores de niobio, quetraos o efeito do desagrupamento.
(esquerda) amostras agrupadas; (direita) amostresagrupadas.
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O meétodo utilizado foi o deCell Declustering Method(método de
desagrupamento por células), proposto por Joud®89) e Deutsch (1989). Esse
método consiste em dividir a area total amostradavelumes retangulares (células)
onde cada amostra recebe um peso inversamentergory@ ao nimero de amostras
contidas na mesma célula. Assim, amostras coletana®spacamento mais denso,
agrupadas, recebem pesos baixos com esse métaglasp®lulas nas quais elas estdo

localizadas conterdo diversas outras amostras.

No estudo estatistico utilizou-se células tridisienais de 50 fy pois essas
dimensdes se aproximam da malha de sondagenspatida depdésito em rocha fresca.
A zona superior do depésito possui malha de 35pwis é composta por furos das
campanhas de minério supérgeno, ja a intermedigresenta malha de 50 x 50m e a
zona inferior de cerca de 100 x 100 m.

A modelagem do corpo de minério teve como prirdipgerencia os teores de
Nb,Os, cujo teor de corte foi de 0,5%, bem como a disicdo espacial da amostra,
pois caso a amostra ndo esteja localizada sufrrenite proxima a outra e/ou sem

condicOes de ser correlacionada entre secesn@ssaconsiderada minério.

Para a modelagem litoldgica o fator de maior @beia foi o codigo atribuido
ao litotipo predominante. Em algumas situacdeszatilse teores de NDs e/ou BaO
para modelar nelsonitos e diferenciar tipos dearatitos respectivamente.

A analise geoestatistica foi aplicada apenas mdéelagem do corpo de minério,
e na de litotipos visou o0 entendimento espacialimtagsivas alcalinas que controlam a

mineralizacao primaria.
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2.2.1 Estudo Estatistico do envelope de minério

A modelagem do corpo de minério objetivou separddades quimicamente
diferentes. Para tanto realizou-se uma analisdigigta dos dados totais para cada
grupo modelado (envelope mineralizado e zona BstAriseparacdo das unidades de
minério e estéril fundamentou-se do teor de coet®,8 %NbOs, porém é importante
salientar que algumas amostras das zonas estéssigsgu teores mais elevados que o
de corte e no corpo de minério algumas com tearesiores. Isto ocorre porque o
minério € compostodediques de espessura variaeehe frequéncia, a modelagem do
envelope de minério incorporou varios diques fidesielsonito intercalados por fenito,
0 que gera diluicdo. Esse fendmeno pode ser visulinos histogramas das Figs 2.7 a
2.12.

As variaveis estudadas foram escolhidas de aamdosua importancia para a
melhor definicdo do corpo mineralizado, isto €, rashas intrusivas alcalinas,
principalmente o nelsonito e, subordinadamenteagnesiocarbonatito, que podem ser
diferenciadas das rochas metassedimentares peleEs tmais elevados de éxidos de
Nb, Fe, P, Ti e Cu. Ja as rochas metassediment&s&seis, sdo caracteristicamente

ricas em silica, também utilizada na analise st

A selecéo de amostras foi realizada com o softWatamine Studio 2 mediante
0 processo SELWF e os resultados exportados dagkasao processo OUTPUT. Todas
as anadlises estatisticas utilizaramsoftware GSLIB 9.3 (Geostatistical Software

Library).

A Tabela 2.4 resume os valores estatisticos déve#s avaliadas dentro e fora
do envelope. Pode-se observar a diferenca enteranédio das amostras localizadas
no interior do envelope de minério (1,41 %,0k e o das externas ao envelope de
minério (0,18 % NHOs).

A distribuicdo do teor de nidbio (Fig 2.7) mostee ha mais de uma populacao
na zona mineralizada, atribuido a mistura de roagl@msenvelope de minério e a
interpolacdo de dados durante a estimativa degeorpial inevitavelmente resulta em
diluicdo. Notar que a populacdo estéril no envelbpeninério (histograma a esquerda)

€ a mesma da zona estéril (histograma a direita),
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Amostras desagrupadas (declustered) de minério Amostras desagrupadas (declustered) de estéril
Parametros n°de amostras Minimo Méximo Média Desvio Padrio| n°de amostras Minimo Méximo Média Desvio Padrao
Nb,Os (%) 1006 0.01 7.87 141 1.02 3122 0.00 8.77 0.18 0.44
Fe,03 (%) 1006 0.61 73.01 25.03 13.76 3221 0.00 67.55 9.22 6.85
TiO, (%) 1006 0.01 10.19 2.59 171 3221 0.00 8.87 0.96 0.91
Si0, (%) 1006 0.11 59.43 15.88 10.19 3221 0.00 73.47 29.20 13.59
P,05 (%) 1006 0.02 16.62 3.74 2.49 3221 0.00 14.66 1.50 1.29
Cu(ppm) 401 2.30 8563.00 1234.55 1266.72 430 0.40 4560.20 299.94 427.56

Tabela 2.4 Comparacéo entre teores dos diferenteoé dentro e fora do corpo de
minério.

Teores de Nb205

Teores de Nb205 0.800
) Number of Data 1008 B0 Number of Data 3122
T number trimmed 13 3 number trimmed 123
0.120 mean 1.41 0.700 ] mean 0.18
std. dev. 1.02 B std. dev. 0.44
coef. of var 0.72 0.600 ] coef. of var 2.41
maximum 7.87 ] maximum 8.77
upper quartile 2.05 E upper quartile 0.15
1 median 1.35 0.500 median 0.05
Z 0.080_] lower quartile 066 & 7 lower quartile 0.03
5 minimum 0.01 g 7 minimum  0.00
El 3 04003 '
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Figura 2-7 Histogramas de N®s. A esquerda, frequéncia de teores das amostras
localizadas internas ao envelope de minério; a ithrefrequéncia de teores das
amostras externas ao envelope de minério.

A distribuicdo do ferro na zona mineralizada (@) também sugere a mistura
de diferentes tipos de rocha, como nelsonito, mudm em ferro, e carbonatitos, que
podem exibir teores de Feo variaveis devido a pgesde ankerita, tetraferri-flogopita
e alguma magnetita, além de pirita e pirrotitaagdochas encaixantes apresentam o0s

menores teores de ferro, devido ap predominio deaovita, feldspatos e quartzo.

29



Teores de Fe203 Teores de Fe203
] Number of Data 1008 b Number of Data 3221
number trimmed 24

number trimmed 13 :
0.200_} mean 9.22

0.0500 ] mean 25.03

B I M std. dev. 13.76 B std. dev. 6.85
coef. of var 0.55 E coef. of var 0.74
maximum 67.55

maximum 73.01
upper quartile 9.95

U‘Omuj upper quartile 36.10 0.450_] - t
median 24.29 N median 7.40

Fo 4 lower quartile 13.16 & T lower quartile 5.68
E 0.0300_] minimum  0.61 § ] minimum  0.00
=3 B weights used o 4 weights used
g 2 0.100_]
iy ] o

0.0200 ]

1 0.050_]
0.0100_] B ] m
0.0000 ] LA Hﬂm{l? - 0.000_| ANRE NN Na=Ea NSNS : : :
00 100 200 300 400 500 600 70.0 800 00 100 200 300 40.0 500 600 700 800

FE203

FE203

Figura 2-8 Histogramas de F®s;. A esquerda, freqiiéncia de teores das amostras
internas ao envelope de minério; a direita, freqii@rde teores das amostras externas

ao envelope de minério.

Altos teores de J®s(Fig. 2.9) ocorrem na presenca de apatita e/ou mitana\
apatita € abundante nos nelsonitos, os quais ppdegar gradualmente a apatititos.Ja a
monazita pode ser abundante no magnesiocarbortatiit@mbos os casos, estas rochas
que ocorrem no envelope de minério, 0 que explgaltos teores do 6xido neste
dominio. Os teores mais altos dgOP no estéril provavelmente representam diques
delgados e espacgados de rochas alcalinas. Porladtypha uma grande variacdo de
teores de s no envelope mineralizado, em parte atribuida &umsiscom rochas

metassedimentares ou seus xenolitos, pobre no,@adodiques de rochas alcalinas.
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0.100_] Number of Data 1006 i Number of Data 3221
] number trimmed 13 1 number trimmed 24
mean 3.74 0.200_] mean 1.50
4 1inm sid. dev. 2.49 i sid. dev. 1.29
0.080 | coef. of var 0.66 coef. of var 0.86
8 maximum 16.62 B maximum 14.66
. upper quartile 4.93 1 R = upper quartile 1.84
1 T median 3.20 0150 median 1.15
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Figura 2-9 Histogramas de ;Ps. A esquerda, freqiiéncia de teores em amostras
localizadas no interior do envelope de minério; igeila, freqiéncia de teores em
amostras externas ao envelope de minério.
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Os teores de TiO(Fig. 2.10) sdo mais altos na zona mineralizadaddea
abundéancia de magnetita e ilmenita nos nelson@@smaiores teores de cobre (Fig.
2.11) também ocorrem no interior do envelope deérion e decorrem da frequente

presenca de calcopirita e bornita em magnesiocatibos e nelsonitos.

Teores de TiO2

0.100 _ Teores de TiO2
N Number of Data 1006 1 Number of Data 3221
number trimmed 13 ] number trimmed 24
4 mean 2.59 1 mean 0.96
0.080_| std. dev. 171 0200 std. dev. 091
i coef. of var 0.66 1 coef. of var 0.04
anl N maximum 10.19 maximum  8.87
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Figura 2-10 Histogramas de TOA esquerda, freqiiéncia de teores em amostras no
interior do envelope de minério; a direita, freqé@&nde teores em amostras externas

ao envelope de minério.
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Figura 2-11 Histogramas de Cu. A esquerda, freqizme teores para amostras
internas ao envelope de minério; a direita, freqii@rde teores para amostras externas

ao envelope de minério

A silica (Fig. 2.12) tem comportamento inversadas demais variaveis, pois 0s
teores mais altos ocorrem na porcao estéril e @s Iba@&xos no minério. Isto se deve a
abundancia de filitos e anfibolitos fenitizados @asaixantes, e maior quantidade de

rochas pobres em silica, como carbonatitos e rigdsota por¢gédo mineralizada.
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Figura 2-12 Histogramas de SiOA esquerda, freqiiéncia de teores das amostras
localizadas no interior do envelope de minério; ieettia, freqiéncia de teores para
amostras externas ao envelope de minério.

2.2.2 Estudo Geoestatistico do envelope de minério

Geoestatistica oferece uma série de ferramentasnieisticas e estatisticas
cujo objetivo é modelar espacialmentevaiabilidade (Deutch & Journel, 1998). O
estudo geoestatistico da variabilidade espaciaérd@lope de minério foi realizado

mediante variogramas das variaveis que constanabald 2.4.

Os variogramas experimentais (Figs. 2,13 a 2,a@)ni gerados apenas para a

unidade mineralizada, utilizan@&oftwareGSLIB 9.3, e ajustados em planilha Excel.
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» Diregdo 1 (norte) w Diregdo 2 (leste)
. —Variancia . A\ =
, A o
08 ’ /
08
z z '
H H /
£ o6 06
5 A 4 Dad 5 / A Dad
04 04
02 02 I
o o
0 20 40 60 80 100 120 140 160 180 200 [ 20 40 60 80 100 120 140 160 180 200
Distancia (m) Distancia (m)

Experimental and model correlograms
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Figura 2-13 Variograma modelado de ).
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C3 - 3rd Structure 0.290 Diregdo 3 0 7 Vertical

Figura 2-15 Variograma modelado de®.
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Figura 2-17 Variograma modelado de Cu.

34



Variograma Variograma
s Direg¢do1 (norte) . Diregdo 2 (leste)
. y e=Variancia A A @m=—/ariancia
1
08 -~ 08
£ 06 £ os
§ I A Dados 8 / A Dados
04 04 I
02 0.2 '
0 o
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Distancia (m) Distancia (m)
Experimental and model correlograms Variograma
PROJECT : Cataléo Il . ~ .
UNIT: Morro do Padre Fresh Rock 12 Diregdo3 (vertlcal)
VARIABLE : sio2
i (—\/ariancia
N°Structures 1| 2| 3
JJ o _ o8 e @=/odelo
MODEL Type g X |
CO - NUGGET 0.10 1=Sph £ 06
C1 - 1st Structure 050 1 2=Exp § / A Dado
C2 - 2nd Structure 0.20 1 3=Gau 04 e
€3 -3rd Structure 0.20 1 4=Hole /
Al -1stRange Direction 1 10 02 4
A2 -2nd Range Direction 1 30 o
A3 - 3rd Range Direction 1 90 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Al-1stRange Direction 2 20 Distanda (m)
A2 -2nd Range Direction 2 60
A3 - 3rd Ran, Direction 2 70
Variance scaled values
CO - NUGGET 0.145 ~ Azimuth  Mergulho
C1 - 1st Structure 0.725 Direction1 = 0 0
C2 - 2nd Structure 0.290 Directon2 ~ 90 0
C3 - 3rd Structure 0.290 Direction 3~ 0 " Vertical

Figura 2-18 Variograma modelado de $i0

De modo geral, segundo norte-sul e leste-oesterero de amostras é reduzido
e representado por uma a cada 50 m. Isto dificdtmentificacdo de pares com maior
correlacéo espacial, o que foi superado segundizalecom amostragem a cada 2,5 m

e, assim, permitindo obter as melhores modelagamsgraficas.

Os variogramas mostraram que a variacao de tdasediferentes variaveis nos
eixos norte-sul e leste-oeste € grande para pegudistancias, enquanto que em
profundidade os teores seguem por maiores distants&o € consistente com a
geometria da mineralizacdo, tendo em vista o setrale é exercido por enxames de

diques de rochas alcalinas verticais ou com altgutieo.

Os parametros gerados na analise variograficanénaoo-se na tabela 2.5.

Parametros variograficos

Varidvel ~ NUGGET ST1 STIPAR1 STIPAR2 ST1PAR3 ST1PAR4 ST2 ST2PAR1 ST2PAR2 ST2PAR3 ST2PAR4 ST3 ST3PAR1 ST3PAR2 ST3PAR3 ST3PAR4
Nb205 0.1 1 30 5 5 0.5 1 35 20 30 0.2 1 130 90 10000 0.2
Fe203 0.1 1 10 10 9 0.5 1 20 20 30 0.2 1 50 70 40 0.2
Tio2 0.1 1 15 10 8 0.5 1 40 30 35 0.2 1 70 90 40 0.2
Sio2 0.1 1 10 20 8 0.5 1 30 60 35 0.2 1 920 70 80 0.2
P205 0.1 1 25 10 7 0.5 1 60 30 20 0.2 1 90 120 45 0.2
Cu 0.2 1 10 7 6 0.4 1 30 15 16 0.3 1 80 60 25 0.1

Tabela 2.5 Parametros gerados na andlise variogeatio minério primario de nidbio
do depdsito Morro do Padre
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Onde:

<\

Nugget: variancia produzida pelo efeito pepita

ST1: tipo de estrutura utilizada, no caso estrutugaesférica.

ST1PARL1: distancia do alcance da primeira estrutema metros, na direcéo
leste-oeste.

ST1PAR?2: distancia do alcance da primeira estrutema metros, na direcéo
norte-sul.

ST1PAR3: distancia do alcance da primeira estruetmametros na direcao
vertical

ST1PARA4: variancia da primeira estrutura.

ST2: tipo de estrutura utilizada, no caso estrutugaesferica.

ST2PARL1: distancia do alcance da segunda estrutumametros, na direcao
leste-oeste.

ST2PAR?2: distancia do alcance da segunda estrutamametros, na direcao
norte-sul.

ST2PAR3: distancia do alcance da segunda estrutumametros, na direcao
vertical

ST2PARA4: variancia da segunda estrutura.

ST3: tipo de estrutura utilizada, no caso estrutugaesferica.

ST3PARL1: distancia do alcance da terceira estruema metros, na direcéo
leste-oeste.

ST3PARZ2: distancia do alcance da terceira estruema metros, na direcédo
norte-sul.

ST3PAR3: distancia do alcance da terceira estruema metros, na direcéo
vertical

ST3PAR4: variancia da terceira estrutura.

2.2.3 Interpolacao de teores (Krigagem Ordinaria)

Para avaliar o potencial econdbmico de uma detedair@rea € necessario

conhecer dois fatores o teor e o volume ou massaal@ absoluto dos teores das
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amostras pode fornecer uma boa informacdo sobmoiodo depdsito, porém néo
informa volume ou massa. Logo, énecessario intarpalores para prever teores em
locais ndo amostrados e gerar um solido tridimeasi¢envelope) representativo do

corpo de minério.

O método de estimativa de teores mais utilizada paaliar recursos minerais é
a krigagem por ser um método de interpolacdo qywesga as medidas de continuidade
espacial previamente obtidas. Outros métodos clissutilizados outrora, como o
método dos poligonos e a inverso da distanciaaaplesserem intuitivos e simples, tém
desvantagens em relacdo a krigagem, pois ndo eoasido suporte amostral ou o

padréo de variabilidade espacial e ndo fornecenidaehb erro da estimativa.

Para a interpolacéo das variaveis acima desciitasn utilizados os parametros

dos variogramas (Tabela 2.5) e parametros de lfliabala 2.6).

Parametros de busca
SDIST1 SDIST2 SDIST3 MINNUM1 MAXNUM1 SVOLFAC2 MINNUM2 MAXNUM2 SVOLFAC3 MINNUM3 MAXNUM3 MAXKEY
70 40 230 10 40 1.5 8 40 2 4 40 5

Tabela 2.6 Parametros de busca para interpolagdovddaveis na avaliagdo do
minério primario de niébio do depdsito Morro do Pad

SDIST1: raio de busca na direcéo leste-oeste, sp@Em metros.

SDIST2: raio de busca na direcdo norte-sul, expressmetros.

SDIST3: raio de busca na direcao vertical, expressonetros.

MINIMUMZ1: minimo de amostras necessarias para jrtlar valores na direcdo
leste-oeste, no primeiro elipsdide de busca

(\

MAXNUML1: maximo de amostras para interpolar valanasdirecéo leste-oeste,

no primeiro elipsoide de busca.

v' SVOLFAC2: fator de multiplicacéo dos raios do priroeelipséide de busca.

v" MINIMUM2: minimo de amostras necessarias para jpttlar valores na direcéo
leste-oeste, no segundo elipséide de busca.

v' MAXNUMZ2: maximo de amostras para interpolar valanesdirecao leste-oeste,

oeste no segundo elipsoéide de busca.

v" SVOLFACS3: fator de multiplicacéo dos raios do priroelipséide de busca.
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v MINIMUMS3: minimo de amostras necessarias para jnttlar valores na diregédo
leste-oeste, no terceiro elipsdide de busca.

v' MAXNUM3: maximo de amostras para interpolar valanesdirecao leste-oeste,
no terceiro elipsoide de busca.

v" MAXKEY: numero maximo de amostras disponiveis pargerpolagdo no
mesmo furo de sonda.

O arquivo de parametros de busca constréi umautesir elipsoidal para
correlacionar amostras no espac¢o segundo raioasa lolistintos em cada direcdo. No
caso em questao, o elipséide principal (primeiayspi eixos de 70 m de raio segundo

leste-oeste, 40 m na direcdo norte-sul e 230 werieal (Figura 2.19).

N 0002008 —/

3 005961 =

~_ 19655 s

Figura 2-19 Elipsoide de busca, com 70 m de raigusdo leste-oeste, 40 m na
direcao norte-sul e 230 m na vertical

O elipsoide de busca deve refletir a geometrienteério e as condi¢cdes em que
o elemento de interesse foi concentrado. No casoi@uo, a concentracdo ocorreu

verticalmente por se tratar de enxames de diques, dire¢ao principal leste-oeste e
menor extensao norte-sul.
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A figura 2.20 mostra os dois corpos de minériadpdsito. Notar que o minério
alterado situa-se exatamente sobre o minério darfvesca, mostrando a direta relacao
entre a rocha fonte e o seu perfil de intemperishnateracdo das rochas alcalinas, que
ocorrem como diques encaixados nas rochas metass#dres, gerou um perfil
confinado e com pouco espalhamento horizontal. @@Ecimento supergénico esta
associado principalmente a lixiviagdo do carbooatjtie também ocorre como diques.
Por essa razdo, a perda de massa ndo é considgeanbe, porém suficiente para

aumentar o teor de minério de niébio no solo em taxa de 32% (Tabela 2.8)

Legenda

[]Corpo de minério alterado
[[]Contato solo/rocha

liCorpo de minério em rocha fresca
\ Furosde sonda

Figura 2-20 Modelo de solo (minério supergénicodeha fresca (minério primario). A
superficie cinza representa o contato solo/rochalithas verdes representam os furos
de sonda.

2.2.4 Validacéao da interpolacao (Krigagem Ordinaria)

Com o modelo de blocos preenchido por valoresrpotados é necessario
comparar os valores estimados com os amostrados,vphdar a interpolacdo. Essa
comparacao € importante para averiguar se ha teiadéno modelo que diferem das

amostras, o que pode resultar em sobre ou subgd@lt depdsito.
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A validacdo da interpolacdo de dados é feita parparacao visual dos valores
das amostras com os atribuidos aos blocos. O pmdcambém inclui a avaliagdo da
diferenca relativa da média de teores das amastaasdos blocos avaliados, bem como

a analise de tendéncias das amostras e dos bidegsolados.

A tabela 2.7fornece os teores dos parametros eadost e estimados. A
comparacao das médias de cada parametro mosteadjfezenca de teores mostra que
a diferenca de teores é inferior a 4%. No casoidloiay essa diferenca é ainda menor
(1%) e do cobre é maior (17%). A diferenca maiocdbre resulta do reduzido nimero
de dados (401) para a interpolacdo, em contrasteocoimero de amostras dos demais

parametros (1006).

desagrupadas (decl i) de minério Blocos Krigados
Parametros n°de amostras Minimo Méximo Média Desvio Padrdo| n° de amostras Minimo Méximo Média Desvio Padrdo Diferenga da média
Nb,0s (%) 1006 0.01 7.87 141 1.02 361888 0.12 5.48 143 0.37 1%
Fe,0; (%) 1006 0.61 73.01 25.03 13.76| 361888 5.93 59.51 26.13 5.58 4%
TiO, (%) 1006 0.01 10.19 2.59 171 361888 0.51 7.52 2.66 0.71 3%
Si0; (%) 1006 0.11 59.43 15.88 10.19] 361888 2.70 44.82 15.38 4.27 -3%
P,0s (%) 1006 0.02 16.62 3.74 2.49 361888 0.39 14.37 3.74 1.02 0%
Cu(ppm) 401 2.30 8563.00 1234.55 1266.72 361888 279.87 4956.60 1483.31 519.38 17%

Tabela 2.7 Comparacao dos teores das amostras bldoss krigados

Os histogramas da figura 2.21 mostram o efeitswdevizacdo da krigagem.O
espalhamento de teores de nidbio no histogramardastras é muito maior do que o
do modelo krigado, o que é evidenciado pelos temiegmos e maximos das amostras
(0,01% de NBOs e 7,87% de NIDs respectivamente), e dos blocos krigados (minimo
de 0.12 %NBOs e maximo 5,48 %Ni®s). Por outro lado, as médias dos dois casos sao
muito proximas com diferenca de 0,02%, 1,41% deMyllpara as amostras e 1,43%
para os blocos.

Teores de Nb205 _Teores de Nb205
1 Number of Data 1006 i n Number of Data 361888
7 number rimmed 13 0.200 mmdean ;gg
1 L std. dev. 0.
0120 gan 141 ] coef. of var 028
coef. of var 0.72 1 maxim\.{m 5.48
raximum 767 01501 upper uate 168
ile 2. -1eY— M median 1.
1 upper?nu;rit:ﬁ ?gg E lower quartile 1.17
z 0.080_] lower quartile 0.66 & minimum 012
S minimum 001 § |
2 1
:', weights used E’- 0.100 _|
[ [ i
0.040_| .
0.050 _|
0.000 ! H-h—,- . oo o | ‘ 0.000_]| |’7H~ ‘ i ‘ ,
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0

NB205 NB20s

Figura 2-21 Comparacéo do histograma de teores dgOilnas amostras (a esquerda) e no modelo de
blocos (a direita).
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A analise de tendéncia também é utilizada pardarah interpolacdo de dados.
A variacdo dos blocos krigados das amostras podgraade quando seu namero é
reduzido, ou os variogramas estdo mal ajustadospavémetros de busca sao

incoerentes com a geometria do depdésito.

No sentido oeste-leste (Fig. 2.22) as médias thasi@as e dos blocos krigados
sao muito préximas e ndo ha muita variacdo dedeariobio. Isto ocorre porque essa é

a direcéo do corpo mineralizado.

DISTRIBUICAO DE TEOR (% Nb205)

2.5

2.0
o/

g 1.5 - _— <
Z " 7‘ R—— V—
S .
Z 1.0

0.5 e=pum \édia de amostras

Média da krigagem
0.0 f
196400 196500 196600 196700 196800

OESTE-LESTE (m)

Figura 2-22 Grafico que mostra resultado analiseteledéncia na direcdo oeste-leste.

No sentidosul-norte (Fig. 2.23) h4 uma tendéneidedres de nidbio mais altos
para norte. Isso pode ser explicado pela posichaced dos furos, que sdo em sua
maioria inclinados para norte, de modo que cortais mstéril a sul do que a norte. Tal
qual na direcéo leste-oeste, as médias de bloglkis e amostras na dire¢ao norte-sul

exibem o mesmo comportamento, formando linhas apadamente paralelas.
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Figura 2-23 Grafico que mostra resultado da anétigetendéncia na dire¢ao sul-norte.

Na componente vertical (Fig. 2.24) nota-se o efe# quantidade de informacéo

na variacao dos teores nas amostras originaisteargacio por uma distribuicdo erratica

decorrente da diminuicdo do niumero de amostras ag@rofundidade. Contudo, por

efeito de suavizacdo dos teores de®b estes ndo se afastam muito da média no

modelo krigado.

DISTRIBUICAO DE TEOR (% Nb205)
3.5
3.0
2.5
g 2.0 A
5 2 /3\ AU A o™y
2 15 —T = - N \ / N+
1.0 V \ " hd
05 \ I e=gum |V1édia de amostras
y I Média da krigagem
0.0 T
330.00 430.00 530.00 630.00 730.00 830.00
VERTICAL (m)

Figura 2-24 Gréfico que mostra resultado analiseteledéncia na direcdo vertical.

2.2.5

Determinacédo da Den

sidade
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A determinacédo da densidade foi realizada em aasdb corpo de minério e
do estéril mediante o emprego de 20 cm de testeondmlsondagem a cada 2,5 m, com

a manutencao do seu formato cilindrico.

O volume do fragmento foi determinado com a equagfoorpos cilindricos dada por
(V = n.r’.h), onde Vé o volumes = 3,14, f é o raio ao quadrado (ére Hé a altura
(cm). As dimensdes foram obtidas com emprego deipegro digital DIGIMESS,.O
valor da altura (H) foi obtido pela média de quatredidas longitudinais do fragmento
de testemunho e do raio (r) pela média de seisdasdie diametro (Fig. 2.25).

Leitura Raio (R)
(cm)
R=A1+A2+B1+B2+C1+C2
[

Lsitura Peso (F)
(o)

PEREE

Figura 2-25 Esquema demonstrativo do procedimeetaoleta de dados para ensaio
de densidade.

A massa é dada em gramas, obtida com balancaldigini-analitica modelo
Explore marca OHAUS. A cada cinco amostras pesadasautise pesos padréo de 1.0

e 2.0 Kg, alternadamente, para conferir a calilralgébalanca (Figura 2.26).
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Figura 2-26 Em (A) medicao longitudinal (04 medidds fragmento de testemunho.
Em (B) medicao do diametro (06 medidas). Em (C)igaedda massa. Em (D) verifica-
se todo material utilizado: paquimetro digital, bata digital, pesos padrdo e planilha
de registro e planilha de registro em papel (bapk u

O histograma da figura 2.27mostra a frequéncia rdadidas de densidade
obtidas com as amostras. O quartil inferior, comsiiade de 2,63g/chtorresponde a
dos fenitos e carbonatitos, e a do superior, déghd3, a dos nelsonitos e magnetititos.

No célculo da massa do depdsito foi empregada mdéd2,99g/rm

o5¢ _ Declustered Density
Number of Data 655

number trimmed 91

] mean 2.99
std. dev. .44
coef. of var .15

[N
=}
=}

maximum 4.47
upper quartile 3.35
median 3.01
lower quartile 2.63
minimum 1.74

-y
w
[=]

weights used

ooo L ‘.—|

7
2.0 4.0 6.0 8.0 10.0

DENSITY

Frequency
3
(=)

o
a
=]
|

=)

Figura 2-27 Histograma de medidas de densidadeedéemunhos de sondagem do
depdsito Morro do Padre.
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2.2.6 Classificacdo de recursos minerais

A classificacdo de recursos minerais do depdsstodado foi feita com o
emprego das normas diustralasian Code for Mineral Resources and OreeRess
Reporting of Exploration Resultdesenvolvido peldhe Joint Ore Reserves Committee
of The Australasian Institute of Mining and Metally, Australian Institute of
Geoscientists and Minerals Council of AustrafifORC, 2004).0 Codigo JORC, foi
criado em 1989 pelo Comité Australiano de ResedeadMinério para regulamentar
padrées minimos, fazer recomendacdes e estabeledarthas mestras para reportar
recursos minerais e reservas de minério na Austr@li coédigo tem sido a principal
ferramenta reguladora nas empresas de mineracaoreinternacional para informar

Seus recursos minerais e/ou reservas de minério.

A figura 2.28 mostra as relacdes entre os resdtabtidos com exploracéo
mineral, a categorizacdo dos recursos mineraisinsiegos critérios do JORC, 2004).

Neste trabalho sao reportados apenas recursosamingeridos e indicados.

Resultados de

Exploracéo
Mineral
Recursos Reservas de
Minerais Minério
Inferidos
Aumento do nivell :
de conhecimentpindicados+ ; Provaveis |
e confianca | - :
geoldgica | --" I
| ) 4~ R I
| Medidos < » Provadas |
I I
|

Consideracao dos condicionantes de lavra,
metalurgia, fatores econémicos, direito mineral,
assuntos legais, comercializacéo, meio ambiente,
fatores sociais e governamentais (os ‘fatores
— NOAfICANTES") m—)

Figura 2-28 Relacdo entre resultados de exploragdineral, recursos minerais e
reservas de minério (JORC, 2004).
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A tabela 2.8 fornece os recursos minerais em @adsis, 2009), e em rocha

fresca (este trabalho).

RECURSOS MINERAIS

Medido Indicado Inferido Total
TIPO Toneladas Nb205 Toneladas Nb205 Toneladas Nb205§ Toneladas Nb205
(x1000) (%) (x1000) (%) (x1000) (%)  (x1000) (%)
Supergénico 2771 1,72 210 1,35 - - 2981 1,69
Primério - - 2574 1,27 8944 1,54 11518 1,48
Total 2771 1,72 2784 1,28 8944 1,54 14499 1,52

Tabela 2.8 Recursos minerais totais do depositaideio Morro do Padre, avaliados
com o emprego de Datamine Studio 2 e informadasnsiego Codigo JORC.

O comportamento dos recursos de nidbio em roadszdré mostrado na figura
2.29, onde observa-se gque a tonelagem e teor S€mmaiase constantes até o teor de
corte de 0,5 %NIDs, 0 que determinou a escolha deste valor na moelalado

envelope de minério.

-
MORRO DO PADRE
Tonelagem x Teor
14800 240
2.20
12800
- 2.00
10800
] - 1.80
S8800 R in
x o
£ - 160 §
[ 2
86300 X
g - 1.40
~ 4800
+ 1.20
I Krigagem (ton.)
2800 L 1.00
| Krigagem (teor)
800 t t 0.80
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
Teor de corte(%Nb205
N (%eNb203) y,

Figura 2-29 Relacéo entre massa e teor para ogdifies teores de corte no minério
de niébio do Depdsito Morro do Padre determinadoskrigagem.
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3 GEOLOGICAL MODELING OF THE MORRO DO PADRE Nb
DEPOSIT, CATALAO 2 PHOSCORITE-CARBONATITE COMPLEX,
BRAZIL (artigo a ser submetido a economic geology)
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Abstract

The Morro do Padre Nb deposit, in the Cataldo 2lel&-carbonatite deposit is
composed of dike swarms of alkaline rocks (nelsoreéarbonatite, phlogopite picrite,
with subordinate bebdourite and syenite), injecteb Precambrian phyllites and
amphibolites, which were metasomatized as the treguhe intrusions. At least two
generations of nelsonite (N1 apatite nelsonitesNidanagnetite-rich pseudonelsonites)
and carbonatite (C1 calciocarbonatite and C2 mageeabonatite) are recognized in
the deposit. N1 evolves to C1 through fractionaistallization, and these two rock-
types occur mainly at depth. N2 seems to be foragedumulates on the walls of C2
dikes.

Pyrochlore, the Nb-bearing phase is hosted mamlyelsonites and, to a lesser
extent, in carbonatites. Evidence from exploraty@ochemistry and geophysics, drill
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core descriptions, petrography, whole-rock geock@gniand pyrochlore mineral
chemistry were combined in this work to define titleological types and magmatic
evolution of the primary (fresh-rock) ore and theerdying residual (supergene) ore.
The modelling of the various rock-types and oretb®dillowed us to establish their
geometry, mutual relationships, evolution, and ecoic relevance.

The Morro do Padre deposit may be subdivided ieehmain zones: upper,
intermediate, and lower. The first correspondsh® dupergene ore, coincides with the
weathering cover, and may be further subdivided k#olinite-oxide ore, silcrete ore,
and micaceous ore. The second and third zonesspoimd to distinct domains of the
primary (fresh-rock) ore and are characterizedheetvely, by stockworks of nelsonite
and carbonatite dikes in fenitized phyllites andparolites, and by a small chamber or
sill filled with cyclic, rhytmically layered unitsvarying from apatite nelsonite to
carbonatite.

The ore envelope within the soil cover is ca. 7Gemsedeep, extends for 475
meters E-W, and 100 meters N-S, and contains tesalurces of 2.981 Mt @ 1.69 %
Nb,Os.The Nb resources in fresh rock (i.e. Intermediaire + Lower Zone) amount to
11.518 Mt @ 1,48 % NI®Ds. The total Nb resources of the Morro do Padre Biepo
(measured + indicated + inferred; primary + supeegere) is 14.499 Mt @ 1,52 %
Nb,Os.

Keywords: nelsonite, carbonatite, pyrochlore, reseevaluation

3.1 INTRODUCTION

Phoscorite-carbonatite complexes are rare in tlidogeal record, with only
litle over 20 occurrences known worldwide(Krasnogt al., 2004). Nevertheless,
igneous complexes containing associations of phiecocarbonatite, and alkaline
silicate rocks have a strong potential for ore ggppwhich may form in a wide variety
of mineralization styles and include P, Nb, Cu, RB&, Ti, vermiculite, and lime,
among others. The world production of the high-tetbgy metal Nb comes mostly
from carbonatite complexes, particularly thosehe Alto Paranaiba Igneous Province
(APIP), Brazil, such as the giant Araxa deposgdl&ilho et al., 1984; Silva, 1986)and
smaller deposits in the Cataldo 1(Baecker, 1988rtsi& Baecker, 1986; Gierth et al.,
1985; Cordeiro et al., 2010; 2011a; 2011b) and l&at2 (this work) complexes.
Together, these deposits respond for ca. 90% ofsmbrdd Nb production, but their

geological features and the metallogenetic conamsstill poorly known.

In this work we discuss the structure and mineadilin styles of the Morro do
Padre Nb deposit in the Cataldo 2 complex, on #seshof geophysical, geochemical,

and mineralogical data, and present a geologicaletaf the deposit.
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3.2 REGIONAL GEOLOGIC SETTING

The Late-Cretaceous alkaline rocks of southern $ail western Minas Gerais
states, in central and southeastern Brazil, haea lgeouped under the designation of
Alto Paranaiba Igneous Province (APIP) by Gibsoal.e{1995). The province spreads
over an area of 25,000 Krand consists mainly of kamafugitic lavas and plugish
subordinate kimberlite diatremes and alkaline-caatite plutonic complexes. This
extensive magmatic activity is interpreted as thgult of the impact of the Trindade
mantle plume head under the continental lithosploéreentral Brazil at ca. 90 Ma,
melting the overlying metasomatized lithosphericntiea to produce voluminous

ultrapotassic magmas (Gibson et al., 1995; Thompsah, 1998).

The alkaline-phoscorite-carbonatite complexes & &PIP (Fig. 3.1) have a
strong ultrapotassic character and kamafugitioayfi(Brod et al., 2000; 2004). They
are co-genetic with the numerous small kamafugifes occurring throughout the
province and with the kamafugite lavas and pyrddsasf the Mata da Corda Group
(Leonardos et al., 1991; Sgarbi & Gaspar, 2002rt8@d al., 2004; Araujo et al., 2001).
The complexes consist of intrusive rocks belongmthree distinct petrogenetic series
— bebedourite, phoscorite, and carbonatite (Brodl.et2004), closely related to each
other by a complex interplay of crystal fractiooati liquid immiscibility, and degassing
(Brod, 1999; Cordeiro et al., 2010; Cordeiro et a011la; Cordeiro et al., 2011b;
Grasso, 2010; Barbosa, 2009; Ribeiro, 2008; Painzeil).

The province is an important mineral district iraBit, mainly due to ultramafic
alkaline carbonatite- and phoscorite-bearing plist@omplexes containing economic
deposits of niobium and phosphate, as well as largploited titanium, vermiculite
and REE reserves (Grossi Sad & Torres, 1976; Berbh884; Issa Filho et al., 1984;
Silva, 1986; Torres, 1996; Carvalho & Bressan, 199iérth & Baecker, 1986; Brod et
al., 2004; Ribeiro, 2008; Cordeiro et al., 201Faye such localities are known in the
province, namely Tapira, Araxa, Salitre, Serra Megnd Cataldo, some of which
actually consist of more than one intrusion (e.glit® 1, Salitre 2, and Salitre 3;
Cataldo 1 and Cataldo 2). The alkaline rocks of &P intrude Proterozoic
metasedimentary rocks of the Brasilia Fold Belfaeght to the southern border of the
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Sao Francisco Craton, along a NW-trending strudtnmvn as the Alto Paranaiba Arch

(Fig. 3.1).

Weathering played a decisive role in ore concepotran the APIP complexes,
leading to supergene enrichment of the ores. Witer&omplexes were emplaced as a
dome structure into weather-resistant country r¢eks. Cataldo 1, Serra Negra, Salitre
1, Tapira) the latter formed an elevated aurecde pinotected the alkaline rocks from
erosion, whilst favouring the establishment of apd@ip to 200 m) soil cover. Catalédo 2
does not have such an aureole of weather-resistakss, which contributed to the
establishment of a drainage basin to the southafeste complex and the consequent
partial erosion of the soil cover. Neverthelessubstantial thickness of soil remains on

top of the alkaline rocks, reaching ca. 80 m intdep
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Figure3-1 Geological map of the Alto Paranaiba Igas Province, showing the large
alkaline-carbonatite complexes and numerous smathdfugite/kimberlite intrusions.
Also note the large area covered by the Mata dad@okamafugitic lavas em
pyroclastics. Adapted from Oliveira et al. (2004)
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3.3 THE CATALAO ALKALINE-CARBONATITE-PHOSCORITE COM PLEXES

Cataldo 2 (83.4 £ 0.9 Ma, Rb—Sr, Machado Junid®2)@nd the nearby Catalédo
1 are the northernmost carbonatite-bearing complemethe APIP (Fig. 3.1). Both
contain important mineral deposits, including phagp (Carvalho & Bressan, 1997;
Palmieri et al., 2006), niobium (Carvalho & Bressa@97; Cordeiro et al., 2011a, this
work), rare-earth elements (Ribeiro et al., 200B&eiro et al., 2005b), titanium,
vermiculite, and barite. Two phosphate mines (\ldetilizantes and Copebras) are in
operation in Cataldo 1. Niobium was produced W2@iD0 from Cataldo 1 (Mine | and
Mine II) and is currently mined from the Boa Vis{BV) mine in Cataldo 2. Still
unexploited Nb deposits comprise East Area, in I@atd, and Morro do Padre (MP)
and Mineracdo Farm (MF) in Cataldo 2. Barite isast@naly produced on a small
scale, as a by-product of phosphate mining. Ti, Rifie vermiculite are unexploited to

date.

All previous and current mining operations concaetron residual deposits
located within the soil cover, but significant Nésources are present in the fresh rock
(this work).

In Cataldo 1, the niobium orebodies occur near dbeter of the complex,
surrounded by the phosphate deposits. On the b#rat, in Cataldo 2 the main niobium
deposits (BV and MP) are in the southern portiothefcomplex, whereas the northern
portion contains an important phosphate (Coqueidegosit. Mineracdo Farm is a
small Nb deposit located in the central part ofal@at 2, intruding the Southern border
of Coqueiros (Fig. 3.2)

3.4 GEOLOGY OF THE CATALAO 2 COMPLEX

Similarly to many other APIP carbonatite-bearinghptexes (Santos & Clayton,
1995; Brod et al., 2001; 2004; Ribeiro et al., 208005a), Cataldo 2 can be understood
as one or more shallow magma chambers of multipbadsation. In these complexes, a
parental magma of kamafugitic affinity (Brod et, &2000; Barbosa, 2009; Ribeiro,

2008; Grasso, 2010) evolved through complex contibinga of fractional
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crystallization,

liquid

immiscibility,

magmatic seggation and

degassing/metasomatism, resulting in a wide dityeddilithotypes and mineralizations

with intricate contact relationships.
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Figure3-2 Geological Map of the Cataldo Il Compl&ke concentrically zoned area of
alkaline rocks in the northern portion forms thedbeiros phosphate deposit. Areas
dominated by dikes in the southern portion are miobdeposits (Morro do Padre, Boa
Vista Mine, and Marcos Target. The small area ofsoite and carbonatite dikes
within the Coqueiros intrusion is the Mineracdo FamMNb deposit. After Palmieri

(2011)
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Figure 3.2 shows a geologic map of the complex. dlkaline magmatic rocks
are only partially exposed through the country-roméf. A large exposure occurs in the
north of the complex, representing a shallow magmamber. Smaller occurrences
found in the south consist of dike swarms of ndtesn and carbonatites, with
subordinate alkaline silicate rocks (phlogopiteripgs and bebedourites), intruding
fenitized Precambrian phyllites and amphibolitese &lkaline rocks in the northern and
southern portions of the complex show remarkalferéinces in composition and mode

of emplacement (Palmieri et al., 2011-in prepargtio

The southern portion of Cataldo 2 contains moghefniobium mineralization
(Morro do Padre Deposit, Boa Vista Mine, and Mardmget, Fig. 3.2) and is
characterized by nelsonite and carbonatite dykésidimg and fenitizing phyllites,
quartzites and amphibolites. The northern area aowhit a phosphate deposit
(Coqueiros), characterized by a succession ofiakkailicate rocks (mostly pyroxenites
and bebedourites), phoscorites, apatitites, andooatites. In the Coqueiros domain,
these rock-types often grade into each other amd &ircular structures in map, typical
of a differentiating magma chamber. A small swarifh Nb-rich nelsonite and
carbonatite dikes intrudes the Coqueiros rocksmiiog the Mineracdo Farm Nb

deposit.

The contrast in lithology and intrusion mode, tiveudar shape of the Coqueiros
area in the north, and the outline of the complegufe 3.2), indicate that it is
composed of at least two main intrusions, corraifmgaan earlier suggestion by
(Machado Junior, 1991). However, if the southetrugion exists, it must be located at

depth, as only dike swarms crop out at the curesgion level.

Figure 3.3 shows the results of an airborne magmetiy survey conducted by
Anglo American for the Cataldo 1 and 2 complexese Talkaline rocks are
characterized by positive magnetic anomalies. Nuode the small body to the west of
Catalédo 1 corresponds to a waste dam with highesdration of magnetic minerals. A
string of geophysical anomalies appears to con@ataldo 1 and 2 complexes, but
exploratory drillings in that region revealed orilye presence of phlogopite-picrite
dikes.

The Coqueiros phosphate deposit, the Morro do PaddBoa Vista niobium

deposits, and the Marcos niobium target appearlgleathe analytical signal map of
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Cataldo 2. The magnetic anomaly of the MineracdonFdeposit is not clearly

individualized from the much larger Coqueiros anlyma
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Figure3-3 Airborne geophysics (magnetometry, acdytsignal) of the Cataldo 1 and 2
complexes, superimposed to a radar image. The mestst magnetic anomaly in the
Cataldo 1 complex is a magnetite-rich waste dammfpthosphate mining.
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The 100 m spacing of the production lines in thmba@ane geophysical survey
contributed to an excellent level of detail in thagnetic assessment and thus allowed
the generation of a 3-D model of the magnetic aiesarhe 3-D model for the Morro
do Padre — Boa Vista — Marcos areas is shown ar3Hg This model suggests that the
magnetic anomalies related to the three bodies Aam@nmon source at depth, and that

this source is most likely located beneath Morrd’@dre.
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Figure3-4 3D modeling of the magnetic anomaliethatMorro do Padre deposit, Boa
Vista Mine, and Marcos target, showing that theseuorences may be connected at
depth to a source beneath Morro do Padre
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Figure3-5 Results of the ground magnetometry (té&dt) survey of the Morro do
Padre deposit. Note the two separate E-W areasapéased magnetic intensity.
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Results from the ground magnetometry survey (Fig). iBdicate the presence of
two main ore zones in the Morro do Padre Deposith vith E-W orientation, ca, 50-
60 m in width and ca. 390 m in length. The northeone is slightly wider than the

southern one.

3.5 GEOLOGICAL MODELING OF THE DEPOSIT

The evolution of carbonatite complexes and thesoeisited mineralizations is
highly complex, due to petrogenetic and metallogerfactors, such as: several phases
of magma injection; interaction of magmas with doyimock and previous magmatic
products; highly variable magma differentiationlesy and complex structures such as
zones of variable concentration of dikes and vetusthermore, the primary Nb and P
mineralizations in Cataldo 1 and 2 (with the exicepbf the Coqueiros deposit) are
controlled by swarms of nelsoniteand phoscoriteeslikrespectively. Similarly to
carbonatite(Treiman, 1989; Dobson et al., 1996)eosalt magmas such as phoscorite
and nelsonite are expected to have very low visgasince their fundamental structural
units lack the ability to polymerize. This, in asstion with the small magma volumes,
and the configuration and structures of the watksp leads to their emplacement as
vertical or sub-vertical swarms of thin dikes amihg, rather than as massive bodies.

The weathering cover developed on such heterogsneaterials combines the
inherited heterogeneity of the primary ore with|sfm@rmation processes, posing
additional challenges to the ore-deposit understgnand modeling. At the upper part
of the soil profile, weathering tends to promotenechomogenization of the ore, but the
interplay between supergene mineralogical and takttansformations and the primary

mineralization controls becomes progressively noomaplex with increasing depth.

3.5.1 Methods

The geological modelling of the Morro do Padre Dspdnvolved the

integration of several lines of evidence, such a8 and drill core exploration
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geochemistry and geophysics, drill core logging addscription, whol-rock

petrography and geochemistX-ray diffractometry,and mineral chemistr

A total of 115 drill hoes were executed between 2005 and 2010, spacédx:
25m in the soil cover and 50 x 50m in fresh rocétal drilling length was 18,287 r
Figure 36 shows the location of the drill sites, togethethva hic-resolution Ikono:
satellite image of the desit. Samples for exploration geochemistry comprigeir-
long sections of drill cores and were routinelylgsed for NI,Os, P,Os, F&Os, TiO;,
MnO,, SIO,, TaOs, BaO, PbO, S, Thy, UsOs, Al;Os, CaO, MgO at the Minerag:
Cataldo XRay Fluorescence Laborry. Selected duplicates were analysed for a
range of major and trace elements at the Acme laaboes, Canada. Grades ¢

volumes were obtained by ordinary kriging using Bfe@gamine Studi® software.

Petrographignvestigationwas carried out on ca. @3hin sections350 of these
samples were selected for wr-rock geochemistry, conductedt the Acme
Laboratories, Canada, by I-AES and ICPMS on samples fused with LiE,.
Pyrochlore composition was determined23 samples by electron probe micnalysis
at University of Chicago and Universidade de Bra, totalling 260 analys. The
mineralogy of samples of the supergene ore wasrdeted by >Ray Diffractometry
and the abundance of the minerals present waslatddwy the Rietveld methoct the
Centro de Tecnologia Mineral (CETEM), Bra:

196400 196500 196800 196900

Key N
Morrodo Padre Niobium Deposit 3} DRILHOLES A
o 25

50 100
Wesis B S4MPLED DRILL HOLES

Figure3-6Drilling grid at Morro do Padre Deposit. The grid 25 x 25 meters for tt
oxide ore and 50 x 50 for fre-rock ore.
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3.5.2 Results and discussion

Any attempt at modelling this and similar deposttsst first account for the
differences between the weathered and the fredh{f@emary) mineralization. This
approach is also useful from the point of view afimg and ore processing, since these

two types of mineralization have different geomataic behavior (e.g. Ribeiro, 2008).

The Morro do Padre primary mineralization is formmadinly by nelsonite and
carbonatitewith subordinate pyroxenite, phlogopjterite, syenite, metasomatic
phlogopitite and fenite. The latter occurs boththesmain dike host and as xenoliths of
various sizes within the magmatic rocks. Weathecagses the destruction of minerals
such as carbonates and mica, and the leachingfsibluble components, resulting in
residual enrichment of weather-resistant phasesi€ex apatite, pyrochlore, monazite)
in addition to newly formed quartz, clay and oxltgdroxides. Besides increasing the
ore grade, soil formation processes also providerain homogenization of the ore, a
feature that has been a great advantage at thereanihg stages in the area. However
such homogeneity quickly disappears towards thegm mineralization.Figure 3.7
summarizes the classification of the various opesyin the deposit.
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Figure3-7 Summary of the ore and gangue varietiethé Morro do Padre — Boa Vista
— Marcos areas. Niobium grade is controlled by thieundance of nelsonite or
nelsonitic protolith in each level. Soil type cldisation according to the suggestions of
(Oliveira & Imbernon, 1998) for the Catalao | coragl Not to scale.
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On the basis of the drill core information currgrdlailable, and considering the
ore and gangue types in Figure 3.7, the Morro dird®deposit may be subdivided for
modeling purposes into three distinct sectionsarlupper, relatively thin (up to 80m),
supergene enrichment zone coinciding with the verath cover; 2) an intermediate
zone, extending to an average depth of460 m, ddednay swarms of nelsonite and
carbonatite dikes, with minor syenite and pyrox@nintruding fenitized phyllites,
quartzites and amphibolites. 3) a lower (betwee@ d6d 600 m, on average) zone
dominated by several sets of rhythmic layers otiggaelsonite, pegmatoidal nelsonite,
and carbonatite, interpreted as the result of thidling of a small chamber or sill
underneath the deposit. The relationships betwhesetthree zones are depicted in
figure 3.8, along with the modelled geometry of tine-bearing rocks. Table 3.1 shows
the grades and tonnages and Table 3.2 shows thensioms of the three zones,
individually modelled.

RESOURCES
Measured Indicated Inferred Total
Ore Zone Tonnage Nb205  Tonnage Nb205  Tonnage Nb205  Tonnage Nb205
(x1000) (%) (x1000) (%) (x1000) (%) (x1000) (%)
Weathered Cover 2771 1.72 210 1.35 - - 2981 1.69
Fresh Rock - 2574 1.27 8944 1.54 11518 1.48
Total 2771 1.72 2784 1.28 8944 1.54 14499 1.52

Table3.1 Niobium resources in the Morro do Padrgdsat

Ore Zone Dimensions

Ore Zone Easting (m) Northing (m)  Thickness (m)
Upper 470 161 75
Intermediate 405 172 388
Lower 405 141 136

Table3.2 Modelled dimensions of the ore zonesgn¥B

Upper Zone

The definition of the ore envelope for the weatbhepertion of the Morro do
Padre deposit was based on geological modellingaanat-off grade of 0.5 % NOs.
Drill-core logging was also used to define diffareme types, such as kaolinite-rich,

micaceous, and slicrete ore (see below). The medelffilled with blocks of 25 x 25 x 5
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meters, where all grades were evaluated insideiidypes envelopes using ordinary
krigging in ESTIMA with Datamine Studfo

o N
. MORRO DO PADRE Nb DEPOSIT
, -PPer Cataldo IT Alkaline Complex
Zone
_< Geological Model of the Niobium
Mineralization
Fenitized _
Phyllites Intermediate w—
Zone
Weathered
Cover { Silcrete
' Pseudonelsonite
G 2
Lower L )
Fenitized > Zone Ba-Mg Carbonatite
Amphibolites
y Ca Carbonatite
________________ Group 1
1 Nelsonite
? ?

(Araxd Group) and Anphibolite

Country Rock DPem’tizsd Phyllite

150 m

Figure3-8 Modeled ore envelope and the limits betwthe Upper, Intermediate and
Lowerzones.

Figure 3.9 shows a detailed section with the retethips between ore types in
the Upper Zoneof the Morro do Padre deposit, orbtmas of drill core information. It
iIs noteworthy that silcrete lenses coincide witk firesence of nelsonite-rich zones
underneath the soil cover. Silcretes occurringnia setting may be very rich in NbDs,
but their mechanical characteristics pose sevdfeuliies for the ore processing, in
contrast with the ore above and below the sildetel, which is soft and easily mined.
Also note the irregular shape of the limit betweka soil and fresh rock. Once the
silcrete crusts are formed, they appear to dimith&hintensity of further weathering,
causing the rock-soil limit to be more elevatedhtiraadjacent areas, as shown in Fig.

3.9. Where silcretes are not present, this limitc@nsiderably lower over the
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carbonatite- and nelsonite-rich zones than in tjacant areas, suggesting that these

particular rock-types are more easily weathered tha others, as discussed later.
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Figure3-9 Geological section showing the modeldaa types distribution in the Upper
and Intermediate Zones of the Morro do Padre deposi

A detailed characterization of the weathering peofn the Morro do Padre
deposit was carried out on the cores of a reprageatdiamond-drill hole (CQ93),
aimed at determining the chemical and mineralogieaiations along the soil profile.
Table 3.3 shows sample descriptions. Chemical csipo of the sampled intervals is
given in Tables 3.4 and 3.5.
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Sample #

Sample Description

289922
289923
289924
289925

not sampled
not sampled

289926
289927
289928
289929
289930
289931
289932
289933
289934
289935

not sampled

Depth (m)
From To

0 2.5
2.5 12.5
12,5 15.0
15.0 20.0
20.0 22.5
22.5 30.0
30.0 35.0
35.0 40.0
40.0 425
425 57.5
57.5 67.5
67.5 70.0
70.0 72.5
72.5 75.0
75.0 77.5
77.5 82.9
82.9 94.1

Red alloteritic saprolite
Pink to brown isalteritic saprolite

magnetite-rich, brown isaltestprolite
pink isalteritic saprolite (Kadkrrich, preserved foliated structure)
magnetite-rich, brown isiidesaprolite
pink isalteritic saprolitea@Knite-rich, preserved foliated structure)
magnetite-poor, green isalteséjurolite
magnetite-rich, brown silcrete
ocre silcrete

brown to ocre silcrete

ocre isalteritic saprolite
light-brown isalteritic saprolite

magnetite-rich silcrete

light-gray silcrete
ocre isalteritic saprolite

greenish-gray isalteritic sapgolit

fresh phlogopite picrite wiidgnetite-rich veins, carbonatite at depth

Table3.3 Log of the upper part of the CQ93 drillingith the description of the

analysed samples

Sample Depth (m) Si02 Al203 Fe203 MgOo Ca0 Na20 K20 Ti0O2 P205 BaO Nb205 Sro LREE LOlI  Total
From To
289922 0.00 2.50 2.49 6.40 66.85 0.09 0.12 0.01 0.00 1.65 5.92 3.78 0.48 047 1.36 9.50 99.12
289923 2.50 12.50 1590 16.10 4247 0.20 0.07 0.01 0.13 3.34 4.90 3.74 0.76 042 0.73 10.70 99.48
289924 12.50 15.00 3.95 1.18 75.19 0.80 0.07 0.02 0.00 8.82 1.52 1.20 1.25 0.10 0.69 260 97.39
289925 15.00 20.00 2430 21.75 31.60 0.15 0.06 0.01 0.27 2.86 3.12 1.81 0.58 034 0.82 12.20 99.87
289926 30.00 35.00 32.10 11.25 28.04 6.61 0.11 0.07 6.12 2.63 2.55 1.59 0.58 0.15 1.40 6.50 99.71
289927 35.00 40.00 27.38 2.27 49.08 0.96 0.49 0.03 0.48 5.21 2.03 1.72 3.19 0.11 0.88 440 98.23
289928 40.00 42.50 25.64 3.46 39.76 447 6.76 0.05 2.62 4.12 5.19 1.09 1.39 0.27 0.36 390 99.08
289929 42.50 57.50 22.44 0.73 51.26 1.87 4.18 0.03 0.51 5.73 3.63 1.18 2.13 0.20 0.49 3.60 97.99
289930 57.50 67.50 31.75 6.91 2561 11.95 3.60 0.04 4.95 1.88 2.58 0.85 1.29 0.19 0.29 7.60 99.48
289931 67.50 70.00 20.73 3.86 36.21 11.78 8.45 0.03 2.89 2.29 6.22 041 0.65 0.24 0.19 530 99.24
289932 70.00 72.50 15.87 0.60 52.24 407 1111 0.03 0.76 2.90 8.35 0.32 0.85 0.27 0.24 1.50 99.11
289933 72.50 75.00 13.46 0.22 46.56 2.73 16.69 0.05 0.61 2.55 12.56 0.38 1.04 042 0.37 140 99.04
289934 75.00 77.50 15.38 2.85 40.52 7.65 11.43 0.05 1.75 3.40 8.63 1.11 0.89 0.40 043 450 98.99
289935 77.50 82.90 21.28 5.19 3248 11.09 6.78 0.04 3.14 4.38 3.90 1.32 0.35 0.22 0.47 7.50 98.14

Table3.4 Global major element analyses for the dadhmtervals shown in Table 3
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Sample Depth (m) Ta Th u Zr La Ce Pr Nd
From To
289922 0.00 2.50 0.8 811 56 172 3156 6918 726 2842
289923 250 12.50 3.1 507 33 321 1841 3624 392 1478
289924 1250  15.00 1.3 1986 69 436 1286 3925 381 1282
289925 15.00  20.00 29 519 37 430 2006 4363 423 1362
289926 30.00 35.00 1.6 485 17 264 3602 7342 735 2365
289927 35.00  40.00 2.5 2432 36 931 1792 4964 467 1568
289928 40.00 42.50 1.5 1180 50 779 524 2082 207 752
289929 4250 57.50 1.3 1458 53 552 842 2848 284 976
289930 57.50 67.50 33 901 160 240 518 1607 163 564
289931 67.50 70.00 32.1 593 191 597 332 1002 115 439
289932 70.00 72.50 65.5 714 173 1062 456 1279 145 555
289933 7250  75.00 95.7 1057 637 1431 690 1942 224 841
289934 75.00 77.50 8.7 747 148 515 917 2285 240 855
289935 77.50 82.90 11.2 181 45 633 1255 2402 237 799

Table3.5 Global trace element analyses for the sedniptervals shown in Table 3.3

From top to bottom, the Upper Zone may be dividet ia clay-rich section
(kalonite-oxide ore), up to ca. 40m deep, follovbyda micaceous ore, from ca. 40m to
ca. 90m. Silcretes are mostly confined to the lilétween these two domains,
extending further down into de micaceous ore. Aosdcsilcrete level occurs between
70 and 76 m (Fig. 3.9).

The upper, kaolinite-oxide ore is composed kaddinixides and hydroxides
(goethite, hematite, ilmenite, magnetite), varisesondary phosphates of Al, Ca, Ba
(more rarely of REE and Th), and pyrochlore. Thiénterk of this zone is the absence
of apatite, phlogopite, vermiculite and intersfratl phylossilicates. The conversion of
apatite to secondary phosphates can be readilytanediby the CaO4®s ratio, as seen
in Fig. 3.10, and the disappearance of phlogopite ermiculite is a useful visual
criterion in the field. Similarly to other APIP cqiexes, this part of the solil profile in
Cataldo 1 and 2 is barren for phosphate ore, Bua stiable niobium ore, as pyrochlore

persists even in the extreme weathering conditbdriise kaolinite-oxide ore section.
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Figure3-10 Mineralogical and chemical characterestiof the ore in the weathered
zoneof the Morro do Padre Deposit. (A) Cagdp plot for the oxidized zone of the
Morro do Padre Deposit. CaO contents lower than 8©s contents indicate the
presence of gorceixite or other aluminous secongargsphate. On the other hand
CaO/R,0s>1.3 indicates the presence of apatite (shaded aoéathe plot); (B)
Abundance relationships between kaolinite and sttatified phyllosilicates (partially
altered micas). Note the sharp contact betweerk#udinite-oxide zone (in green) and
the micaceous zone (in blue). (C) Sdnartz ratio in the oxidized ore zone of the
Morro do Padre Deposit. Depth intervals in greemwsrenrichment in quartz generated
by weathering, through destruction of the mica &inee and remobilization of silica.
(D) BaO and LREE (La to Nd) variation with depthot#&l that there is a general
tendency for enrichment towards the surface indigathat both barium and rare-
earths are concentrated by weathering.

Pyrochlore in the kaolinite-oxide ore may be inpgransformed (Fig. 3.11a),
with decrease in Nb and Ba and increase in P, 8),dhd, in some cases, Th. The
complete alteration leads to the replacement obgyore by an assemblage of
secondary phosphates, rutile/anatase and zirk€l, Th,Ce)Zr(Ti,Nb)O;). However,

similar substitutions are also found in regulamaantrically-zoned pyrochlore within
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this domain (Fig. 3.11b), which suggests that pathe chemical changes are inherited

from processes previous to weathering.

Sd __." T

Figure3-11 Textural and compositional variations Bdi-pyrochlore in the weathered
zone. A) Pyrochlore replacement by an assemblagesemiondary phosphates,
rutile/anatase and zirkelite, in the kaolinite-ogidre. B) concentric oscillatory zoning
of Ba- and Nb- rich pyrochlore (light gray) withrees rich in P, Al. Fe, and Zr, in the
kaolinite-oxide ore. C) More homogeneous pyrochlyem the micaceous ore. D)
Pyrochlore intergrown or replaced by quartz in Hikerete ore.

Figure 3.10(b) shows the sharp contact betweenk#wdinite-oxide and the
micaceous ores. The latteris composed of phlogopéemiculite, apatite, magnetite,
ilmenite, quartz, carbonate and pyrochlore. It iarked by the partial destruction of
phlogopite, which is converted into an interstratfphyllosilicate. Carbonate is limited
to the lower parts of the micaceous ore, adjacerthé fresh rock, and its presence
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defines the “altered rock” level of Fig. 3.7. Withihe micaceous ore, the Ba-pyrochlore
is more homogeneous (Fig. 3.11c), although stilngositionally variable. Some
individuals may be richer in Th and Sr, whereaserthare enriched in REE, with
variable Ti and Zr. Another common feature in pyioce from the micaceous ore is

the preservation of variable amounts of remnanfr@a the primary Ca-Pyrochlore.

A striking feature of the studied section, alscspre in several other drillings, is
the presence of one or more silcrete zones, witlalia thickness. These zones respond
to both horizontal and vertical controls. Horizdlytathey are controlled by the type of
protolith involved in the soil formation. Since banate is present in different amounts
in the primary rock, the dissolution of this minerasults in weathering products with

distinct porosity and permeability.

Nelsonites, in particular, are transformed in ahhjigoorous (“sandy”) saprolite
because the carbonate in the original rock is stiteal to equant or sub-equant,
weather-resistant minerals such as magnetite, tapatid pyrochlore. Other rocks
present in the deposit (fenite, with subordinateopgnite, phlogopite picrite, and
syenite) give origin to more clay-rich and, therefoless permeable saprolite. The
implication of these features is that nelsonites apreferred channel for groundwater
percolation, resulting in faster and more effectiveathering than in the other rocks.
Also, the highly porous nelsonite-derived saproéitmws the easy fluctuation of the
water table. Groundwater enriched in dissolveaaifrom the break-up of micas and
other minerals in the kaolinite-oxide ore sectisriien able to percolate the weathered
nelsonite and precipitate its silica content at thye of the water-saturated zone, as
quartz cement in an aggregate of equant magnetgatite and pyrochlore. Some

secondary oxide-hydroxides may also be locallygnem this cement.

The preferred concentration of silcrete levels &bthe nelsonitic ore body in
figure 3.9 is consistent with this interpretatidilicification also affects the altered
country rock, but in this case it is less intensd gends to fade away from the ore
bodies. Note that the quartz enrichment does nssarily correlate with Sgontent
(figure 3.10c), since nelsonites (and carbonat@es)very low-silica rocks, whose main
silicate is phlogopite. It is likely that, in thisater-saturated level of the weathering
profile, phlogopite underwent silica-depletion dhgriits transformation to interstratified
phyllosilicates, thus resulting in a local negatseca balance.
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Vertically, the silcrete levels seem to be mostinteolled by the limit between
the kaolinite-oxide oreand the micaceous ore, atjhonot sharply bounded by this
limit. It is possible that the contact between éheso ore typesrepresents a contrast in
porosity and permeability, leading to groundwatecuenulation and the formation of

water-saturated levels.

Mineralogically, the silcreteore is composed of fuamagnetite, ilmenite,
crandallite CaAkL(PQ,),(OH)s*(H,0)) -group and REE phosphates, goethite, phlogopite,
barite, and Ba-pyrochlore. Quartz is typically &aelary product, occurring: 1) as
partial or total mantles in other minerals, 2) iissolution/re-precipitation cavities,
together with REE phosphates, ilmenite and altepgtlochlore, 3) complexly

overgrown or replacing pyrochlore (Fig. 3.11d).

Intermediate Zone

The definition of the ore envelope for the intermaéel and lower zone of the
Morro do Padre deposit was based on geological hmogland a cut-off grade of 0.5 %
Nb,Os. Drill-core logging and petrographic analyses wased to define different ore
types. The model was filled with blocks of 5 x Sxmeters, where all grades were

evaluated using ordinary krigging in ESTIMA with @anine Studib.

The Intermediate and Lower zones of the MP depamr&itcomposed of fresh
rocks. In the Intermediate zone these are repreddnt nelsonite and carbonatite, with
minor phlogopite picrite, and rare pyroxenite, uiiing and fenitizing Precambrian
phyllitesand amphibolites. All the igneous lithoggoin this zone occur as swarms of
thin dikes (usually a few centimeters thick, maeety up to 1-2m), which is consistent
with the very low viscosity of these magmas, pattidy carbonatites and nelsonites
(e.g. Treiman, 1989; Dobson et al., 1996). Sucheextly low-SiQ, low-viscosity
liquids are incapable of forcing their intrusiondaforming large massive igneous
bodies. Instead, they show a rather “runny” behraweeping through existing fractures

with ease.

This behavior implies that a given magma (e.g.raam@atite or a nelsonite) will

intrude as a zone of paralleland braided thin ditker than as a single body. An
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important consequence of this feature is to rertdermapping of individual dikes

ineffective in any useful scale. For practical msps, as well as for ore reserve
evaluation, we adopted in this work the same ambrased for mapping the Cataldo 1
and 2 phosphate open pit mines (Palmieri et ab62Grasso et al., 2006), i.e. to define
zones of predominance, rather than individual riygles as the map or, in this case,

drill-log unit.

The relationships between nelsonite-, carbonasitet fenite-dominatedunits in
the Intermediate Zone of the MP deposit are shawiig. 3.8. Note that the geological
units depicted in the model represent zones of laghndance of nelsonite and
carbonatite, rather than continuous igneous bodlesertheless, the envelopes of these
zones assume the geometry of dike systems, whighests that specific parts of the
country-rock acted as preferred intrusion condthtsugh which the magmas seeped

upward along an intricate network of small fracture
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Figure3-12 Geological maps of the 800m, 650m, aB@i elevation levels within the
intermediate zone of the Morro do Padre deposibwshg the progressive separation
between the calciocarbonatite and the magnesiocatite/pseudonelsonite (see text)
association with increasing depth. Scale bars @@ th long.

It is also noteworthy that both the carbonatite aptsonite units tend to splay

upward, suggesting that lower lithostatic pressatréhe higher parts of the structure
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allowed a larger number of open fractures to benpated by the magma. The sequence
of maps extracted from the model at successivedatgr depths shown in Fig. 3.12
demonstrates that the orebodies become more tedtrignd individualized with
increasing depth. At the elevation level of 800 me|sonites, calciocarbonatites and
magnesiocarbonatites are arranged as stockwork®sscutting dikes. With increasing
depth, the nelsonites and magnesiocarbonatitestareately associated in the northern
part of the deposit, and separated from the cacmmnatites in the south.

Nelsonites are the primary pyrochlore-mineralizedky and the abundance of
nelsonite dikes directly controls the ore gradethinMorro do Padre deposit, as well as
in Boa Vista Mine and Marcos Target, nelsonite aadbonatite magmas ascended
mostly through old E-W fractures clearly visiblerggional satellite and magnetometry
images. This preferred ascent mode resulted iroagE&-W control of the ore bodies.

Different nelsonite facies (Fig. 3.13) occur withire MP main orebody, as well
as in thin apophyses. Systematic description difcbres, together with whole-rock and
mineral chemistry (Palmieri et al., 2011-in prepiarg allowed us to gain insights on

the intricate relationships between different roghes in the deposit.

Petrographically, at least two types of nelsonitge recognized. This is
consistent with the findings of (Jacomo et al., @0Ivho used gamma spectrometry
and magnetic susceptibility measurements directlgrmdl cores to model the Morro do
Padre ore bodies and also concluded for the oaweref at least two compositionally

distinct nelsonite types, although they could retiscriminated by that method.

One type of nelsonite (N1) is typically apatitehridiner-grained, and often
shows a homogeneous granular texture. It occurarendikes at the intermediate zone,
but becomes more abundant with depth. A similak,redth coarser gain-size, is also
found in a rhythmically layered sequence with pepdal nelsonite and
calciocarbonatite at depths greater than 500 mhénMorro do Padre deposit (see
below). Carbonate pockets in this variety of neitstend to be rare, small and mostly
calcitic, but the genetic links of this unit withparticular type of carbonatite is not yet
clear. These rocks are rich in P, Sr, REE, Zr, &hd(Table 3.6), and their modal
composition varies between apatitite and apatiteeméte. Their occurrence as thin
dykes with homogeneous fine-grained texture in Ititermediate Zone suggests that

these rocks crystallized from an oxide- and phosphah (nelsonitic) magma.
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The other nelsonite type (N2) is generally more nalaut, coarse-grained,
phlogopite- magnetite- and pyrochlore-rich, cordanariable amounts of chalcopyrite,
and dominates the upper portion of the deposit. aved to N1, the N2 nelsonites are
richer in Si, Fe, Mg, K, Ba, Nb, S, and Cu. Thegddo be apatite-poor and either
phlogopite- or magnetite-rich, and may also beirystished on the basis of their REE

patterns and mineral chemistry of key phases (Faimt al.,2011-in preparation).

N2 nelsonites vary from coarse-grained to localpgmpatoid, composed of
crystals or masses of relatively large (up to 1 eof)edral to subhedral magnetite and
iimenite, followed by late-stage phlogopite formimjther fine-grained masses or
coarse-grained crystals. Carbonate occurs as arsiitial constituent or as centimeter
to decimeter-sized carbonate pockets, which argeptehroughout the main ore body,
but are larger and more abundant upwards and tewtsr@entral portion. Apatite may
be scattered and interstitial but is often conegatt in small aggregates, together with
fine-grained magnetite at the walls of carbonatekpts, forming a border zone between

the carbonatite and the host nelsonite.

Although the major element compositions are rougtitgilar within the N2
samples, two sub-types (N2a and N2b) may be disshgd on the basis of trace-
element contents. Many N2a trace-element concésafe.g. Ba, Sr, Ta, Hf, Zr, Th,

and total REE) are intermediate between N1 and N2byen closer to the former.

A genetic link between N2 magnetite-rich nelsonaesl magnesiocarbonatites
is noteworthy, since rounded to irregularly shapeéntimeter to meter-sized,
chalcopyrite- and pyrochlore-bearing dolomite paskare abundant within N2
nelsonites. A similar association was describedCoydeiro et al. (2011a) for the

niobium deposits of the nearby Cataldo 1 complex.

The textural features observed in field and drikccsamples, such as a
conspicuous comb-layering structure and the ireagahape of the dolomite pockets
suggest that N2 (particularly N2b) nelsonites dre tesult of progressive, inward
infilling of fractures with minerals (magnetite,menite, apatite, pyrochlore, and
sulphides) crystallizing from a continuous feechadgnesiocarbonatite magma. This is
further supported by outcrop observations in tha Besta Mine, where it is clear that
many of the carbonatite pockets are interconneetddature not so easily recognized

on drill cores. Since it does not appear to forotigh direct crystallization from a
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phosphate-oxide (phoscoritic or nelsonitic) magwe,adopt the name pseudonelsonite
to designate the rocks of the N2 unit hereafterchalcopyrite-bearing late-stage
dolomite carbonatite crosscuts all other litholagjitypes in the deposit, and is likely to

be associated with this system.

‘.-.-'- . 3

Figure3-13 Nelsonite facies occurring in the Modo Padre deposit; (A) homogeneous
apatite-rich N1 nelsonite; (B) pegmatoidal, apateor N1 nelsonite (C) detail of the
wall of a carbonatite pocket in N2 pseudonelso(ste text), showing an aggregate of
magnetite and apatite, similar to the rock showriAf (left side) and the carbonatite
with scatered (glomeroporphyritic) clusters of matte+apatite+phlogopite (right
side). (D) pseudonelsonitic incrustations and cawdte pockets, the latter probably
representing the channels through which the cartimamagma has flown. (E)
pseudonelsonite composed mainly of magnetite (ni&itg)e (F) phlogopite-rich
pseudonelsonite. Note that in (E) and (F) the cadte pockets are much smaller,
possibly representing cases where the dike waslynedwgged by pseudonelsonite
incrustations. Scale bars are 1 cm long.
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Contact relationships between N1 and N2 are natedntclear, although N2
nelsonites dominate in the intermediate zone of deposit, whereas N1 are the
dominant type in the deep zone (see below). LocalB dikes appear to crosscut N1,

suggesting that they represent a later stage iavbkition of the complex.

Carbonatites from the MP deposit comprise earlgestaalciocarbonatites (C1)
and late-stage magnesiocarbonatites (C2). The lateeenriched in Fe, Ba, Mn, Nb,

REE, S, Th, and Cu. Some calciocarbonatites manhkehed in P and Zr.

Calciocarbonatites may be divided into two sub-sypmn the basis of drill-core
observations and whole-rock chemical compositi@ka is P-, Nb-, Th-, and Zr-rich,
and found only in the Lower Zone (see below). Cdénss to be more differentiated and
occurs in the intermediate zone, forming a stockvadrdikes in the southern portion of
the Morro do Padre deposit (see figs. 3.8 and 3.4Rdn this zone, carbonatite often
contains fenite xenoliths which develop a thin aleeof metasomatic phlogopitite.
Dolomite is present in subordinate amounts in tdeigcarbonatites. Apatite may reach
up to 14 % in Cla, and rarely up to 4% in Clb. Tha&n accessory phases are

phlogopite and magnetite, with subordinate ilmeaitd pyrochlore, and rare monazite.

Magnesiocarbonatites form most of the cm- to meszarbonate-rich pockets in
N2 pseudonelsonites, and also occur as a dike swmeatnerosscut the rocks of that unit
(Figs 3.8 and 3.12). They are widespread at MoodPddre and occur at all depths
reached by drilling, but are particularly abundanthe northern part of the intermediate
zone, in close spatial association with the N2 geaalsonites. Chalcopyrite and
pyrrothite are common in these carbonatite pocketferably associated with apatite
and pyrochlore at the pocket rims. This type oboaatite is interpreted as the source of

the ions for the deposition of the N2 pseudonetssninward from the dike walls.

Magnesiocarbonatites are divided in C2a and C2le finmer are strongly
enriched in Ba, REE, U, Th, Cu, Pb, Zn, and sligktiriched in FOs, F&Os(t), and S
relatively to the latter. C2b magnesiocarbonatist®w tetrad-type REE patterns
(Palmieri et al., 2011, in preparation), suggestingt they are formed at a very late
stage, probably from an extremely diluted liquid @uid. The geochemical
characteristics of the two magnesiocarbonatite dypad the close spatial association
and genetic relationships of these rocks with tRepSleudonelsonites suggest that C2b

represent the depleted residue of the crystalimaif minerals such as apatite,
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phlogopite, magnetite, and pyrochlore from C2aadionf the pseudonelsonites. Bearing
in mind the distribution and characteristics of {ochlore in the deposit, this is
probably the chief Nb ore-forming process in place.

Unit N1 C1 N2 Cc2
Cla Clb N2a N2b C2a C2b

Rock Type m @ 6 6 @ @ 6 (6) e © @ @ @O O
Sale 531829 531806 535500 272799 535498 272826 535495 272828 272802 531907 531826 531917 272839 272812
Sio2 074 731 002 095 005 043 3.65 195 1464 473 057 029 066 041
TiO2 068 363 002 012 0.03 0.01 6.22 884 530 334 017 014 048 013
Al203 001 020 001 007 0.01 0.01 o0.04 001 012 001 011 001 0.02 0.01
Fe203T 713 388 026 414 061 042 4343 7442 4702 3557 649 278 979 3.04
MnO 010 051 006 010 012 0.09 0.66 111 055 050 039 034 057 062
MgO 119 862 083 142 217 090 6.56 6.18 12.07 806 550 10.74 872 1944
Cao 47.44 16.72 51.10 50.55 48.56 53.02 15.35 203 483 19.84 1375 21.68 23.02 25.82
Na20 018 033 013 010 0.18 0.05 048 014 040 013 009 039 0.08 0.09
K20 017 18 007 033 0.08 015 097 039 380 128 007 007 0.04 0.08
P205 3698 552 138 3.8 116 0.64 522 032 129 068 010 083 137 0.01
BaO 006 036 067 040 128 040 047 0.14 069 3.27 2937 1597 1095 538
SrO 146 071 2.8 169 333 19 072 010 028 130 152 503 369 152
Nb205 060 277 002 003 0.03 0.01 476 117 325 09 001 006 0.06 001
REE203 088 124 043 019 049 017 127 045 046 064 260 371 517 0.28
Zr02 004 025 000 000 0.00 0.00 0.23 010 002 004 001 000 0.01 0.00
LOI 220 10.50 29.60 36.20 41.80 4190 880 0.80 503 19.10 2250 3550 29.40 43.10
Total 99.86 99.40 99.96 100.09 99.90 100.15 98.82 98.15 99.75 99.42 98.55 100.55 100.59 99.94
Cco2 2.09 11.29 2873 3771 42.07 4449 942 396 484 1968 2246 36.53 30.30 46.46
S 001 007 008 059 011 0.03 0.38 135 019 08 614 079 549 031
Ba 538 3208 6040 3584 11466 3611 4203 1217 6186 29245 263048 143025 98099 48210
Rb 8.7 97 17 171 2.3 6.4  54.7 20.1 206.9 68 1.2 3 0.9 2.1
Sr 12324 5971 24135 14249 28196 16526 6071 866 2334 11031 12835 42569 31225 12824
Cs 0.05 1 005 0.2 0.1 0.1 0.5 0.2 17 06 005 005 0.05 0.1
Ga 0.25 19 025 2 025 0.8 2.2 4.7 8.2 34 025 025 4.6 18
Ta 0.3 03 005 3.6 0.3 02 129 0.1 0.3 13 0.9 17 14 0.2
Nb 4198 19343 150 195 230 81 33265 8204 22736 6539 103 401 428 59
Hf 10.1 746 0.6 0.4 0.6 01 716 28.7 12 128 17 0.5 0.7 0.2
Zr 312 1879 24 8 25 2 1689 730 173 292 46 19 59 5
Y 773 955 49.2 383 381 35 758 40.5 166 352 69.2 323 100.4 7.5
Th 576 2391 27 21 28 9 4059 928 1708 1049 524 86 110 28
U 0.4 0.7 0.7 42 0.2 1.8 4438 0.1 0.6 15 5.7 0.4 4.9 0.1
Cr b.d. b.d. b.d. b.d. b.d. b.d. 13.68 54.74 b.d. b.d. 41.05 2737 4790 b.d.
Ni 18 5.0 0.2 0.4 0.1 3.0 5.5 77.0 4.3 7.0 1.8 0.5 18 9.0
Co 16.60 99.00 1.10 40.90 1050 1.30 136.80 58.90 127.80 113.40 520 2430 65.60 9.20
Sc 9.00 3300 500 600 900 6.00 37.00 6700 23.00 3500 2000 18.00 18.00 12.00
% 98.0 519.0 100 45.0 4.0 40 477.0 511.0 495.0 366.0 4.0 40 260 4.0
Cu 122 450.6 1379 1447 2411 65.6 3125.1 13380.2 1199.9 2190.1 89 2866.9 140.1 243
Pb 75 277 5.0 3.8 6.9 42  54.7 985 252 261 187.6 359 26476 138
Zn 51.0 351.0 50 13.0 9.0 3.0 459.0 612.0 290.0 283.0 14.0 2240 1470 220
La 1346 978 820 388 1088 360 1160 355 531 1060 5994 11439 12097 661
Ce 3928 6599 1857 711 2220 641 6676 2283 2230 3119 11164 15896 22993 1149
Pr 411 565 195 98 183 83 580 220 248 263 1051 1123 1876 131
Nd 1474 1965 680 372 559 294 1959 779 822 828 3534 2925 6315 417
Sm 1615 2474 728 406 481 315 2325 969 836 818 2755 160.6 540.5 29.8
Eu 383 634 174 92 113 73 576 239 173 199 524 295 106.0 4.2
Gd 733 878 383 196 234 146 905 301 189 31.8 798 8.0 1373 5.6
Tb 838 11.74 417 256 273 2.09 10.28 528 292 387 719 452 13.09 0.76
Dy 3135 4755 1522 839 1081 7.18 3832 1677 691 1444 2395 1154 3843 190
Ho 332 475 187 112 140 1.02 3.69 173 049 125 193 09 202 014
Er 594 846 403 210 320 213 673 272 026 258 350 142 446 0.03
m 070 107 045 032 040 028 081 041 013 036 043 027 077 0.06
Yb 349 548 255 168 236 171 425 210 072 211 272 18 511 041
Lu 034 052 030 024 030 023 038 020 007 021 025 019 056 0.05

(1) apatitite; (2) apatite nelsonite; (3) apatite calciocarbonatite; (4) calciocarbonatite; (5) pseudonelsonite; (6) magnetitite;
(7) magnesiocarbonatite

Table3.6 Representative whole-rock chemical analgé¢he main rock types present in
the Morro do Padre Deposit.
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Phlogopite picrites (Fig. 3.14) occur as dikes afiable apparent thickness, not
exceeding five meters, with aphanitic to phanetiéxture. They are characterized by
olivine and phlogopite phenocrysts and carbonat@budés set in a fine-grained
groundmass composed of these same phases. In @msey the intrusion of phlogopite
picrites is accompanied of the brecciation of tleeindry rock and incorporation of
fragments of variable shape, size and composita & phlogopite-picrite breccia.
Previous works on carbonatite complexes in the ARdRe shown that these rocks
represent the primitive, carbonate-rich, ultramatftcapotassic magmas that gave origin
to the other rocks series (pyroxenites/bebedouritgisoscorites/nelsonites, and
carbonatites) found in these intrusions (e.g. Broal., 2000; Barbosa, 2009).

Figure3-14 Hand-sample aspects of carbonatitesogdpite picrites and fenitized
country rocks in the Morro do Padre Deposit. (A)gnasiocarbonatite with pyrrhotite;
(B) pyrochlore-rich phlogopite magnesiocarbonatité) fine-grained phlogopite
picrite showing carbonate globules. (D) conduitetxia composed mostly of
carbonatite fragments in a phlogopite picrite groamass; (E) fenitized amphibolite
from the deep zone;(F) fenitized phyllite cut lyagbonatite dike and veins.

Very rarely, other silicate alkaline rocks (pyrokem and syenites) occur in
association with the Cataldo 2 niobium deposittoalgh they are abundant in the
Coqueiros phosphate deposit, in the northern gateocomplex (Fig. 3.2). Pyroxenite
is dark green, composed mainly of diopside, localith some olivine and serpentine.
Syenite is a slightly blue, fine-grained granulack. When cut by carbonatites,

pyroxenites and syenites often develop contactgagiization zones.
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Fenites (Fig. 3.14) are an abundant product ofaraatite metasomatism on the
regional Precambrian quartzite, phyllite, and arbplite. They may be hosts for the
Morro do Padre nelsonite and carbonatite dikescouoas xenoliths in these rocks. The
degree of fenitization is variable, but in manyesathe original metamorphic foliation
is preserved. Similarly to the syenites, fenitetuged by carbonatite dikes may
develop a dark border zone with abundant fine-giiphlogopite. Fenitized phyllites
tend to dominate the shallower section of the dépatereas fenitized amphibolites

are the main country-rock type at greater deptbs fig. 8).

Figure3-15Microphotographs of Morro do Padre rocK#&) Green pyrochlore with

magnetite and tetra-ferriphlogopite, deposited be tvall of a magnesiocarbonatite
pocket in N2 pseudonelsonite. (B) Zoned euhedrabcpjore with apatite and

phlogopite in N1 apatite-nelsonite;(C) Concentrigakoned late-stage tetra-ferri-
phlogopite and anhedral pyrochlore in magnesiocaditde pocket in pseudonelsonite
from the intermediate zone; (D) rounded apatiteiggawith tetra-ferriphlogopite in

carbonatite;
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Figure 3-16 (continued) (E) Apatitite showing a gely-packed arrangement of apatite
crystals, with patches of interstitial phlogopitenda carbonate; (F) Association of

magnetite, zoned tetra-ferriphlogopite, apatite gnydochlore crystallized on the wall

of a magnesiocarbonatite pocket in a pseudonelsdnitimthe intermediate zone; (G)
Apatite and tetra-ferriphlogopite crystallized dretwall of magnesiocarbonatite pocket
in pseudonelsonite from the intermediate zone;GHalcopyrite and bornite associated
with magnetite and pyrochlore (euhedral, dark geaystals) in pseudonelsonite. Scale
bars = 1 mm, except (G) = 0.25 mm.

Lower zone

The deepest known zone of the Morro do Padre dejgolkicated between 460
and 600 m. It was reached by a single explorateiling and its lateral extension
remains to be determined. The preliminary datainbthin this work indicate that this
is a region where N1-type nelsonite magmas pondeduaderwent several stages of
differentiation and recharge, producing horizowtallic units. Although these rocks are
intruded by many dikes of magnesiocarbonatite a@etyide nelsonite, their original
horizontal layered units are still recognizablegatailed in Fig. 3.16.
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The cyclic units are composed of successions ofitapaor apatite nelsonite,
pegmatoidal nelsonite and calciocarbonatite. Altofall such cycles were logged
between the depths of 460 and 540 m. Most are @impbut in some cases the top
calciocarbonatite is missing. In these cases, it have not formed at all or may have
been lost to the upper parts of the system. loieworthy from Fig. 3.16 that apatite
nelsonites become progressively rarer towards dpeof the sequence, whereas the
amount of pegmatoidal nelsonites and, particulamtalciocarbonatites increase
upwards. Since the apatite nelsonite is preseall icyclic units, and is texturally more
homogeneous and more fine-grained than the peguadtoelsonite, we use whole-rock
chemical data to illustrate magma evolutiogOfin the apatite nelsonites decrease, and
Nb,Os and REEO; increase upwards, suggesting a progression in mdigotionation.
Several other elements mimic this variation patt€¥aO and Sr concentrations in the
apatite nelsonite vary simpatethically withCB, whereas Zr, Th, and TGshow the
same pattern as MNDs. Whole-rock geochemical data for the pegmatoiddsanites
(not shown in figure 3.16) are far less reliablele dto sample size restriction.
Nevertheless, these rocks show some regular psitseich as a steady decrease in Zr,
Th, Nb and REE from top to bottom, suggesting thase elements have a
progressively more compatible behaviour with magwalution, becoming more easily
trapped in the basal apatite nelsonite of eachesplent cycle.

The black dotted lines in Figure 3.16 represent datga for the 2.5m-long
samples used in exploration geochemistry. Becaussetare composite samples they
do not show progressive variation with depth, Iatytmark the dominant rock type in
each interval, i.e., s peaks are associated with apatite nelsonite an@J\ieaks are
associated with the pegmatoidal nelsonite. Therdattck type is clearly associated with
higher NbBOs grades.
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MORRO DO PADRE NIOBIUM DEPOSIT - CATALAO ||
Drill Hole: CATII2

Segment Start Depth: 460.55 Segment End Depth: 535.50

Depth Sample | LITHO P205 Nb205 REE203 Elevation
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Figure3-17 Cyclic layered units in the deep ore eaf the Morro do Padre Nb
Deposit. Note the progressive change in abundarfidbeorock types from dominant
apatite nelsonite in the bottom to dominant pegimdataelsonite and calciocarbonatite
at the top. Also shown is the variation ofOB, Nb,Os and REEO; in the apatite
nelsonites (blue solid line) and the variation ofOR and NBOs in 2.5 m - long
composite samples used for the mineral exploradiwhdeposit evaluation.

3.5.3 Pyrochlore chemistry

The composition of pyrochlore from various rockégpoccurring in the Morro
do Padre deposit was determined by electron prabeamalysis at the Universities of
Brasilia and Chicago. In both laboratories the gangint was a Cameca SX50 electron
microprobe, operating at 15kV and 25 nA, beam feduJable 3.7 shows the average
pyrochlore composition by rock type. Pyrochlorenirdhe N1 apatitites and apatite
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nelsonites of the deep zone of the deposit arelglemriched in TiQ, Zr0O,, and
REEO; relatively to those in other rock types. Some gtmeore subtle chemical
variations with magma evolution in pyrochlore froNl+C1l to N2+C2 comprise

decreasing FeO and CaO, and increasing BaO, Sd\ao.

These chemical variations probably reflect changethe composition of the
differentiating phoscorite/nelsonite magma that egated N1 + C1, and of the
magnesiocarbonatite magma that generated the N2as€bciation.

Unit N1 C1 N2 C2 Soil
Ba Ca

No. of analyses 87 15 67 6 12 5
Nb205 45.87 57.59 57.98 61.56 48.38 50.07
Ta205 0.05 0.04 0.05 0.09

Sio2 0.41 0.76 0.46 n.a. 1.69 0.10
TiO2 11.11 6.03 5.53 6.07 6.41 9.95
Zr02 1.67 0.21 0.26 0.22 0.07 0.00
uo2 0.05 0.16 0.03 0.03

ThO2 4.95 3.59 4.45 3.07 4.75 4.20
La203 0.95 0.78 0.89 0.99

Ce203 9.26 4.55 5.23 4.59

FeO 1.05 0.58 0.72 0.09 2.20 3.27
MnO 0.15 0.09 0.08 0.03 0.05 0.08
Ca0 12.87 11.69 9.96 n.a. 1.80 11.94
BaO 1.64 1.71 2.13 n.a. 11.66 0.18
SrO 0.57 1.32 1.28 1.62 3.16 0.37
Na20 2.42 5.26 5.20 6.67 0.20 7.00
MgO 0.06 0.27 0.02 n.a. 0.12 0.27
K20 0.09 0.07 0.12 0.11 0.05 0.07
F 1.79 3.64 3.38 n.a.

SUM 94.96 98.35 96.10 85.15 83.42 84.01

Table3.7 Average composition of pyrochlore fromNtoero do Padre deposit, by rock
type and in the soil.

Overall NBOs contents vary from 38 to 79 wt. %. The average,TéGntent
ranges from 2 to 14 wt. %, the highest values bebgerved in the N1 apatite
nelsonites. T#Ds contents are negligible, ranging from less thaowealetection up to
0.42 wt. %. ZrQ may reach up to 6.70 wt.

Figure 3.17 shows tetrahedral diagrams comparimgpyrochlore chemistry
from the Cataldo 1 (Cordeiro et al., 2011a) Nb dépand Morro do Padre.lt can be
noted that the Morro do Padre pyrochlore is ridheREEO3 and TiQ, but poorer in
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SrO, and slightly poorer in 3@s, ZrO,, and BaO than that of corresponding Cataldo 1
rocks. Considering only the Morro do Padre pyroghland assuming that its chemistry
is a direct result of magma evolution from N1 to/Gl2, it seems to evolve towards

lower REE, titanium, tantalum and zirconium congent
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Figure3-18 Tetrahedral diagrams showing a comparisd pyrochlore chemistry in
similar rocks from the Morro do Padre Deposit amdni the Cataldo 1Nb deposits.
(a)and (b)oxides of typical constituents of theitA-& the pyrochlore structure. (c) and
(d) oxides of typical constituents of the B-sit@ymochlore structure. Data for Catalao
1 pyrochlores from Cordeiro et al. (2011b)
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Magmatic pyrochlore forming in carbonatite compkexasually evolves by
progressive enrichment in Na, Ca, and Nb, and tleplen Ta, Th, REE, Ti and U
(Hogarth et al., 2000; Knudsen, 1989; Lee et &Q42 2006; Cordeiro et al., 2011a).
The evolution of the Morro do Padre pyrochlore fraNl nelsonites to N2
pseudonelsonites and C2 carbonatites is consisiémthese observed patterns. On the
other hand, pyrochlore composition may be affedigdnany other factors, such as
zoning (Hogarth et al.,, 2000; Chakhmouradian & Keit, 2002), hydrothermal
alteration (Chakhmouradian & Mitchell, 1998; Geiskt al., 2004) and weathering
(Lumpkin & Ewing, 1995; Wall et al., 1996). There#p several types of pyrochlore
may be found in the same rock-type and complex,ianthy be dificult to assess its

evolution pattern.

The effect of weathering in pyrochlores from thenhg Cataldo 1 Nb deposit
resulted in their conversion fom Ca-Na-pyrochlaréa-pyrochlore (Gierth & Baecker,
1986; Fava, 2001). (Cordeiro et al., 2011a) ardwd Ba-pyrochlore may also be
formed by interaction with low temperature fluida. Cataldo 1, they were able to
distinguish these two types of Ba-pyrochlore on thesis of a negative Ca-Sr
correlation, leading to Sr-enriched Ba-pyrochlopeesent in the hydrothermal but
absent the in weathering-related variety. Ba-pylarehis also the dominant type in the
weathered cover and common in fresh-rock of theddposit in Cataldo 2, but fresh-
rock pyrochlore does not show the strong Sr enratinobserved in Cataldo 1 .
However, our analytical results show that high Batents can occur in pyrochlore even
at the great depths of the Lower Zone of the MPodip(over 10 wt. % BaO in
pyrochlore from samples deeper than 750 m), comigrthe suggestion by (Cordeiro et

al., 2011a) that Ba-pyrochlore formation is notnieted to weathering processes.

3.5.4 Conclusions

The Cataldo 2 Complex is a shallow multiphase sim, composed of
phoscorite, nelsonite, carbonatite, pyroxenite ¢oelrite), syenite, and phlogopite-

picrite.

At least two intrusive systems are recognized. idrthern part of the complex

comprises a fully exposed intrusion composed obysmite, foscorite and carbonatite,
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and contains the Coqueiros phosphate deposit (auk W progress). The southern
portion of the complex is dominated by stockworksielsonite and carbonatite dikes
intruding Precambrian phyllites and amphibolites] aontains the niobium deposits of
Boa Vista Mine and Morro do Padre. A small dike swaMineracdo Farm Nb

Deposit) related to this system intrudes the Cagsadomain in the north. So far, apart
from Mineragcdo Farm, no other relevant niobium d#goare known in the northern
portion, and no relevant phosphate deposits arevikrio the southern portion of the

Cataldo 2 complex.

The geological modelling of the Morro do Padre dgjpbas shown that it may

be vertically divided into three zones.

The Lower Zone consists of a rhythmically layeregljuence of apatite
nelsonite/pegmatoidal nelsonite (N1) and calciogastite (C1). This sequence is
occasionally cut by late-stage N2 pseudonelsomite @2 magnesiocarbonatite dikes,
which are also recorded from deeper sections irdtiieng cores, indicating that these
rocks are sourced at greater depths. Pyrochlateeil.ower Zone is typically a Ti- and

REE-rich Ca-pyrochlore, with subordinate occurrenaeBa-pyrochlore.

The Intermediate Zone consists of a stockwork ofudsnelsonite (N2),
magnesiocarbonatite (C2) and calciocarbonatite .(@1% relatively narrow at depth,
but splays upward, probably as a result of deangagithostatic pressure and a
consequently increased number of small open frest@1 carbonatites occurring in the
Intermediate Zone are likely to be originated frtme layered sequence in the Lower
Zone, but dikes of the associated N1 nelsonitesae When these occur, they are
fine-grained and texturally homogeneous, suggeshagthey represent the injection of
true nelsonite magma. Moreover, the scarcity of ddmpared with the abundant and
voluminous C1 dikes in the Intermediate Zone, iat#s that the ascent of the nelsonite
magma was more difficult than that of the resictaabonatite, probably due to density
constraints. Such constraints would not have aftethe N2 pseudonelsonites, which
are interpreted here as directly precipitated fr@® magnesiocarbonatite liquids.
Pyrochlore in this zone contains less Ti@hd REE, and is only slightly richer in Sr

than that of the Lower Zone.

The Upper Zone comprises the soil cover of the siépahere niobium grades

are increased by ca. 32% relatively to the freslk,rdue to destruction of easily altered
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minerals such as carbonate and mica, the remowaleofsoluble constituents, and the
residual concentration of pyrochlore and other Wweatesistant minerals. In this zone,
supergenic controls are superimposed to the primmangralization, resulting in three
distinct ore types. The micaceous ore is at thee lidsthe weathering profile, and
comprises a lower (carbonate-bearing) altered-rogkizon, followed by an upper
(carbonate-free) horizon. It is overlain by the lkate-oxide ore, the limit between the
two marked by the disappearance of apatite, phitgiopermiculite and interstratified
phylossilicates. The Upper Zone is dominated bypBachlore, which may be partly
originated by the transformation of the original@aochlore and partly inherited from
the fresh rock. Some relicts of Ca-pyrochlore ds® gresent. Silicification of the
weathered materials may form a third ore type r@iékc ore), with very contrasting
mechanical properties. Most silcrete crusts octwutthe limit between the kaolinite-
oxide and the micaceous ore, which represents @misuity in the porosity and
permeability of the soil. Silcrete formation alsppaars to be controlled by the
distribution of pseudonelsonite- and carbonatité-portions of the fresh rock, since
these rocks are more easily altered, and may deVvedily porous soils. Nelsonites and
pseudonelsonites, in particular, yield high-posgsgandy soils which then become a

preferred channel for the infiltration of meteonaters.

Despite the maximum depth of ca. 800 m reached ridyng, a significant
magma chamber was not found beneath the Morro dioeRdeposit, except for the
relatively small chamber or sill filled with a lagsl sequence in the Lower Zone (Fig.
3.8). The results of the geophysical modelling ®stjghe presence of a much larger
magnetic body beneath the Morro do Padre, whicHdcoepresent a major magma
chamber from which the N2 nelsonites, and the adastsat C2 magnesiocarbonatites
originate, but it may be as deep as 1500 m (F8). 3.

Morro do Padre contains significant Nb resourbe# in the soil cover (2.891
Mt @ 1.69 % NbOs, measured + indicated + inferred) and in frestk 44..518 Mt @
1.48 % NBbOs, indicated + inferred)
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4 CONCLUSOES

O complexo de Cataldo Il (Cretaceo Superior) é immasao alcalina polifasica,
composta de pelo menos dois dominios. O dominite nmympreende uma camara
acamadada, formada por bebedouritos, foscoritcaotocarbonatitos, com sienitos e
flogopita picritos subordinados, e contéem um imgaie depdsito de fosfato
(Coqueiros), associado aos foscoritos. O domiricésiormado por enxames de diques
de nelsonitos e carbonatitos, com flogopita pisrisubordinados, e raros sienito e
bebedourito, encaixados em filitos e anfibolitosgambrianos do Grupo Araxa, e inclui
0s principais depositos de niébio do complexo (Mwa Vista e Depdosito Morro do
Padre).

As diferencas litologicas, no modo de intrusdo,cetipo de mineralizacédo
indicam que os dominios norte e sul representatensé&s magmaticos distintos. As
raras relacbes de contato entre rochas dos doisna@mindicam que o sistema

magmatico do dominio sul € mais novo do que o aoidio norte.

O mineral-minério de nidbio no complexo € o pirecloque esta associado a

nelsonitos e, subordinadamente, a carbonatitos.

O deposito Morro do Padre esta localizado na pasgéeste de Cataléo I, e foi

dividido em trés zonas, Superior, Intermediériaferior.

A Zona Superior coincide com o manto de intempeasisomde o pirocloro esta
concentrado de forma residual, em funcéo da ligdgade constituintes solUveis. Esta
zona foi subdividida em trés tipos de minério, d®mrdo com a intensidade do
intemperismo. O minério mais raso € do tipo catdidxido, caracterizado pela
auséncia de carbonato, flogopita e apatita, quenfaiodos eliminados por processos
supergénicos. O minério micaceo, subjacente aorianteé caracterizado por
intemperismo menos intenso, com preservagcao deéagpteracao parcial da flogopita
e presenca de carbonato restrito a base da unidadbora exista uma certa
homogeneizacdo por intemperismo, ainda € posségenhecer, na Zona Superior,
reflexos dos diques que formam a mineralizacdodrtarem profundidade. Um terceiro
tipo de minério na Zona Superior consiste de sdsreom alto teor de Nb, formados na
interface entre os minérios caulinitico-oxidado iedoeo, o que indica que este limite

representa um contraste de permeabilidade. Poo datfo, os silcretes ocorrem
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preferencialmente sobre as zonas onde ha predocranée diques de nelsonito e
carbonatito, indicando que o solo altamente podesenvolvido sobre essas rochas é

mais propicio a penetracdo das aguas metedricas.

A zona intermediaria consiste de enxames de digpasgcipalmente de
nelsonitos e carbonatitos, que estdo restritos re @as regides mais profundas mas
tornam-se mais espalhados proximo a superficieersutp que a menor pressao
litostatica nessa regido, durante a intruséo, permaiabertura de um maior nimero de

fraturas por onde esses magmas de baixa viscogidaeéeam penetrar.

A Zona Inferior consiste de uma sequencia acamadddaca de apatita
nelsonito, nelsonito pegmatdide e calciocarbonatjte preenche uma pequena camara
ou sill. Esta zona foi atravessada por apenas om@dagem exploratéria e sua extensao

lateral ndo é conhecida.

Os dados petrograficos de testemunhos de sondagé@émima delgada, bem
como andlises quimicas de rocha total e quimiceemainde pirocloro permitiram
identificar diferentes unidades de nelsonitos baaatitos.

Nelsonitos do tipo N1 sdo ricos em apatita, podemudusive, gradar para
apatititos, e contém pirocloro rico em terras ragagitanio. Carbonatitos C1 sédo
calciticos e foram formados a partir dos magmas déino residuo de cristalizacao
fracionada. N1 e C1 estdo intimamente associad@®mna Inferior, formando unidades
acamadadas ciclicas onde N1 estd sempre na bdssampre no topo. Por outro lado,
diques de C1 sdo comuns na Zona Intermediéria, digages de N1 sdo raros nessa
zona, indicando que o magma nelsonitico teve madificuldade de ascencéo,

possivelmente em funcédo de restricdes de densidade.

Nelsonitos do tipo N2 ocorrem como diques cortaadeequéncia acamadada
N1-C1 e séo o tipo de nelsonito predominante daadntermediaria. Carbonatitos do
tipo C2 sdo magnesiocarbonatitos e ocorrem tantadigues individuais como em
bolsdes irregulares nos nelsonitos N2. As textueasgstruturas observadas em
testemunhos de sondagem, bem como em afloramemtikna da Boa Vista indicam
que estas rochas foram formadas por precipitacéfiodepita, apatita, magnetita e
pirocloro, com ilmenita e calcopirita subordinadiaas paredes de fraturas, a partir de

um magma de magnesiocarbonatito. Assim as rochasidade N2 ndo representam
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nelsonitos verdadeiros, sugerindo-se para elasigrdegédo de pseudonelsonito. Essas
sd0 muito ricas em pirocloro e representam a grahenineralizagdo priméria de Nb no

depasito.

A modelagem de teores de nidbio mostrou que osedigle nelsonito e,
subordinadamente, carbonatito controlam a disgd@mido minério, tanto em rocha

fresca quanto, parcialmente, no solo.

O depdsito Morro do Padre contém 2,981 Mt a 1.69%0kno solo e 11,518 Mt a 1,48
% Nb,Os em rocha fresca. Os recursos totais sao de 14j4891,52 % NbOs.
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Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra  MP531918 MP531823 MP272820 MP272834 MP272841 MP531817 MP531829 MP535499 MP535496

Rocha FI-Picr FI-Picr FI-Picr FI-Picr FI-Picr FI-Picr Aptto Aptto Aptto
Grupo FLP FLP FLP FLP FLP FLP N1 N1 N1

Si02 32.43 33.09 35.35 31.94 30.51 35.61 0.74 0.30 0.45
Tio2 5.88 6.43 5.01 5.41 5.00 4.40 0.68 0.33 0.90
Al203 4.74 4.91 5.55 3.90 5.73 5.99 0.01 0.01 0.01
FeOT 13.60 13.46 11.61 13.10 12.35 12.41 6.42 2.65 7.50
MnO 0.26 0.26 0.18 0.23 0.20 0.22 0.10 0.06 0.15
MgO 10.06 9.67 20.79 18.03 14.67 17.41 1.19 0.62 2.03
Ca0o 12.59 12.04 10.35 11.06 11.83 8.35 47.44 50.67 45.58
Na20 0.87 0.98 0.15 0.17 0.12 0.30 0.18 0.15 0.18
K20 6.37 6.57 4.37 4.21 3.87 4.15 0.17 0.07 0.11
P205 2.00 1.94 1.05 2.03 1.98 2.19 36.98 36.53 33.69
BaO 0.63 0.66 0.35 0.41 1.56 0.70 0.06 0.09 0.35
SrO 0.35 0.27 0.17 0.32 0.32 0.26 1.46 1.87 1.61
Cr203 0.02 0.03 0.17 0.12 0.15 0.11 0.00 0.00 0.00
Nb205 0.05 0.05 0.03 0.06 0.03 0.04 0.60 0.30 0.68
REE203 0.19 0.16 0.12 0.15 0.10 0.14 0.88 0.90 0.98
Zr02 0.14 0.14 0.05 0.14 0.08 0.09 0.04 0.04 0.07
LOI 8.00 8.00 3.40 7.10 9.70 9.70 2.20 5.00 4.70
Total 99.69 100.16 99.99 99.84 99.59 103.45 99.86 99.88 99.82
C 1.79 1.67 0.27 1.15 1.68 0.76 0.57 1.07 1.08
S 0.16 0.18 0.16 0.14 0.25 0.29 0.01 0.02 0.03
Ba 5657 5887 3097 3665 14011 6228 538 828 3102
Rb 274.6 285.1 279.6 195.2 215.7 216.1 8.7 3.7 6.3
Sr 2959 2256 1464 2744 2680 2221 12324 15779 13578
Ta 18.1 20.3 10.2 13.9 134 13.1 0.3 0.2 0.2
Nb 326 355 205 405 222 246 4198 2074 4730
Hf 27.5 26.1 10.3 24.6 16.1 16.3 10.1 6.7 12.7
Zr 1072 1058 390 1063 619 645 312 284 506
Y 39.8 371 25.0 46.5 27.4 324 77.3 83.5 83.9
Th 449 39.2 22.7 41.6 18.7 26.9 575.6 369.9 608.8
u 5.20 7.80 3.93 7.20 4.80 5.40 0.40 0.50 0.50
Cr 136.8 198.4 1142.7 800.5 992.1 780.0 6.8 6.8 6.8
Ni 82.0 99.0 674.7 452.0 371.0 528.0 1.8 0.8 0.2
Co 51.0 53.5 84.0 80.8 67.8 78.9 16.6 7.5 20.6
Sc 31.0 32.0 34.0 27.0 28.0 28.0 9.0 5.0 11.0
\Y 243 277 110 244 328 289 98 60 111
Cu 199.4 204.2 59.6 206.2 125.1 113.7 12.2 27.8 139.2
Pb 22.4 28.3 7.7 13.0 12.0 16.1 7.5 4.3 10.5
Zn 113.0 134.0 65.3 84.0 100.0 98.0 51.0 18.0 75.0
Cd 0.90 0.70 0.40 0.90 0.80 0.50 0.05 0.05 0.20
La 412 316 274 300 196 273 1346 1415 1534
Ce 783 684 455 549 430 597 3928 4014 4447
Pr 73.8 66.2 57.5 73.0 443 58.9 410.8 421.2 446.9
Nd 243 230 206 260 164 211 1474 1526 1615
Sm 30.6 29.5 23.7 31.0 21.4 26.5 161.5 167.6 176.4
Eu 7.86 7.63 5.61 7.49 5.63 6.86 38.27 39.54 41.74
Gd 18.88 16.47 11.52 15.97 12.43 14.47 73.30 83.64 87.47
Tb 2.38 2.28 1.72 2.47 1.60 1.95 8.38 8.44 8.64
Dy 9.98 9.74 5.91 9.08 6.52 8.07 31.35 30.54 32.10
Ho 1.490 1.470 0.820 1.390 1.000 1.200 3.320 3.420 3.510
Er 3.140 3.340 1.557 3.120 2.060 2.570 5.940 6.410 6.610
Tm 0.420 0.440 0.203 0.440 0.270 0.320 0.700 0.740 0.720
Yb 2.400 2.360 1.123 2.370 1.510 1.720 3.490 3.650 3.860
Lu 0.280 0.280 0.140 0.300 0.190 0.220 0.340 0.380 0.380

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP531810 MP272813 MP272829 MP531807 MP531815 MP531901 MP535494 MP535497 MP531906
Rocha Aptto (p)  Ap-Nels Ap-Nels Ap-Nels Ap-Nels Ap-Nels Ap-Nels Ap-Nels (p) Ap-Nels

Grupo N1 N1 N1 N1 N1 N1 N1 N1 N1

Si02 0.79 0.95 4.48 5.67 0.28 0.97 2.75 2.51 3.73
Tio2 0.57 2.33 2.20 2.05 0.73 1.72 1.30 2.78 3.23
Al203 0.10 0.03 0.04 0.07 0.02 0.01 0.10 0.03 0.01
FeOT 4.24 26.47 25.63 16.90 7.03 20.51 10.70 22.17 29.47
MnO 0.12 0.29 0.33 0.27 0.14 0.24 0.20 0.39 0.38
MgO 2.83 1.49 5.42 7.43 1.39 1.63 3.82 4.84 4,51
Cao 44.60 33.93 29.83 32.01 46.12 36.63 39.93 30.92 27.10
Na20 0.28 0.25 0.23 0.25 0.16 0.19 0.33 0.18 0.18
K20 0.04 0.11 0.79 0.60 0.01 0.20 0.69 0.66 1.02
P205 33.76 23.40 21.03 19.60 28.45 27.83 24.44 18.71 14.72
BaO 151 0.16 0.06 0.12 0.25 0.13 0.30 0.21 0.15
SrO 1.64 1.19 0.99 1.12 1.78 1.32 1.47 1.13 1.00
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Nb205 0.69 1.69 1.82 1.78 0.51 1.18 1.47 1.64 2.16
REE203 1.23 0.99 0.88 0.99 0.91 0.89 1.35 1.02 1.16
Zr02 0.00 0.27 0.11 0.18 0.08 0.09 0.18 0.17 0.16
LOI 7.10 3.50 3.20 8.90 11.20 4.00 9.40 9.50 7.20
Total 99.97 100.00 99.89 99.83 99.84 99.82 99.62 99.33 99.45
C 1.80 1.29 0.97 2.19 3.03 1.02 2.35 2.47 1.88
S 0.32 0.03 0.02 0.03 0.03 0.01 0.07 0.31 0.02
Ba 13533 1444 575 1112 2202 1148 2719 1911 1304
Rb 1.6 5.2 42.5 33.9 0.4 12.7 39.5 36.8 55.8
Sr 13850 10056 8350 9467 15037 11186 12399 9519 8421
Ta 0.5 0.1 0.1 1.5 0.1 0.9 4.3 1.8 14
Nb 4809 11818 12741 12455 3588 8235 10299 11481 15104
Hf 1.8 52.8 30.9 48.4 15.4 19.6 38.2 38.8 43.4
Zr 30 1970 792 1334 556 644 1348 1273 1176
Y 127.9 140.5 93.7 94.2 95.9 89.7 118.9 106.2 98.7
Th 411.9 1333.6 1550.0 1995.3 404.6 1074.4 2034.7 1817.6 2664.9
u 2.30 1.10 0.10 4.10 0.90 2.70 19.20 3.30 1.60
Cr 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 34.2
Ni 2.0 3.2 6.0 4.1 24 1.5 14 2.2 2.8
Co 6.8 70.1 74.2 54.1 21.2 59.9 29.5 75.2 86.5
Sc 6.0 22.0 36.0 46.0 10.0 15.0 21.0 28.0 37.0
\ 77 399 374 208 136 325 137 253 342
Cu 459.2 16.9 32.0 82.0 108.9 41.4 456.1 2034.1 59.7
Pb 8.8 26.7 20.0 22.7 15.1 16.3 25.6 28.4 23.9
Zn 34.0 169.0 171.0 139.0 64.0 134.0 109.0 257.0 205.0
Cd 0.80 0.10 0.10 0.10 0.05 0.05 0.10 0.60 0.20
La 2170 1195 998 1062 1371 1151 1549 1066 1050
Ce 5433 4258 4030 4945 4170 4232 6589 5089 5906
Pr 564.6 494.4 434.8 457.4 427.6 415.6 618.8 462.4 529.7
Nd 1944 1986 1640 1641 1480 1485 2206 1674 1931
Sm 206.7 251.2 199.7 198.7 167.0 174.4 269.2 207.6 234.9
Eu 48.52 60.62 47.28 49.03 40.76 43.40 66.30 52.84 59.53
Gd 95.08 111.57 80.09 79.90 74.74 82.58 121.03 98.16 113.57
Tb 10.55 14.88 10.88 9.84 9.01 9.13 13.15 10.87 11.28
Dy 38.67 47.00 34.39 39.32 34.94 34.42 50.56 43.14 43.92
Ho 4.540 5.370 3.610 4.210 3.990 3.510 5.400 4.900 4.530
Er 8.210 9.210 5.920 7.900 7.510 6.950 9.550 9.180 8.480
Tm 0.970 1.250 0.850 0.960 0.950 0.840 1.150 1.100 1.020
Yb 5.070 6.410 4.060 4.890 4.660 4.210 6.110 5.340 5.140
Lu 0.550 0.670 0.400 0.480 0.480 0.410 0.580 0.500 0.480

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra  MP531830 MP531903 MP531915 MP531909 MP531912 MP531806 MP531818 MP531910 MP272832

Rocha Ap-Nels Ap-Nels Ap-Nels Nels Nels Nels Nels Nels (p) PsNels
Grupo N1 N1 N1 N1 N1 N1 N1 N1 N2

Si02 4.02 0.23 0.49 2.33 5.67 7.31 9.83 2.25 9.69
Tio2 4.53 1.39 0.98 6.18 4.92 3.63 3.43 4.05 7.38
Al203 0.07 0.01 0.01 0.01 0.15 0.20 0.20 0.01 0.14
FeOT 27.71 18.55 12.08 47.49 37.40 34.97 30.29 41.91 42.17
MnO 0.41 0.23 0.21 0.62 0.52 0.51 0.56 0.56 0.70
MgO 5.17 1.31 2.52 4.13 6.03 8.62 14.16 4.40 9.15
Ca0o 23.35 39.18 42.08 14.43 17.63 16.72 13.16 21.33 8.08
Na20 0.54 0.13 0.33 0.39 0.33 0.33 0.50 0.10 0.51
K20 1.08 0.02 0.12 0.60 1.37 1.88 1.76 0.59 2.45
P205 10.30 28.57 24.47 6.37 5.78 5.52 5.03 8.51 3.20
BaO 0.31 0.18 0.58 0.33 0.25 0.36 0.49 0.16 0.35
SrO 0.83 1.46 1.57 0.62 0.69 0.71 0.48 0.89 0.36
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb205 6.41 0.51 1.50 3.79 4.13 2.77 4.98 0.59 4.85
REE203 2.64 0.73 1.09 1.19 1.80 1.24 1.28 0.42 0.94
Zr02 0.68 0.02 0.09 0.24 0.29 0.25 0.31 0.04 0.29
LOI 7.50 5.30 10.30 5.20 8.10 10.50 9.20 9.20 498
Total 98.63 99.88 99.77 99.22 99.23 99.40 99.02 99.67 99.94
C 2.17 1.42 2.59 1.61 2.15 3.08 2.54 2.60 1.32
S 0.31 0.02 0.02 0.02 0.03 0.07 0.12 0.05 0.14
Ba 2807 1588 5222 2982 2262 3208 4358 1456 3132
Rb 56.5 2.1 6.5 33.9 72.5 97.0 92.9 33.8 127.2
Sr 7014 12346 13265 5273 5794 5971 4039 7517 3030
Ta 7.0 0.4 0.1 23 2.7 0.3 9.2 0.3 6.1
Nb 44776 3554 10497 26486 28894 19343 34804 4111 33906
Hf 152.1 6.1 24.7 67.3 83.8 74.6 101.5 10.1 90.5
Zr 5011 175 673 1802 2180 1879 2283 272 2169
Y 219.1 67.7 93.1 82.8 143.3 95.5 98.1 55.3 77.0
Th 7493.3 488.9 1422.6 4791.2 4648.8 2391.2 52713 618.8 3864.1
u 10.00 1.10 0.60 4.20 3.20 0.70 62.00 3.40 74.60
Cr 6.8 6.8 20.5 27.4 6.8 6.8 6.8 6.8 6.8
Ni 5.3 2.6 1.6 4.5 4.0 5.0 7.2 3.2 17.0
Co 79.9 47.1 23.0 137.0 107.1 99.0 95.9 122.9 137.9
Sc 64.0 13.0 10.0 40.0 55.0 33.0 85.0 41.0 39.0
\Y 306 293 219 573 399 519 326 470 507
Cu 2673.6 98.8 7.2 87.9 244.6 450.6 754.0 203.7 861.6
Pb 85.6 6.9 18.3 48.9 46.3 27.7 70.2 8.0 48.9
Zn 243.0 128.0 61.0 347.0 275.0 351.0 337.0 323.0 356.0
Cd 1.10 0.05 0.05 2.30 1.10 0.60 1.10 0.20 9.60
La 1726 1196 1638 1083 1236 978 1006 523 832
Ce 14185 3252 4867 6060 9905 6599 6732 2021 4549
Pr 1167.2 330.8 511.1 560.3 777.8 564.8 589.4 190.4 478.9
Nd 4326 1157 1847 1974 2732 1965 2094 693 1736
Sm 581.8 126.2 203.7 241.3 355.2 247.4 254.2 79.8 215.3
Eu 144.38 30.38 48.69 60.05 92.73 63.42 64.16 19.62 53.08
Gd 221.99 62.17 106.90 110.15 149.25 87.76 88.76 42.78 76.75
Tb 28.49 6.69 9.62 10.80 18.33 11.74 12.02 4.45 11.69
Dy 114.58 24.38 36.32 42.82 69.34 47.55 46.73 17.86 35.13
Ho 11.690 2.580 3.850 4.040 6.820 4.750 4.660 2.080 3.370
Er 21.860 4.810 7.120 7.440 13.010 8.460 8.220 4.240 5.340
Tm 2.560 0.590 0.840 0.920 1.580 1.070 1.060 0.470 0.900
Yb 13.150 2.930 4.580 4.610 8.300 5.480 5.450 2.690 3.820
Lu 1.200 0.300 0.430 0.430 0.750 0.520 0.480 0.280 0.370

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP531819 MP272833 MP272836 MP272801 MP272811 MP272842 MP272818 MP272828 MP273552
Rocha PsNels PsNels PsNels PsNels PsNels PsNels PsNels PsNels PsNels

Grupo N2 N2 N2 N2 N2 N2 N2 N2 N2

Si02 18.44 8.68 14.89 6.58 2.94 11.06 0.96 1.95 6.09
TiO2 2.62 6.91 3.62 6.20 5.56 5.50 6.62 8.84 7.31
Al203 0.30 0.25 0.34 0.12 0.03 1.04 0.04 0.01 0.02
FeOT 27.79 54.10 38.88 46.31 61.68 41.19 59.70 66.96 58.80
MnO 0.35 0.71 0.45 0.76 0.68 0.44 0.82 1.11 0.77
MgO 15.16 8.11 12.13 8.59 3.46 8.48 4.72 6.18 7.10
Cao 10.39 3.87 8.35 8.84 7.37 12.67 7.22 2.03 2.46
Na20 0.24 0.32 0.34 0.45 0.32 0.20 0.28 0.14 0.33
K20 4.11 2.27 3.86 1.52 0.70 1.31 0.22 0.39 1.64
P205 4.11 1.35 3.13 3.59 4.26 4.72 0.94 0.32 0.15
BaO 0.23 0.36 0.13 0.23 0.20 0.26 0.39 0.14 0.45
SrO 0.40 0.19 0.38 0.33 0.28 0.50 0.34 0.10 0.17
Cr203 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00
Nb205 2.31 2.65 3.82 3.30 1.00 1.95 0.97 1.17 2.63
REE203 0.72 0.62 0.88 1.13 0.56 0.60 0.80 0.45 0.65
Zr02 0.19 0.16 0.18 0.23 0.18 0.10 0.14 0.10 0.16
LOI 8.90 3.48 4.76 6.36 4.50 4.40 9.26 0.80 3.30
Total 99.35 100.06 100.47 99.69 100.60 99.02 100.07 98.15 98.58
C 2.10 0.86 1.09 1.69 0.91 0.98 2.38 1.08 1.30
S 0.36 0.33 0.77 0.17 1.17 0.29 0.54 1.35 0.83
Ba 2025 3249 1123 2025 1797 2315 3537 1217 3993
Rb 223.7 119.2 221.6 77.1 35.0 76.9 10.1 20.1 99.0
Sr 3398 1615 3189 2762 2408 4200 2878 866 1440
Ta 2.1 4.1 14 6.9 0.1 3.8 0.1 0.1 14
Nb 16151 18516 26698 23056 7003 13624 6762 8204 18401
Hf 49.8 49.7 48.8 74.1 44.0 30.7 45.1 28.7 49.0
Zr 1398 1158 1368 1691 1297 721 1022 730 1164
Y 57.5 47.8 78.1 98.1 49.0 48.1 59.2 40.5 39.9
Th 2513.3 2741.0 2591.3 2855.9 2105.7 1670.1 2485.1 927.7 2267.2
u 13.00 42.80 2.70 125.30 1.60 2.60 2.30 0.10 2.70
Cr 6.8 6.8 6.8 6.8 20.5 109.5 6.8 54.7 6.8
Ni 4.9 11.0 17.0 11.0 8.0 45.0 15.0 77.0 3.2
Co 84.4 132.1 115.8 137.6 63.6 133.6 49.1 58.9 187.2
Sc 46.0 33.0 35.0 69.0 25.0 29.0 43.0 67.0 28.0
Vv 297 544 426 569 543 500 422 511 808
Cu 3258.5 2288.3 6416.6 1182.1 8387.1 4005.3 3750.1 13380.2 7341.1
Pb 50.2 39.5 65.2 46.2 90.7 32.0 53.3 98.5 72.4
Zn 223.0 373.0 246.0 375.0 407.0 419.0 477.0 612.0 519.0
Cd 1.10 6.00 7.10 4.30 10.40 3.60 7.20 5.10 6.60
La 625 630 721 900 568 667 696 355 560
Ce 3726 2964 4404 5754 2575 2968 4008 2283 3385
Pr 340.1 325.3 433.7 531.7 289.4 290.7 390.7 220.5 312.0
Nd 1181 1128 1556 2028 1073 977 1406 779 1051
Sm 144.1 134.7 200.0 244.6 132.3 115.7 167.4 96.9 129.2
Eu 35.81 32.64 50.34 56.84 31.42 27.97 39.46 23.92 32.33
Gd 53.05 44.60 67.65 87.03 46.76 38.44 53.12 30.11 42.42
Tb 7.16 6.85 10.66 12.72 6.85 5.16 8.35 5.28 5.86
Dy 28.31 21.57 33.95 39.33 20.79 19.39 24.79 16.77 22.61
Ho 2.920 2.040 3.320 3.960 2.160 1.950 2.460 1.730 2.020
Er 5.130 3.120 5.080 5.890 3.140 3.630 3.700 2.720 3.630
Tm 0.640 0.480 0.770 0.980 0.510 0.470 0.600 0.410 0.420
Yb 3.220 2.330 3.710 5.090 2.530 2.410 3.120 2.100 2.290
Lu 0.300 0.220 0.360 0.490 0.270 0.260 0.300 0.200 0.210

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP535495 MP272850 MP535480 MP272814 MP531805 MP272802 MP272804 MP272805 MP531812
Rocha PsNels PsNels PsNels PsNels PsNels PsNels PsNels PsNels PsNels

Grupo N2 N2 N2 N2 N2 N2 N2 N2 N2

Si02 3.65 8.70 7.56 14.59 6.61 14.64 9.55 10.20 15.74
TiO2 6.22 4.14 4.18 241 4.28 5.30 4.63 6.02 3.46
Al203 0.04 0.05 0.21 0.21 0.12 0.12 0.07 0.07 0.40
FeOT 39.08 47.96 32.37 30.48 33.30 42.31 47.46 52.54 33.16
MnO 0.66 0.63 0.35 0.29 0.61 0.55 0.44 0.48 0.37
MgO 6.56 12.13 7.28 10.58 9.74 12.07 8.94 8.62 13.00
Cao 15.35 7.95 13.37 15.76 14.39 4.83 7.31 3.63 9.34
Na20 0.48 0.22 0.80 0.36 0.55 0.40 0.42 0.47 0.34
K20 0.97 1.43 1.68 3.76 1.68 3.80 2.51 2.67 4.17
P205 5.22 4.18 6.69 8.64 3.87 1.29 2.59 0.59 2.43
BaO 0.47 0.06 1.43 0.16 0.42 0.69 0.90 0.44 0.63
SrO 0.72 0.29 0.71 0.58 0.61 0.28 0.39 0.25 0.41
Cr203 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Nb205 4.76 2.16 1.47 2.24 4.54 3.25 2.48 2.85 2.07
REE203 1.27 0.78 1.19 0.60 1.28 0.46 0.40 0.40 0.45
Zr02 0.23 0.13 0.04 0.12 0.18 0.02 0.01 0.01 0.01
LOI 8.80 2.60 7.20 5.61 13.20 5.03 7.71 5.18 9.50
Total 98.82 98.75 90.13 99.78 99.09 99.75 101.08 100.28 99.18
C 2.57 0.97 2.30 1.53 3.65 1.32 1.90 1.27 3.06
S 0.38 0.67 1.22 3.72 0.17 0.19 0.75 0.53 0.96
Ba 4203 539 12849 1439 3802 6186 8030 3937 5603
Rb 54.7 86.1 97.4 186.4 90.3 206.9 131.6 146.3 239.6
Sr 6071 2431 5966 4947 5121 2334 3296 2137 3491
Ta 12.9 1.6 3.2 0.2 12.0 0.3 0.2 0.2 2.5
Nb 33265 15095 10245 15647 31769 22736 17313 19958 14485
Hf 71.6 41.5 20.0 37.9 66.2 12.0 4.4 7.6 7.2
Zr 1689 977 270 860 1320 173 38 92 97
Y 75.8 65.4 60.3 48.2 71.9 16.6 15.2 11.4 18.7
Th 4058.8 2192.0 4837.0 1396.7 4933.2 1707.8 1134.6 1269.1 1217.3
u 44.80 2.50 43.70 0.60 83.40 0.60 0.50 0.40 8.40
Cr 13.7 6.8 34.2 6.8 6.8 6.8 6.8 6.8 6.8
Ni 5.5 3.9 16.0 13.0 6.8 4.3 3.1 5.0 7.8
Co 136.8 151.2 75.6 189.1 106.2 127.8 117.6 77.4 71.4
Sc 37.0 69.0 17.0 10.0 34.0 23.0 14.0 16.0 10.0
Vv 477 556 558 264 417 495 583 619 357
Cu 3125.1 5547.9 6929.8 36869.9 1449.7 1199.9 4276.7 2853.2 5113.5
Pb 54.7 51.4 60.9 43.8 61.6 25.2 26.4 19.5 28.1
Zn 459.0 397.0 403.0 582.0 308.0 290.0 310.0 297.0 328.0
Cd 4.30 5.20 10.50 10.30 1.10 4.00 5.40 11.20 5.70
La 1160 576 1532 732 1159 531 578 531 580
Ce 6676 4201 5854 2682 6693 2230 1824 1898 2284
Pr 580.1 351.6 571.5 316.0 613.7 247.7 210.2 209.8 213.8
Nd 1959 1241 1837 1157 2068 822 682 670 667
Sm 232.5 157.5 182.1 133.8 231.0 83.6 61.3 59.4 66.7
Eu 57.57 40.75 42.20 30.05 55.85 17.31 12.14 11.72 15.27
Gd 90.54 58.18 75.48 50.77 67.75 18.90 13.78 10.53 18.36
Tb 10.28 7.75 7.25 6.27 9.29 2.92 1.92 1.80 2.57
Dy 38.32 30.15 25.36 18.80 35.55 6.91 4.63 4.42 8.79
Ho 3.690 2.950 2.210 1.760 3.010 0.490 0.350 0.320 0.630
Er 6.730 5.530 4.110 2.390 5.190 0.260 0.170 1.220
Tm 0.810 0.670 0.550 0.380 0.740 0.130 0.110 0.090 0.140
Yb 4.250 3.490 2.930 1.950 3.950 0.720 0.620 0.560 0.950
Lu 0.380 0.320 0.320 0.200 0.370 0.070 0.080 0.060 0.080

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP272810 MP272844 MP531907 MP272821 MP272806 MP531905 MP535491 MP535500 MP272799
Rocha PsNels PsNels PsNels PsNels PsNels Ca-Carb Ca-Carb Ca-Carb Ca-Carb

Grupo N2 N2 N2 N2 N2 C1 Cc1 C1 Cc1

Si02 17.09 11.79 4.73 15.63 20.16 0.83 6.10 0.02 0.95
TiO2 3.64 9.45 3.34 0.74 0.96 0.50 0.36 0.02 0.12
Al203 0.17 0.02 0.01 0.46 0.80 0.01 0.64 0.01 0.07
FeOT 34.93 36.51 32.01 9.35 10.37 4.20 3.14 0.23 3.73
MnO 0.39 0.62 0.50 0.38 0.22 0.12 0.08 0.06 0.10
MgO 13.39 10.42 8.06 19.53 17.04 1.38 4.76 0.83 1.42
Cao 7.66 6.34 19.84 18.49 14.93 47.42 43.37 51.10 50.55
Na20 0.44 0.67 0.13 0.98 1.24 0.17 0.12 0.13 0.10
K20 4.50 3.16 1.28 3.96 5.38 0.22 1.70 0.07 0.33
P205 3.23 1.50 0.68 2.12 4.22 5.12 12.73 13.88 3.80
BaO 0.39 0.47 3.27 1.39 2.66 0.62 0.36 0.67 0.40
SrO 0.38 0.34 1.30 0.96 1.20 2.65 1.64 2.85 1.69
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb205 3.50 4.77 0.94 1.48 1.46 0.30 0.24 0.02 0.03
REE203 0.51 0.73 0.64 0.98 1.47 0.39 0.54 0.43 0.19
Zr02 0.02 0.04 0.04 0.01 0.02 0.06 0.09 0.00 0.00
LOI 5.30 8.40 19.10 21.39 12.30 35.50 23.60 29.60 36.20
Total 99.44 99.31 99.42 98.88 95.57 99.95 99.83 99.96 100.09
C 1.35 1.93 5.37 5.70 2.97 9.94 6.31 7.84 10.29
S 0.09 0.13 0.84 0.50 0.06 0.03 0.03 0.08 0.59
Ba 3509 4233 29245 12437 23783 5534 3243 6040 3584
Rb 234.3 196.8 68.0 188.6 275.2 9.0 96.2 1.7 17.1
Sr 3255 2911 11031 8094 10145 22409 13905 24135 14249
Ta 0.7 0.4 1.3 1.0 7.6 0.2 1.5 0.1 3.6
Nb 24494 33367 6539 10312 10172 2079 1705 150 195
Hf 10.7 22.7 12.8 9.2 18.0 10.9 16.7 0.6 0.4
Zr 133 283 292 87 167 431 642 24 8
Y 24.4 24.7 35.2 45.6 56.1 49.4 56.5 49.2 38.3
Th 1688.3 2821.0 1049.3 1855.0 2766.9 413.5 1031.7 27.4 21.4
u 1.70 0.60 1.50 32.10 137.00 0.60 44.30 0.70 42.00
Cr 6.8 6.8 6.8 6.8 6.8 20.5 6.8 6.8 6.8
Ni 17.0 1.5 7.0 15.0 18.0 0.1 1.7 0.2 0.4
Co 84.5 72.2 113.4 20.7 17.7 12.0 10.7 1.1 40.9
Sc 18.0 18.0 35.0 11.0 10.0 11.0 8.0 5.0 6.0
Vv 397 357 366 15 12 66 24 10 45
Cu 391.3 533.3 2190.1 1353.9 102.9 171.2 157.6 137.9 144.7
Pb 23.0 36.4 26.1 202.2 40.8 8.7 12.2 5.0 3.8
Zn 218.0 223.0 283.0 107.0 49.0 32.0 17.0 5.0 13.0
Cd 3.40 3.50 1.70 8.90 4.60 0.10 0.20 0.10 0.10
La 621 814 1060 1834 2468 628 699 820 388
Ce 2443 3801 3119 4369 6732 1757 2547 1857 711
Pr 266.0 351.0 263.3 455.9 669.4 168.4 248.9 195.4 97.9
Nd 873 1092 828 1468 2300 588 911 680 372
Sm 88.6 111.1 81.8 132.2 218.5 68.1 109.5 72.8 40.6
Eu 18.56 25.26 19.90 27.53 44.29 17.72 27.56 17.43 9.24
Gd 22.64 23.03 31.82 38.68 68.18 35.06 51.90 38.33 19.57
Tb 3.39 3.86 3.87 5.41 7.92 4.21 5.94 4.17 2.56
Dy 9.58 12.73 14.44 14.23 19.85 16.68 22.57 15.22 8.39
Ho 0.750 0.920 1.250 1.340 1.480 1.930 2.440 1.870 1.120
Er 0.770 1.500 2.580 1.630 1.290 4.060 4.720 4.030 2.100
Tm 0.210 0.240 0.360 0.340 0.370 0.490 0.580 0.450 0.320
Yb 1.070 1.260 2.110 1.920 2.080 2.670 3.040 2.550 1.680
Lu 0.110 0.130 0.210 0.210 0.200 0.300 0.330 0.300 0.240

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP272830 MP272823 MP272835 MP272846 MP272831 MP531911 MP272817 MP531908 MP272807
Rocha Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb

Grupo Cc1 C1l Cc1 C1 Cc1 C1 Cc1 C1 Cc1

Si02 0.72 0.75 0.84 0.69 1.43 0.08 0.46 2.40 0.17
TiO2 0.21 0.02 0.16 0.08 0.03 0.02 0.05 0.03 0.01
Al203 0.01 0.04 0.07 0.06 0.03 0.01 0.01 0.01 0.01
FeOT 3.29 2.73 2.30 1.81 0.59 0.94 1.27 1.23 0.48
MnO 0.14 0.07 0.12 0.08 0.14 0.13 0.30 0.07 0.12
MgO 2.65 0.97 2.43 1.41 2.18 1.81 5.42 2.47 1.44
Cao 47.21 51.83 49.62 50.28 48.44 49.67 45.24 46.31 50.23
Na20 0.14 0.11 0.10 0.08 0.05 0.16 0.04 0.14 0.09
K20 0.25 0.25 0.29 0.26 0.06 0.11 0.05 0.76 0.08
P205 0.57 0.39 1.25 1.88 0.33 0.18 0.43 0.06 0.16
BaO 1.13 0.60 0.37 0.52 1.63 1.45 2.73 1.15 1.68
SrO 3.08 2.10 1.75 1.68 3.78 3.59 2.55 3.47 3.98
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb205 0.21 0.01 0.05 0.04 0.03 0.02 0.01 0.01 0.02
REE203 0.26 0.17 0.18 0.19 0.51 0.41 0.33 0.36 0.33
Zr02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI 39.70 39.80 40.30 40.70 40.90 41.00 41.10 41.30 41.50
Total 99.94 100.14 100.09 99.96 100.20 99.69 100.12 99.90 100.33
C 11.31 11.82 11.63 11.20 11.73 11.95 11.46 11.34 11.80
S 0.16 0.58 0.07 0.07 0.27 0.56 0.50 0.02 0.25
Ba 10147 5353 3329 4659 14636 13000 24421 10297 15003
Rb 9.4 9.9 13.4 14.1 1.0 2.8 1.3 37.2 2.0
Sr 26021 17752 14758 14191 31961 30320 21536 29321 33635
Ta 0.1 0.1 3.8 4.3 0.1 0.1 0.1 0.1 0.1
Nb 1451 58 334 247 191 150 56 55 154
Hf 1.7 0.1 0.4 0.7 0.3 0.1 0.3 0.1 0.1
Zr 28 3 11 18 15 12 10 9 4
Y 421 38.3 38.6 40.1 60.5 55.2 39.7 35.8 46.7
Th 144.8 14.8 22.9 27.2 31.7 43.4 23.3 8.1 27.6
u 0.05 3.90 27.60 31.20 2.10 2.80 1.20 0.20 0.70
Cr 6.8 6.8 6.8 6.8 6.8 20.5 6.8 6.8 6.8
Ni 9.0 7.5 7.0 7.0 2.5 0.1 2.5 0.1 0.3
Co 9.3 34.6 5.0 4.3 14 12.9 33 3.5 1.2
Sc 9.0 5.0 7.0 6.0 9.0 8.0 13.0 5.0 8.0
Vv 47 4 24 27 4 9 4 17 4
Cu 420.7 298.3 171.0 199.6 191.8 2361.0 166.9 83.4 145.9
Pb 12.3 5.8 4.4 6.2 18.9 11.6 10.7 7.0 15.7
Zn 33.0 2.0 10.0 14.0 7.0 93.0 14.0 8.0 44.0
Cd 0.90 0.10 0.30 0.30 0.30 1.90 0.20 0.10 0.40
La 571 419 377 368 1143 934 807 845 753
Ce 1018 657 683 806 2064 1809 1318 1562 1282
Pr 124.8 79.9 88.4 78.9 232.6 157.3 140.9 135.1 149.9
Nd 419 268 320 278 776 492 452 416 520
Sm 42.8 27.0 36.8 31.3 67.8 48.7 424 38.6 51.3
Eu 10.00 6.51 9.02 8.19 14.93 11.67 9.17 9.17 10.54
Gd 16.41 13.03 17.35 16.63 25.85 28.43 16.99 21.99 20.28
Tb 2.65 2.03 2.50 221 3.63 3.22 2.55 2.28 2.83
Dy 9.09 7.51 8.16 9.27 12.16 13.19 8.53 9.27 9.42
Ho 1.230 1.080 1.150 1.360 1.670 1.960 1.140 1.180 1.260
Er 2.270 2.370 2.310 3.130 3.320 4.320 2.450 2.660 2.570
Tm 0.350 0.330 0.300 0.430 0.550 0.550 0.390 0.350 0.420
Yb 2.060 1.910 1.800 2.520 3.150 3.180 2.180 1.930 2.550
Lu 0.270 0.260 0.220 0.330 0.420 0.400 0.320 0.270 0.370

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP535498 MP272826 MP531827 MP272809 MP272816 MP531914 MP272798 MP272803 MP272845
Rocha Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb Ca-Carb

Grupo Cc1 C1l Cc1 C1 Cc1 C1 Cc1 C1 Cc1

Si02 0.05 0.43 0.19 0.28 0.29 0.09 0.61 0.23 0.18
TiO2 0.03 0.01 0.01 0.01 0.04 0.02 0.02 0.04 0.01
Al203 0.01 0.01 0.02 0.01 0.01 0.01 0.14 0.04 0.01
FeOT 0.55 0.38 0.22 0.58 0.71 0.25 0.51 0.54 0.22
MnO 0.12 0.09 0.07 0.10 0.09 0.06 0.09 0.11 0.07
MgO 2.17 0.90 1.17 0.71 1.65 0.98 1.09 2.47 1.35
Cao 48.56 53.02 49.77 52.74 50.59 50.66 52.41 49.14 50.53
Na20 0.18 0.05 0.14 0.11 0.11 0.14 0.10 0.16 0.10
K20 0.08 0.15 0.15 0.17 0.17 0.13 0.15 0.19 0.11
P205 1.16 0.64 0.11 0.10 0.08 0.06 0.02 0.03 0.06
BaO 1.28 0.40 1.83 0.72 1.07 1.26 0.68 1.40 0.92
SrO 3.33 1.95 3.88 2.18 2.88 3.95 1.94 3.16 3.12
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb205 0.03 0.01 0.00 0.00 0.03 0.03 0.00 0.03 0.00
REE203 0.49 0.17 0.45 0.24 0.23 0.32 0.17 0.23 0.35
Zr02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LOI 41.80 41.90 41.90 42.00 42.20 42.20 42.20 42.40 42.90
Total 99.90 100.15 99.94 100.02 100.23 100.19 100.20 100.22 99.95
C 11.48 12.14 11.44 12.06 11.69 12.04 12.08 12.22 11.89
S 0.11 0.03 0.21 0.16 0.06 0.10 0.11 0.05 0.09
Ba 11466 3611 16349 6480 9546 11316 6109 12501 8277
Rb 2.3 6.4 3.5 5.5 6.6 3.5 3.2 4.4 3.1
Sr 28196 16526 32819 18424 24370 33432 16405 26709 26378
Ta 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1
Nb 230 81 30 34 230 194 10 213 12
Hf 0.6 0.1 0.4 0.1 0.6 0.3 0.1 0.3 0.2
Zr 25 2 18 2 14 8 4 8 3
Y 38.1 35.0 53.6 38.4 40.6 42.8 37.8 41.5 429
Th 27.7 9.1 85.3 10.1 29.3 26.6 5.3 23.8 7.8
u 0.20 1.80 2.10 0.50 0.80 0.20 0.50 0.30 0.70
Cr 6.8 6.8 6.8 6.8 13.7 6.8 6.8 6.8 6.8
Ni 0.1 3.0 1.2 2.9 12.0 0.1 2.5 0.8 11.0
Co 10.5 1.3 0.4 8.3 3.8 0.5 2.5 2.3 0.1
Sc 9.0 6.0 7.0 6.0 6.0 5.0 6.0 7.0 7.0
Vv 4 4 4 4 4 4 10 4 43
Cu 241.1 65.6 160.6 67.7 348.6 670.7 52.1 78.2 61.4
Pb 6.9 4.2 12.0 18.5 8.2 8.5 5.3 7.7 11.3
Zn 9.0 3.0 7.0 9.0 14.0 5.0 4.0 8.0 11.0
Cd 0.20 0.10 0.20 0.10 0.20 0.20 0.10 0.30 0.20
La 1088 360 1056 497 557 741 382 540 759
Ce 2220 641 1938 858 855 1369 651 858 1527
Pr 182.8 83.0 170.7 120.5 104.0 118.7 82.4 105.1 143.1
Nd 559 294 522 448 358 378 307 360 475
Sm 48.1 315 50.0 46.5 36.4 37.6 335 36.7 48.3
Eu 11.32 7.32 12.50 9.79 8.53 9.16 7.63 8.25 11.57
Gd 23.44 14.57 24.85 18.73 17.29 24.12 15.98 16.38 27.69
Tb 2.73 2.09 3.73 243 2.46 2.46 2.23 2.38 2.79
Dy 10.81 7.18 14.88 7.58 8.13 10.32 7.63 7.78 9.61
Ho 1.400 1.020 2.020 1.060 1.190 1.430 1.090 1.180 1.440
Er 3.200 2.130 4.080 2.020 2.430 3.260 2.120 2.460 3.400
Tm 0.400 0.280 0.490 0.310 0.350 0.390 0.310 0.370 0.540
Yb 2.360 1.710 3.000 1.820 1.910 2.120 1.790 2.090 2.850
Lu 0.300 0.230 0.370 0.250 0.260 0.270 0.270 0.290 0.440

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 1 - Anélises quimicas de rocha total de amostras do Depdsito Morro do Padre

Amostra MP272848 MP531813 MP272839 MP531917 MP272808 MP272837 MP272840 MP531826 MP272819
Rocha Ca-Carb Mg-Carb  Mg-Carb  Mg-Carb  Mg-Carb  Mg-Carb  Mg-Carb  Mg-Carb  Mg-Carb

Grupo C1 Cc2 Cc2 Cc2 Cc2 Cc2 Cc2 Cc2 Cc2

Si02 0.05 3.15 0.66 0.29 3.72 0.18 0.24 0.57 0.35
Tio2 0.02 0.27 0.48 0.14 0.04 0.02 0.07 0.17 0.07
Al203 0.01 0.18 0.02 0.01 0.01 0.17 0.01 0.11 0.23
FeOT 0.29 6.41 8.81 2.50 6.51 2.39 1.60 5.84 2.35
MnO 0.08 0.65 0.57 0.34 0.73 0.79 0.46 0.39 0.51
MgO 111 10.80 8.72 10.74 8.42 14.23 17.39 5.50 17.15
Cao 51.94 16.48 23.02 21.68 16.05 22.10 27.85 13.75 21.76
Na20 0.13 0.06 0.08 0.39 0.19 0.07 0.13 0.09 0.04
K20 0.10 0.06 0.04 0.07 0.02 0.07 0.10 0.07 0.05
P205 0.03 2.34 1.37 0.83 0.33 0.13 0.13 0.10 0.07
BaO 0.41 16.83 10.95 15.97 25.54 10.28 4.39 29.37 5.74
SrO 1.82 1.25 3.69 5.03 2.59 2.47 2.13 1.52 4.72
Cr203 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Nb205 0.00 0.02 0.06 0.06 0.01 0.03 0.09 0.01 0.03
REE203 0.23 3.01 5.17 3.71 3.81 3.19 0.59 2.60 4.53
Zr02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
LOI 43.70 26.70 29.40 35.50 33.12 38.61 44.30 22.50 40.28
Total 99.95 97.99 100.59 100.55 101.81 95.01 98.49 98.55 98.13
C 12.03 7.36 8.27 9.97 7.58 9.95 11.77 6.13 10.89
S 0.06 4.32 5.49 0.79 5.34 0.86 0.18 6.14 0.15
Ba 3700 150764 98099 143025 228774 92106 39363 263048 51383
Rb 2.7 0.5 0.9 3.0 0.8 1.6 25 1.2 1.0
Sr 15404 10603 31225 42569 21923 20916 18033 12835 39908
Ta 0.3 0.5 14 1.7 0.3 0.5 0.8 0.9 0.3
Nb 30 131 428 401 50 196 634 103 180
Hf 0.2 0.5 0.7 0.5 0.1 0.3 0.2 1.7 0.2
Zr 9 20 59 19 8 1 5 46 2
Y 41.6 81.3 100.4 323 117.0 68.7 19.5 69.2 13.6
Th 253 201.3 109.6 86.4 215.5 126.8 27.6 523.7 33.2
u 3.70 51.40 4.90 0.40 7.90 0.40 2.40 5.70 1.80
Cr 6.8 27.4 47.9 27.4 6.8 6.8 6.8 41.1 6.8
Ni 7.0 2.7 1.8 0.5 0.1 7.0 25 1.8 25
Co 0.1 9.2 65.6 243 54.9 1.5 11 5.2 2.7
Sc 9.0 25.0 18.0 18.0 28.0 22.0 11.0 20.0 12.0
\ 40 9 26 4 125 5 14 4 4
Cu 2.8 21.8 140.1 2866.9 16.4 52.4 1.6 8.9 25.5
Pb 5.0 3188.6 2647.6 35.9 2264.2 28.0 9.9 187.6 17.6
Zn 4.0 86.0 147.0 224.0 89.0 45.0 17.0 14.0 19.0
Cd 0.20 2.90 2.00 3.80 2.00 0.20 0.20 0.10 0.30
La 436 8366 12097 11439 10890 7734 1531 5994 16847
Ce 968 13211 22993 15896 14762 13274 2514 11164 16966
Pr 94.6 1048.1 1875.9 1123.1 1490.2 1383.1 218.3 1050.6 1375.5
Nd 344 2829 6315 2925 4760 4329 652 3534 3313
Sm 40.5 153.8 540.5 160.6 379.3 352.8 50.2 275.5 124.4
Eu 10.07 25.49 105.95 29.45 64.82 58.97 10.75 52.42 13.92
Gd 23.27 28.77 137.30 81.99 107.60 104.21 12.28 79.75 18.20
Tb 2.61 4.32 13.09 4.52 10.97 9.87 1.80 7.19 3.11
Dy 10.48 18.83 38.43 11.54 28.54 21.42 5.49 23.95 2.61
Ho 1.470 2.590 2.020 0.900 2.350 0.990 0.570 1.930

Er 3.360 6.960 4.460 1.420 3.540 0.680 1.130 3.500

Tm 0.510 0.950 0.770 0.270 0.970 0.500 0.190 0.430 0.220
Yb 2.630 5.600 5.110 1.840 6.280 3.360 1.140 2.720 2.010
Lu 0.430 0.670 0.560 0.190 0.800 0.330 0.140 0.250 0.330

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-
Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre

Amostra Rocha Grupo SiO2 Nb205 Ta205 TiO2 ZzZrO2 UO2 ThO2 La203 Ce203 FeO MnO CaO BaO SrO Na20 MgO K20 F Total

MP272813 Aptto N1 0.02 5202 000 979 055 006 528 090 842 021 0.09 1320 0.07 067 459 0.03 0.06 314 99.12
MP272813 Aptto N1 0.00 5418 000 865 061 000 562 068 68 018 0.02 1348 010 049 532 0.01 0.07 341 99.65
MP272813 Aptto N1 0.00 5456 000 870 045 005 540 064 638 016 0.03 1355 010 045 518 0.01 0.08 331 99.04
MP272813 Aptto N1 0.03 5610 000 803 037 007 508 08 662 021 006 1266 011 074 550 0.02 0.08 357 100.08
MP272813 Aptto N1 215 5101 0.04 89 112 000 704 070 58 116 011 629 685 082 153 011 019 1.00 94.87
MP272813 Aptto N1 139 49.07 018 994 054 009 570 050 756 127 013 666 758 181 025 015 004 1.01 93.87
MP535499  Aptto N1 0.02 4540 0.00 1086 151 004 380 094 853 066 015 1656 0.10 037 264 0.05 0.09 214 9385
MP535499  Aptto N1 004 4581 011 1156 126 001 372 095 962 075 008 1650 010 040 245 0.06 0.08 185 95.36
MP535499  Aptto N1 0.03 4409 000 1165 131 000 451 102 99 078 012 1659 011 043 238 0.04 006 181 94.89
MP535499  Aptto N1 0.03 4558 0.03 1186 1.26 014 379 099 1016 083 012 1661 015 038 234 0.06 006 193 96.33
MP535499  Aptto N1 005 4735 012 1082 149 006 383 116 953 041 007 1471 019 057 372 001 004 262 96.74
MP535499  Aptto N1 0.08 4435 000 1199 136 018 458 084 1004 074 011 1575 035 049 232 0.06 007 207 9536
MP535499  Aptto N1 051 4359 017 1225 152 000 652 1.00 946 078 026 918 306 060 129 0.09 018 1.18 91.62
MP535499  Aptto N1 142 4201 042 1192 154 000 561 078 982 099 037 580 591 093 118 011 016 0.71 89.69
MP535499  Aptto N1 1.09 4104 000 1220 227 000 68 064 882 116 042 446 6.06 080 087 007 021 062 87.62
MP531830 Ap-Nels N1 0.00 4754 001 1206 182 000 403 108 991 093 010 1680 0.05 035 223 0.07 007 173 98.75
MP531830 Ap-Nels N1 0.04 46.16 0.06 1252 146 008 524 09 959 093 009 1689 010 034 189 0.06 005 159 98.02
MP531830 Ap-Nels N1 0.02 46.28 0.00 1227 173 012 413 120 1015 090 0.09 1675 011 034 225 0.06 0.06 168 98.13
MP531830 Ap-Nels N1 0.02 4688 0.03 1236 166 006 400 090 974 091 013 1655 012 023 222 0.06 006 176 97.66
MP531830 Ap-Nels N1 0.05 4470 000 1252 297 010 562 113 1019 121 016 1658 0.13 024 165 0.08 0.05 132 98.68
MP531830 Ap-Nels N1 0.00 50.70 0.00 1130 057 007 589 074 758 045 0.08 1568 0.14 045 389 0.02 0.05 284 100.45
MP531830 Ap-Nels N1 0.01 4549 000 1213 323 006 533 110 1023 101 018 1660 0.16 017 173 0.07 0.03 141 98.92
MP531830 Ap-Nels N1 048 4530 0.00 1249 173 001 540 087 997 101 024 1156 222 046 111 0.08 012 082 93.87
MP531830 Ap-Nels N1 130 4461 000 1189 205 004 525 078 947 136 027 611 599 095 135 007 013 0.99 9259
MP531901 Ap-Nels N1 0.02 46.19 000 1151 148 004 397 09 909 079 012 1652 0.06 044 252 0.04 007 197 9578
MP531901 Ap-Nels N1 0.04 46.67 000 1165 133 004 372 111 952 082 011 1632 011 039 261 0.04 007 197 96.54
MP531901 Ap-Nels N1 0.04 4590 003 1251 147 011 400 103 1054 081 000 1595 011 039 218 0.05 0.06 181 96.96
MP531901 Ap-Nels N1 0.03 4530 000 1142 161 000 389 09 949 086 011 1639 012 044 250 0.05 0.07 179 95.02
MP531901 Ap-Nels N1 005 4680 034 1152 153 004 345 129 1002 074 013 1478 012 044 344 0.03 004 233 97.06
MP531901 Ap-Nels N1 0.02 46.08 0.01 1103 144 007 339 09 926 065 015 1552 013 048 342 0.01 006 252 9520
MP531901 Ap-Nels N1 0.02 4379 001 1206 140 009 379 090 975 089 012 1652 015 040 246 0.06 0.06 196 94.40
MP531901 Ap-Nels N1 001 4529 000 1171 136 013 342 108 1045 088 015 1513 016 040 334 0.01 0.06 228 9584
MP531901 Ap-Nels N1 123 3929 000 1169 670 003 630 064 716 326 028 833 395 092 163 018 009 1.08 9275
MP531901 Ap-Nels N1 132 4483 000 1063 169 000 599 070 803 199 030 647 629 084 101 008 006 0.76 91.00
MP531903 Ap-Nels N1 004 6434 002 352 005 000 320 073 405 008 000 1215 0.08 121 674 0.00 0.09 364 99.96
MP531903 Ap-Nels N1 0.04 6506 007 351 0.00 000 160 062 3.08 016 0.00 1364 0.09 123 667 0.01 011 427 100.15

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre

Amostra Rocha Grupo SiO2 Nb205 Ta205 TiO2 ZzZrO2 UO2 ThO2 La203 Ce203 FeO MnO CaO BaO SrO Na20 MgO K20 F Total

MP531903 Ap-Nels N1 0.03 5879 000 514 010 019 577 073 569 012 0.00 1084 011 093 635 0.00 0.08 357 9844
MP531903 Ap-Nels N1 002 628 009 416 013 005 381 068 457 024 006 1176 011 117 666 0.00 0.09 352 99.98
MP531903 Ap-Nels N1 0.07 5751 000 641 033 000 561 08 628 016 0.04 1125 012 087 602 0.00 0.08 318 98.77
MP531903 Ap-Nels N1 005 6498 015 378 017 000 237 083 377 020 000 1284 032 118 628 0.00 0.10 3.67 100.66
MP531903 Ap-Nels N1 0.06 6332 004 382 009 000 325 075 408 131 004 1220 043 113 607 0.00 010 3.65 100.26
MP531903 Ap-Nels N1 0.27 5768 015 609 053 000 395 09 464 056 011 1150 130 109 468 0.01 009 319 96.73
MP531903 Ap-Nels N1 1.01 5522 021 536 037 000 598 075 509 241 031 483 711 122 119 007 025 0.62 92.00
MP531906 Ap-Nels N1 0.04 4169 004 1176 263 006 426 105 1131 131 0415 1512 012 031 242 0.07 004 176 94.13
MP531906 Ap-Nels N1 0.02 4160 0.00 1194 218 002 427 111 1037 113 016 1574 014 025 229 0.06 0.06 166 93.00
MP531906 Ap-Nels N1 0.04 4116 021 1197 246 000 454 106 1101 1.12 011 1569 016 026 232 0.05 005 194 9415
MP531906 Ap-Nels N1 125 4144 001 1162 287 007 501 094 1038 228 027 632 349 113 095 013 013 0.68 88.96
MP531906 Ap-Nels N1 085 4246 0.02 1186 218 000 489 101 1098 162 022 568 350 109 094 0.08 019 0.80 88.37
MP531906 Ap-Nels N1 236 4064 019 1102 258 000 575 079 912 181 015 637 389 172 108 009 0.09 083 8849
MP531906 Ap-Nels N1 1.26 4055 000 1279 297 014 721 117 1066 163 033 519 394 104 066 012 018 045 90.27
MP531906 Ap-Nels N1 241 4039 0.00 1074 230 0.04 588 086 962 195 024 636 403 166 143 014 010 094 89.07
MP531906 Ap-Nels N1 132 4118 008 1228 190 000 68 085 9.68 146 023 417 518 130 081 015 028 040 88.15
MP531906 Ap-Nels N1 184 3885 005 1276 261 000 941 083 971 145 021 38 58 128 078 027 026 056 90.58
MP531909 Ap-Nels N1 0.03 5356 000 799 027 000 608 113 743 011 0.00 1113 005 084 566 0.01 004 331 97.63
MP531909 Ap-Nels N1 009 5395 009 826 050 000 504 124 865 044 004 1095 059 076 500 0.00 005 308 98.73
MP531909 Ap-Nels N1 0.27 5210 000 881 040 020 730 081 756 068 012 1020 148 072 378 0.01 0.08 246 96.96
MP531909 Ap-Nels N1 089 5163 000 847 065 018 642 088 899 155 019 685 460 066 120 0.03 012 120 9452
MP531909 Ap-Nels N1 120 5156 000 753 040 005 68 093 712 158 019 7.01 468 139 200 002 015 184 9452
MP531909 Ap-Nels N1 1.00 5094 000 752 032 009 764 109 736 174 024 545 49 086 053 003 020 0.70 90.66
MP531912 Ap-Nels N1 005 4532 000 1110 155 000 397 08 952 09 015 1655 010 039 260 0.05 0.08 204 9528
MP531912 Ap-Nels N1 0.02 4580 000 1135 146 000 338 101 977 074 007 1665 013 043 264 0.05 008 229 9586
MP531912 Ap-Nels N1 0.07 4420 015 1141 148 004 409 094 949 093 008 1581 024 034 301 004 005 237 9475
MP531912 Ap-Nels N1 0.12 4711 0418 1100 088 012 583 082 772 074 014 1601 052 038 250 0.04 008 192 96.11
MP531912 Ap-Nels N1 0.26 3954 002 1413 112 000 534 09 1120 131 019 1374 135 032 173 0.03 004 134 92.60
MP531912 Ap-Nels N1 140 4278 008 1203 104 001 703 077 808 181 034 672 505 060 08 010 016 044 89.29
MP531912 Ap-Nels N1 1.08 4324 000 1169 086 000 613 067 844 209 030 593 674 071 072 004 009 061 8933
MP531912 Ap-Nels N1 1.64 3901 000 1175 087 001 775 062 834 201 032 350 877 068 051 004 013 047 86.41
MP531912 Ap-Nels N1 177 3992 000 1150 094 000 664 058 921 206 029 399 908 071 060 004 010 047 87.89
MP531915 Ap-Nels N1 0.03 5427 000 671 019 005 452 128 630 015 001 1171 001 114 604 0.00 005 339 9583
MP531915 Ap-Nels N1 0.03 5862 000 491 015 000 415 067 459 004 003 1206 006 119 664 0.00 0.09 425 97.47
MP531915 Ap-Nels N1 0.03 5835 000 523 023 000 214 103 393 007 008 1319 008 162 654 0.00 0.08 415 96.76
MP531915 Ap-Nels N1 0.04 6175 000 382 0.08 003 228 056 281 019 009 1346 013 148 686 0.01 0.07 433 97.97

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre
Nb205 Ta205 TiO2

Amostra

MP531915
MP531915
MP531915
MP531915
MP531915

MP535494
MP535494
MP535494
MP535494
MP535494
MP535494
MP535494
MP535494
MP535494
MP535494

MP535496
MP535496
MP535496
MP535496
MP535496
MP535496
MP535496
MP535496

MP535480
MP535480
MP535480
MP535480
MP535480
MP535480
MP535480
MP535480
MP535480

MP535492
MP535492
MP535492
MP535492

Rocha

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Grupo SiO2

N1 0.04
N1 0.71
N1 2.29
N1 1.33
N1 1.57
N1 0.04
N1 0.04
N1 0.04
N1 0.05
N1 0.02
N1 0.05
N1 0.02
N1 0.08
N1 0.01
N1 2.20
N1 0.01
N1 0.03
N1 0.00
N1 0.00
N1 0.03
N1 0.00
N1 0.01
N1 0.02
N1 0.29
N1 1.51
N1 1.07
N1 1.35
N1 1.47
N1 2.11
N1 0.42
N1 0.57
N1 1.71
N1 0.68
N1 0.26
N1 0.55
N1 1.18

59.39
57.15
48.69
54.68
50.03

47.37
47.28
47.58
46.17
45.92
46.39
47.53
46.02
47.22
42.39

47.57
48.34
47.98
49.23
47.11
47.19
48.15
51.49

60.62
57.58
51.36
52.82
52.73
52.16
59.23
57.85
53.69

59.21
60.98
53.29
53.85

0.07
0.09
0.00
0.04
0.00

0.08
0.03
0.00
0.15
0.00
0.15
0.00
0.00
0.05
0.00

0.00
0.00
0.00
0.00
0.33
0.00
0.05
0.04

0.04
0.01
0.00
0.25
0.23
0.04
0.00
0.00
0.00

0.09
0.00
0.15
0.00

5.07
5.39
5.36
4.44
6.10

10.66
10.22
10.91
10.74
10.47
10.44

9.73
10.27

9.59

9.60

11.16
10.99
10.96
10.72
10.84
10.67
11.03

9.75

4.83
421
5.69
4.80
4.68
5.12
5.06
4.78
5.65

4.01
3.82
5.72
4.62

Z2r02

0.14
0.24
0.22
0.09
0.19

1.85
2.12
0.79
1.96
2.11
1.91
2.25
2.01
2.53
2.23

1.65
1.60
1.61
1.65
1.54
1.75
1.61
1.73

0.18
0.21
0.19
0.39
0.35
0.32
0.25
0.18
0.18

0.20
0.10
0.29
0.43

uo2

0.06
0.00
0.06
0.01
0.00

0.15
0.07
0.00
0.17
0.00
0.00
0.06
0.05
0.09
0.08

0.00
0.19
0.09
0.00
0.00
0.00
0.07
0.00

0.03
0.00
0.00
0.00
0.02
0.01
0.00
0.13
0.00

0.06
0.18
0.09
0.24

3.17
4.84
4.52
4.93
5.49

3.13
3.16
412
3.43
3.32
3.44
3.65
5.57
3.63
6.27

2.52
2.63
231
2.51
2.53
2.47
2.43
2.30

2.92
4.23
6.45
5.11
5.16
5.78
4.32
4.09
5.81

5.67
4.43
7.64
5.46

1.07
0.83
0.63
0.54
0.71

1.07
0.89
0.92
111
0.85
0.90
1.13
0.96
1.06
0.68

0.86
1.01
1.09
1.07
1.15
1.15
1.01
1.13

0.85
0.91
0.99
1.04
1.24
0.86
1.03
0.96
0.90

0.51
0.67
0.70
0.72

4.49
5.38
5.02
3.81
5.91

9.48
9.59
8.96
9.67
9.81
9.43
9.36
8.13
8.77
7.10

10.09
9.80
9.81
9.85
9.93

10.13

10.05
9.43

3.74
4.26
6.01
5.43
5.72
6.04
431
4.27
5.50

3.82
3.43
5.82
5.38

ThO2 La203 Ce203 FeO

0.13
131
2.47
1.98
0.80

0.90
0.89
0.71
0.69
0.97
0.88
0.69
0.97
0.92
2.56

1.28
0.80
1.07
0.70
0.83
0.73
0.81
0.63

0.60
2.09
2.19
2.32
2.10
2.15
1.36
1.53
2.30

0.67
0.31
1.10
1.89

0.05
0.27
0.05
0.30
0.20

0.08
0.05
0.10
0.04
0.16
0.08
0.08
0.10
0.09
0.30

0.05
0.15
0.14
0.09
0.11
0.09
0.19
0.09

0.04
0.09
0.14
0.15
0.08
0.10
0.09
0.11
0.16

0.08
0.02
0.15
0.11

MnO CaO

12.28
6.83
7.60
5.07
4.04

15.97
16.00
15.66
15.30
15.81
15.89
15.50
15.83
14.87

3.96

15.67
16.47
16.00
16.32
16.00
15.19
15.45
15.06

11.50
6.80
3.35
7.04
6.87
2.74
8.51
8.01
3.02

10.85
11.14
5.44
8.35

BaO

0.17
5.21
5.66
10.04
10.98

0.06
0.06
0.06
0.07
0.09
0.11
0.12
0.14
0.16
10.23

0.04
0.08
0.10
0.11
0.11
0.13
0.13
0.16

0.95
5.83
9.74
3.50
3.35
10.86
3.02
3.67
11.02

1.69
0.79
6.05
3.24

SrO

1.56
1.35
3.17
1.71
1.60

0.45
0.44
0.42
0.45
0.46
0.43
0.49
0.36
0.50
0.82

0.43
0.52
0.45
0.44
0.40
0.50
0.46
0.54

1.65
1.98
0.88
1.97
2.04
0.87
1.44
1.43
0.88

1.25
1.49
1.01
1.86

6.48
1.55
3.47
1.71
1.62

2.78
2.80
3.46
3.42
2.95
2.85
3.20
2.80
3.61
0.89

3.25
2.94
2.93
2.96
3.09
3.61
3.48
4.09

6.12
4.21
2.40
5.19
5.19
1.82
3.65
3.49
1.71

4.63
5.98
1.84
4.28

0.02
0.01
0.03
0.04
0.08

0.05
0.05
0.03
0.02
0.06
0.06
0.02
0.05
0.02
0.03

0.04
0.05
0.04
0.04
0.03
0.04
0.02
0.01

0.01
0.00
0.03
0.00
0.00
0.02
0.02
0.00
0.03

0.02
0.00
0.00
0.01

Na20 MgO K20

0.10
0.15
0.08
0.10
0.09

0.08
0.09
0.07
0.05
0.08
0.09
0.09
0.10
0.05
0.08

0.09
0.09
0.06
0.09
0.08
0.04
0.06
0.05

0.11
0.14
0.19
0.11
0.12
0.15
0.24
0.25
0.17

0.15
0.10
0.28
0.11

4.10
1.41
2.36
1.10
0.96

2.17
2.19
2.37
2.52
2.19
2.20
2.33
1.85
2.45
0.60

2.47
2.62
2.32
2.38
2.40
2.83
2.35
2.64

4.02
2.39
1.08
2.90
271
0.77
2.44
1.98
0.77

3.87
4.05
1.59
2.82

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide

Total

98.40
92.71
91.66
91.90
90.34

96.33
95.96
96.20
95.99
95.26
95.28
96.24
95.29
95.60
90.02

97.16
98.28
96.95
98.15
96.50
96.50
97.34
99.13

98.48
96.46
91.76
94.33
94.05
91.89
95.37
93.28
93.49

97.48
97.73
91.68
94.54



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre
Nb205 Ta205 TiO2

Amostra

MP535492
MP535492
MP535492
MP535492
MP535492

MP272828
MP272828
MP272828
MP272828
MP272828
MP272828
MP272828
MP272828
MP272828
MP272828

MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816
MP272816

MP531805
MP531805
MP531805

MP272811
MP272811
MP272811
MP272811
MP272811
MP272811

Rocha

Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels
Ap-Nels

Nels
Nels
Nels
Nels
Nels
Nels
Nels
Nels
Nels
Nels

Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb
Ca-Carb

Ca-Carb
Ca-Carb
Ca-Carb

PsNels (p)
PsNels (p)
PsNels (p)
PsNels (p)
PsNels (p)
PsNels (p)

Grupo SiO2

N1 2.09
N1 1.74
N1 0.17
N1 1.34
N1 0.34
N1 0.15
N1 0.02
N1 0.02
N1 0.03
N1 0.04
N1 0.02
N1 0.04
N1 0.00
N1 0.02
N1 0.04
C1 0.03
C1 0.02
C1 1.22
C1 0.52
C1 0.73
C1 0.04
C1 0.02
C1 0.06
C1 0.00
C1 0.01
C1 0.02
C1 0.93
C1 7.02
C1 0.03
C1 0.80
N2 0.02
N2 0.02
N2 0.02
N2 0.04
N2 0.03
N2 0.01

51.95
52.36
61.96
57.93
55.98

43.35
45.85
42.60
45.89
45.67
43.26
43.60
50.22
43.20
41.60

59.28
57.11
57.19
60.95
56.95
65.41
58.77
62.81
53.74
53.57
60.55
57.49

53.26
63.31
43.48

55.91
58.43
56.63
59.72
58.64
58.06

0.23
0.00
0.14
0.16
0.00

0.00
0.00
0.29
0.00
0.00
0.33
0.00
0.03
0.06
0.05

0.00
0.00
0.16
0.08
0.00
0.11
0.09
0.00
0.00
0.03
0.00
0.03

0.00
0.00
0.06

0.00
0.00
0.00
0.20
0.00
0.00

441
4.65
3.91
3.80
5.27

11.71
11.33
12.85
12.26
11.05
13.40
11.53

9.19
13.39
13.75

5.96
6.51
6.08
571
7.07
4.89
7.72
5.64
10.07
9.35
6.04
6.28

2.09
3.57
3.50

7.35
7.07
7.99
5.97
6.17
6.81

Z2r02

0.24
0.28
0.21
0.18
0.33

2.84
2.77
151
1.62
3.08
1.38
2.56
2.23
1.24
111

0.18
0.25
0.17
0.26
0.44
0.11
0.32
0.09
0.23
0.50
0.18
0.22

0.08
0.00
0.12

0.25
0.32
0.17
0.24
0.25
0.28

uo2

0.15
0.26
0.01
0.05
0.24

0.00
0.00
0.13
0.00
0.02
0.05
0.19
0.03
0.00
0.06

0.19
0.20
0.15
0.20
0.09
0.09
0.00
0.09
0.10
0.31
0.16
0.26

0.36
0.19
0.00

0.00
0.00
0.00
0.00
0.00
0.00

5.58
5.25
2.43
4.36
5.38

3.83
3.93
7.62
5.28
4.25
8.13
4.04
6.54
7.13
8.89

3.23
3.56
3.92
3.29
3.36
3.27
3.45
3.99
3.75
5.03
4.17
4.09

1.16
4.23
3.43

5.33
5.50
5.06
4.88
5.20
4.73

0.69
0.67
0.56
0.58
1.06

1.23
1.06
0.98
0.81
1.31
0.86
1.35
1.08
1.05
0.82

1.18
1.22
1.03
0.96
1.17
0.17
0.89
0.17
0.93
0.92
1.05
1.18

0.00
0.43
0.34

0.83
0.88
1.15
1.21
1.20
1.00

5.26
5.75
3.11
3.70
5.78

10.76
10.64
9.16
9.94
10.23
9.29
11.12
6.99
9.09
9.26

5.04
5.57
4.50
4.80
5.67
1.64
4.28
1.86
8.20
6.34
4.84
4.92

2.97
4.34
3.33

6.15
5.61
591
6.32
5.96
5.41

ThO2 La203 Ce203 FeO

241
2.25
0.75
1.64
1.14

1.12
0.79
0.96
0.84
1.01
0.82
1.04
0.90
0.72
0.94

0.04
0.13
0.77
0.54
0.38
0.13
0.07
0.00
0.06
0.08
0.16
0.50

1.46
0.08
4.33

0.12
0.22
0.09
0.09
0.09
0.12

0.08
0.34
0.09
0.28
0.21

0.13
0.10
0.13
0.09
0.09
0.24
0.12
0.07
0.17
0.23

0.06
0.03
0.01
0.05
0.13
0.03
0.00
0.02
0.02
0.11
0.03
0.06

0.05
0.04
0.69

0.08
0.01
0.09
0.00
0.02
0.09

MnO CaO

6.90
3.66
11.39
6.87
7.83

15.82
15.84
15.54
16.32
15.75
15.13
15.75
15.94
15.65
14.74

12.19
12.17

9.26
11.20
11.39
14.31
13.64
14.53
12.55
12.82
12.03
10.67

4.66
11.13
12.75

12.22
12.63
12.44
11.25
10.99
12.44

BaO

5.33
10.44
1.50
6.87
3.54

0.04
0.05
0.09
0.11
0.13
0.15
0.17
0.17
0.18
0.19

0.16
0.02
3.17
1.76
1.55
0.04
0.12
0.07
0.09
0.14
0.09
2.70

13.00
0.06
2.76

0.13
0.17
0.08
0.15
0.02
0.03

SrO

2.14
1.22
1.75
1.48
1.35

0.32
0.30
0.28
0.28
0.32
0.20
0.23
0.43
0.29
0.22

1.09
1.08
1.31
1.36
1.22
151
1.07
1.39
0.79
0.79
0.95
1.19

4.12
0.55
1.34

0.67
0.78
111
1.17
1.19
1.14

4.04
1.49
5.40
3.23
2.21

1.98
2.19
2.14
2.14
221
2.65
2.10
2.84
2.46
2.95

6.63
6.71
3.67
4.53
521
6.86
6.20
6.72
5.90
6.06
6.75
4.63

1.08
6.70
1.30

5.67
5.48
5.72
6.23
6.35
5.88

0.00
0.03
0.00
0.10
0.01

0.11
0.07
0.06
0.08
0.07
0.05
0.07
0.08
0.04
0.03

0.01
0.01
0.02
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01

0.27
0.00
3.74

0.00
0.00
0.01
0.01
0.00
0.02

Na20 MgO K20

0.12
0.19
0.11
0.16
0.17

0.06
0.06
0.05
0.06
0.08
0.02
0.06
0.11
0.04
0.03

0.10
0.06
0.10
0.10
0.07
0.06
0.05
0.05
0.04
0.04
0.08
0.08

0.11
0.10
0.07

0.07
0.08
0.08
0.09
0.07
0.06

2.29
0.85
3.77
1.91
177

1.68
1.58
1.54
1.65
1.58
2.01
1.75
2.00
1.64
2.01

3.93
4.16
2.67
3.15
3.61
4.99
4.78
4.66
3.97
4.23
3.96
3.12

1.22
4.09
2.13

3.99
3.78
3.83
4.20
4.03
3.75

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide

Total

93.90
91.41
97.25
94.63
92.62

95.11
96.56
95.95
97.40
96.87
97.99
95.72
98.83
96.36
96.92

99.28
98.80
95.41
99.45
99.02
103.64
101.47
102.14
100.42
100.34
101.04
98.35

92.91
98.84
84.16

98.77
100.98
100.37
101.75
100.19

99.85



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre
Nb205 Ta205 TiO2

Amostra

MP272811
MP272811
MP272811
MP272811

MP531812
MP531812
MP531812
MP531812
MP531812
MP531812
MP531812
MP531812
MP531812

MP272814
MP272814
MP272814
MP272814
MP272814
MP272814
MP272814
MP272814
MP272814

MP272802
MP272802
MP272802
MP272802
MP272802
MP272802
MP272802

MP272810
MP272810
MP272810
MP272810
MP272810
MP272810
MP272810

Rocha

PsNels (p)
PsNels (p)
PsNels (p)
PsNels (p)

PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels

PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels

PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels

PsNels
PsNels
PsNels
PsNels
PsNels
PsNels
PsNels

Grupo SiO2

N2 0.03
N2 0.17
N2 0.03
N2 0.02
N2 0.03
N2 0.03
N2 0.01
N2 0.03
N2 0.02
N2 0.02
N2 0.05
N2 1.09
N2 0.02
N2 0.02
N2 0.43
N2 0.01
N2 0.06
N2 0.03
N2 0.03
N2 0.02
N2 0.02
N2 1.89
N2 0.02
N2 0.02
N2 0.02
N2 0.03
N2 0.02
N2 0.03
N2 0.00
N2 0.02
N2 2.20
N2 0.06
N2 0.02
N2 0.02
N2 0.03
N2 1.88

57.05
55.16
57.95
57.87

65.63
61.38
54.96
62.63
64.29
55.64
67.32
58.30
57.72

58.13
46.79
57.69
57.43
58.93
59.63
57.52
59.81
51.51

61.39
60.14
61.05
61.20
59.56
61.68
58.79

62.81
57.63
63.39
58.64
61.41
63.28
57.59

0.00
0.00
0.04
0.02

0.04
0.07
0.00
0.11
0.00
0.00
0.05
0.12
0.00

0.00
0.04
0.00
0.00
0.00
0.12
0.08
0.00
0.00

0.00
0.00
0.00
0.09
0.10
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

6.84
4.74
7.26
7.34

4.44
5.80
7.98
5.57
5.01
7.04
3.62
5.68
6.73

7.17
7.66
7.40
5.96
6.26
6.22
7.54
6.55
6.52

5.47
5.15
5.00
5.12
5.79
5.34
6.17

4.78
4.84
4.45
6.75
5.47
4.55
441

Z2r02

0.23
0.78
0.42
0.37

0.13
0.40
0.68
0.28
0.23
1.06
0.02
0.65
0.50

0.20
0.31
0.29
0.16
0.12
0.21
0.11
0.25
0.67

0.11
0.24
0.18
0.20
0.24
0.24
0.25

0.06
0.13
0.12
0.22
0.17
0.10
0.15

uo2

0.00
0.00
0.00
0.00

0.00
0.00
0.07
0.02
0.04
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.06
0.12
0.10
0.12
0.13
0.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00

5.23
0.34
4.93
5.08

1.89
3.58
4.98
3.84
2.77
4.88
3.03
451
5.03

4.76
4.64
4.34
4.24
5.04
4.73
4.92
4.80
5.74

4.24
4.16
4.32
4.28
4.16
4.13
4.59

4.84
5.08
2.86
4.54
4.56
4.25
5.46

0.95
0.59
0.98
1.03

0.71
0.88
1.28
0.96
0.51
1.47
0.48
0.84
1.41

0.82
1.14
1.14
0.89
0.84
1.21
1.09
111
0.76

1.17
1.21
1.09
0.95
1.20
1.02
1.21

0.44
0.49
0.84
1.17
0.91
0.31
0.48

6.59
3.28
5.82
6.05

2.81
4.77
8.91
4.43
3.32
9.31
2.58
5.24
8.28

7.03
7.95
7.20
5.40
5.51
5.89
7.66
5.84
5.95

6.22
6.09
5.19
6.39
6.15
4.61
7.12

3.86
3.62
2.86
7.15
412
3.68
3.91

ThO2 La203 Ce203 FeO

0.18
0.33
0.13
0.21

0.05
0.10
0.19
0.00
0.00
0.33
0.07
1.40
0.21

0.25
0.53
0.23
0.14
0.22
0.50
0.21
0.12
1.21

0.00
0.14
0.04
0.08
0.12
0.07
0.13

0.04
1.32
0.25
0.11
0.08
0.05
1.18

0.07
0.00
0.04
0.04

0.00
0.06
0.05
0.03
0.04
0.05
0.01
0.13
0.00

0.01
0.02
0.07
0.00
0.06
0.03
0.08
0.07
0.14

0.00
0.01
0.03
0.07
0.09
0.01
0.13

0.04
0.09
0.07
0.00
0.06
0.07
0.08

MnO CaO

11.50
19.64
12.80
12.60

13.71
11.84
10.55
12.21
12.86
8.67
12.03
7.56
9.40

11.45

5.72
11.73
11.54
11.63
11.37
11.35
11.41

6.16

10.44
10.14
10.82
10.21
10.73
11.44

9.97

11.91

6.09
13.18
10.88
12.28
12.47

6.80

BaO

0.09
0.45
0.11
0.07

0.10
0.11
0.09
0.02
0.10
0.02
0.06
6.05
0.10

0.02
4.76
0.06
0.10
0.14
0.10
0.10
0.03
9.07

0.07
0.12
0.04
0.06
0.03
0.08
0.14

0.12
7.54
0.05
0.04
0.08
0.03
5.66

SrO

1.03
1.65
1.02
0.87

1.72
1.32
0.88
1.47
1.47
0.78
0.94
1.76
0.86

0.93
0.82
1.00
1.14
0.99
1.13
0.93
1.15
1.61

1.04
1.28
1.42
0.80
1.19
1.49
0.98

1.12
1.81
1.79
0.96
1.45
0.78
177

5.93
2.82
5.42
5.51

6.75
6.54
5.76
6.72
6.79
6.45
6.61
2.13
6.50

5.97
1.61
5.50
7.31
6.11
6.22
5.50
5.88
0.53

6.95
7.14
7.14
7.18
6.93
6.83
6.99

5.28
1.26
7.11
6.27
6.29
6.78
1.68

0.01
0.35
0.00
0.00

0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.03
0.00

0.01
0.23
0.01
0.01
0.00
0.00
0.00
0.01
0.18

0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.09
0.00
0.00
0.01
0.00
0.07

Na20 MgO K20

0.08
0.23
0.09
0.08

0.06
0.17
0.07
0.06
0.06
0.07
0.28
0.05
0.06

0.06
0.25
0.05
0.05
0.08
0.07
0.06
0.08
0.36

0.08
0.10
0.09
0.09
0.09
0.12
0.08

0.36
0.11
0.08
0.07
0.09
0.08
0.29

4.01
6.36
3.79
3.94

4.53
3.63
3.40
3.98
431
3.57
4.27
1.68
3.93

3.65
1.56
3.62
5.16
3.97
3.92
3.39
3.71
0.94

4.19
4.14
421
4.32
4.56
4.36
4.24

4.61
1.46
511
4.16
4.28
4.67
1.59

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide

Total

99.81
96.91
100.81
101.09

102.58
100.69
99.88
102.35
101.83
99.37
101.41
97.20
100.74

100.45
84.47
100.32
99.59
99.93
101.37
100.56
100.83
93.24

101.39
100.15
100.77
101.17
101.09
101.57
100.79

100.29

93.77
102.20
100.97
101.26
101.12

93.00



Tabela 2 - Analises quimicas de pirocloro em rochas do Depdsito Morro do Padre
Nb205 Ta205 TiO2

Amostra

MP272804
MP272804
MP272804
MP272804
MP272804
MP272804

MP272806
MP272806
MP272806
MP272806
MP272806
MP272806

Aptto = Apatitito; Ap-Nels = Apatita-nelsonito; Nels = Nelsonito; PsNels = Pseudonelsonito; Ca-Carb = Calciocarbonatito; Mg-Carb = Magnesiocarbonatito; (p) = pegmatdide

Rocha

PsNels
PsNels
PsNels
PsNels
PsNels
PsNels

Mg-Carb
Mg-Carb
Mg-Carb
Mg-Carb
Mg-Carb
Mg-Carb

Grupo SiO2

N2
N2
N2
N2
N2
N2

Cc2
Cc2
Cc2
Cc2
Cc2
Cc2

63.82
61.26
69.34
64.96
63.06
61.66

56.57
61.54
58.45
66.28
59.52
67.01

0.00
0.37
0.18
0.03
0.07
0.11

0.04
0.00
0.00
0.08
0.01
0.39

5.74
5.40
3.45
4.15
5.97
5.87

7.51
5.57
6.84
5.15
5.70
5.67

Z2r02

0.29
0.53
0.20
0.08
0.14
0.01

0.21
0.00
0.29
0.22
0.17
0.44

uo2

0.00
0.00
0.00
0.08
0.00
0.12

0.06
0.00
0.14
0.00
0.00
0.00

3.85
3.40
1.69
3.21
4.67
4.70

5.26
3.94
4.99
0.20
3.81
0.24

0.85
0.91
0.48
0.75
1.25
0.67

1.04
0.98
1.02
0.87
1.14
0.90

4.31
4.23
3.12
4.46
5.20
4.78

7.79
4.57
6.20
221
4.60
2.14

ThO2 La203 Ce203 FeO

4.73
0.19
0.38
0.26
0.07
0.62

0.26
0.05
0.06
0.08
0.06
0.05

MnO CaO

0.23
0.01
0.02
0.00
0.00
0.03

0.02
0.02
0.03
0.00
0.03
0.10

SrO

1.43
1.31
1.52
1.43
1.62
1.40

1.23
1.47
1.26
2.02
1.32
2.42

6.60
6.88
7.90
7.00
7.02
6.32

5.75
7.60
6.14
7.00
6.58
6.97

Na20 MgO K20

0.06
0.16
0.11
0.10
0.06
0.13

0.04
0.09
0.07
0.17
0.10
0.18

Total

91.90
84.64
88.38
86.51
89.13
86.41

85.77
85.85
85.49
84.28
83.04
86.49
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