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ABSTRACT 

Master of Geoscience’s Dissertation 

Emanuel Amorer Hernández 

 In order to aid phosphate exploration programs, this research comprises a reflectance and emission 
spectroscopy study of phosphate-bearing igneous carbonatites and phosphoritic rocks from the Catalão-I (GO), 
Tapira, Rocinha and Lagamar (MG) deposits, located in Midwestern Brazil. The ultimate goal of the study was 
to identify mineral and lithotype endmembers that can be detected through ASTER multispectral remote 
sensing. Reflectance, diffuse reflectance (0.4-2.5µm range) and emission (8-12 µm range) data were used in 
combination with X-ray fluorescence (XRF) and X-ray diffraction (XRD) data, providing a more thoroughly 
understanding of the chemistry and mineralogy of the studied sites.   

The igneous carbonatitic phosphate deposits of Catalão-I and Tapira are comprised in the cretacic Alto 
Paranaíba Igneous Province (PIAP). Monazite, fluorapatite and apatite-(Cl) were distinguished through full-
resolution visible (V), near infrared (NIR) and shortwave infrared (SWIR)) reflectance spectroscopy (0.4-
2.5µm). REE inclusions present in these phosphates show diagnostic absorption features around 0.75µm, 
which helped defining the phosphate type. Main mineral assemblages observed are fluorapatite-ajoite-
vermiculite, fluorapatite-vermiculite-calcite and fluorapatite-calcite-monazite. It was also possible to recognize 
vermiculite, phlogopite, calcite, dolomite, kaolinite and ajoite-corvusite using their intrinsic absorption features, 
particularly where phosphate concentration is high. The metasedimentary phosphate deposits of Rocinha and 
Lagamar are comprised in the neoproterozoic Brasilia Fold Belt.  The ore is rich in sedimentary fluorapatite. 
Here, REEs spectral absorption features are absent in apatite, probably due to weathering and natural changes 
on the crystal structure that occurred during the P cycle. In both deposits, clays provide alternative footprints 
that can indicate high and low phosphate yield. XRD-checked spectral mineralogy shows that mineral 
assemblages associated to Rocinha and Lagamar ores are illite-fluorapatite-quartz, fluorapatite-kaolinite-
quartz, and  fluorapatite-illite-muscovite. Chlorite and calcite are also present, as indicated by their SWIR 
absorption features. 
 Considering the spectral signatures yielded through close range spectroscopy, spectral libraries were 
composed and used for processing ASTER imagery acquired over Catalão-I/Tapira and Rocinha/Lagamar 
mines. Spectral Angle Mapper (SAM) and Mixture Tuned Matched Filtering (MTMF) processing techniques 
were applied to the imagery. In the Catalão-I deposit, it was possible to map the spatial distribution of ASTER 
pixels with spectral signatures similar to those of monazite, vermiculite, magnetitic phoscorite and P-poor 
isalteritic soils. Ajoite-corvusite, secondary phosphates, vermiculite and picritic carbonatite was discriminated 
for the Tapira deposit and adjacent areas, indicating previously unmapped occurrences. In the Rocinha and 
Lagamar deposits, it was possible to discriminate wall rocks from host rocks using clay minerals spectral 
signatures. These results encourage further exploration of the data with current (Hyperion, ProSpecTIR, 
HyMap) and future (EnMap, PRISMA, HISUI, HyspIRI) hyperspectral data in order to fully quantify phosphate 
favorability in phosphate exploration programs. 
 

Keywords: Phosphate; remote sensing; reflectance; emissivity
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 A pesquisa compreende estudos sobre a assinatura ultraespectral e multiespectral de fosfatos de 
origem ígnea e sedimentar contidos, respectivamente, nos depósitos de Catalão-I (GO), Tapira (MG) e 
Rocinha-Lagamar (MG), centro-oeste do Brasil. Medidas de reflectância (faixa de 0.4-2.5µm) e emissividade 
(na faixa de 8-12µm) foram analisadas em conjunto com dados de Difração e Fluorescência de Raios X 
visando a determinação da mineralogia e quimismo das rochas envolvidas nas áreas de estudo.  
 Os fosfatos ígneos de Catalão-I e Tapira, inseridos na Província Ígnea do Alto Paranaíba, encontram-
se hospedados em complexos carbonatíticos. Apresentam Elementos de Terras Raras (ETR) em sua 
composição e feições de absorção intrínsecas em espectros de reflectância em torno de 0,75µm. A 
profundidade e forma dessas feições auxiliaram na identificação e qualificação de monazita, fluoroapatita e 
cloroapatita como minerais de minério.  Associações comuns nas zonas mineralizadas e que apresentam 
assinaturas espectrais características incluem fluoroapatita-ajoita-vermiculita; fluoroapatita-vermiculita-calcita e 
fluoroapatita-calcita-monazita. Teores anômalos de fosfato ocorrem na presença de vermiculita, flogopita, 
calcita, dolomita, caulinita e ajoita-corvusita, todos passíveis de identificação através de espectros de 
reflectância. Os fosfatos metassedimentares de Rocinha e Lagamar, inseridos na Faixa de Dobramentos 
Brasília, encontram-se hospedados em fosfoarenitos do Grupo Bambuí. Correspondem a fluorapatitas, onde o 
intemperismo, além de mudanças próprias da apatita durante o ciclo do P sedimentar, removeram seu 
conteúdo de ETR. As argilas presentes nesses depósitos podem ser utilizadas como indicadores indiretos da 
presença de teores anômalos de fosfatos. As assembléias minerais observadas incluem illita-fluoroapatita-
quartzo; fluoroapatita-caulinita-quartzo; fluoroapatita-illita-muscovita. Clorita e calcita são minerais 
subordinados.  
 As análises espectro-mineralógica, difratométrica e geoquímica de rochas desses depósitos 
permitiram a constituição de bibliotecas espectrais que foram utilizadas para subsidiar a classificação espectral 
de dados do sensor ASTER adquiridos sobre as áreas de estudo. As técnicas Spectral Angle Mapper (SAM) e 
Mixture Tuned Matched Filtering (MTMF) foram testadas.  No complexo de Catalão I foi possível separar, nas 
imagens, zonas ricas em monazita, vermiculita, foscorito magnetítico e solos isalteríticos com baixo teor de 
fosfatos. No complexo de Tapira e adjacências, foi possível distinguir ajoita-corvusita, isalteritos com fosfatos 
secundários, vermiculita e carbonatitos picríticos. Nas minas de Rocinha e Lagamar foi possível discriminar as 
rochas encaixantes das rochas hospedeiras nas imagens com base em feições de argilas. Em Rocinha, 
fosfoarenitos apatiticos com ilita, fosfoarenitos calcareos com ilita e muscovita, arenitos calcáreos e solos 
transportados foram discriminados. Estes resultados reforçam a potencialidade de qualificar e quantificar 
minerais-índices relacionadas à depósitos de fosfato a partir de sensores hiperespectrais orbitais (Hyperion) e 
aerotransportados (ProspecTIR; HyMap) atualmente em operação, além de sensores previstos para 
lancamento futuro (EnMap, PRISMA, HISUI, HyspIRI), com desdobramentos importantes para programas de 
exploração mineral. 
 
Palavras chaves:Fosfato; sensoriamento remoto;  refletância; emissividade 
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Capitulo I: Introdução ao tema 

1.1  Introdução 

 Os fosfatos têm sido prospectados desde o século XIX para uso como fertilizantes. 

Entre os minerais não metálicos, têm tido um papel importante na economia mineral e 

agropecuária, como insumo básico para as culturas agrícolas e rações animais. Os 

maiores teores mundiais de fosfatos economicamente aproveitáveis estão concentrados 

em depósitos fosforíticos. São depósitos de origem marinha, onde o fósforo, não 

aproveitado pelos macro e microrganismos durante o intemperismo de rochas na crosta 

continental, é transportado e finalmente depositado em ambientes de plataformas 

relativamente rasos. A alta atividade biogênica característica desses ambientes faz sua 

concentração chegar até um milhão de vezes acima do normal, podendo atingir 

porcentagens entre 16 a 32% em conteúdo de P2O5(FÖLLMI, 1996). 

 São também de grande relevância, principalmente no Brasil, as reservas 

econômicas de fosfatos ígneos associados a complexos alcalino-carbonatíticos 

ultramáficos. Nestes complexos, os teores de fosfato são variáveis, com teores de corte 

entre 6 e 7% de P2O5 em peso, mas que podem alcançar, em determinados depósitos 

(Catalão I, Tapira, Araxá), concentrações pontuais de até 30% (BIONDI, 2005). 

 Dada a significância destes minerais para a segurança alimentar do país, é 

necessário estabelecer as características espectro-químicas, tanto das ocorrências atuais, 

como de novas reservas,para que possam ser detectadas e estudadas remotamente. 

Nesse sentido, a espectroscopia de reflectância e emissividade são métodos 

fundamentais para a avaliação da possibilidade de detecção remota de atributos 

relacionados à depósitos de fosfato. 

 Atualmente, faltam informações básicas sobre a assinatura espectral das rochas 

fosfáticas brasileiras, o que representa um obstáculo para a sua caracterização remota. 

No caso particular dos fosfatos sedimentares, são raros os estudos mineralógicos 

detalhados, que possam ajudar na identificação destes alvos.  Outro problema para a 

detecção remota é que as respostas espectrais para os litotipos hospedeiros e 

encaixantes dos minérios de fosfato também são pouco conhecidas. Na medida em que 
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seja possível reconhecer indicadores de rochas que contém fosfatos com teores 

anômalos, poder-se-á estabelecer métodos diretos ou indiretos para sua detecção. 

 Nesse contexto, almeja-se, nessa pesquisa, avaliar as características espectrais 

de depósitos de fosfatos ígneos e sedimentares, considerando minas em operação no 

centro-oeste do Brasil, e constituir bibliotecas espectrais de referência para a detecção 

remota dos alvos estudados nas faixas do visível e infravermelho próximo (VNIR 0,35-1,0 

μm), infravermelho de ondas curtas (1,1-2,5 μm) e infravermelho de ondas longas (2.5-

25µm). A eficácia da espectroscopia de reflectância e emissividade na caracterização 

desses depósitos será testada mediante comparações qualitativas com outras técnicas 

analíticas (Difração de Raios X e Fluorescência de Raios X). Adicionalmente, pretende-se 

investigar a assinatura de alvos selecionados nesses depósitos e a possibilidade de 

mapeamento remoto dos mesmos a partir de dados multiespectrais do sensor ASTER 

(Advanced Spaceborne Thermal Emission and Reflection Radiometer), proporcionando 

uma contribuição para a prospecção regional de depósitos de fosfatos no país.  

1.2  Estrutura da Dissertação 
 A dissertação foi elaborada em cinco capítulos auto-consistentes. O Capítulo 1 

compreende uma introdução geral e localização das áreas de estudo, uma resenha da 

geologia geral da Província Ígnea do Alto Paranaíba e da Faixa de Dobramentos Brasília, 

além de uma revisão sumária dos métodos de espectroscopia e sensoriamento remoto 

utilizados na pesquisa. 

 No Capítulo 2 apresenta-se uma revisão da geologia das áreas de estudo que 

compreendem os fosfatos ígneos e sedimentares abordados. Apresenta-se, além disso, a 

classificação dos carbonatitos, visando proporcionar ao leitor informações básicas sobre 

esses litotipos diferenciados. 

O Capítulo 3 aborda estudos espectroscópicos realizados nas rochas fosfáticas 

ígneas dos complexos alcalinos carbonatíticos de Catalão I (GO) e Tapira (MG), incluindo 

resultados da espectroscopia de reflectância e a relação entre as respostas espectrais 

obtidas com as determinações por Difratometria de Raios X (DRX) e Fluorescência de 

Raios X (FRX). 
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 O Capítulo 4 compreende estudos espectroscópicos realizados nas rochas 

fosfáticas sedimentares das Formações Lagamar e Rocinha, inseridos na Faixa de 

Dobramentos Brasília. São apresentadas as descrições espectroscópicas de reflectância 

e emissividade dos calcários fosfáticos de Rocinha e dos fosfoarenitos de Lagamar. Estes 

dados são também comparados com a informação obtida a partir da DRX e FRX. 

 O Capítulo 5 engloba a apresentação dos resultados oriundos do processamento 

digital de imagens ASTER visando a detecção de alvos identificados como importantes 

guias para a prospecção de fosfatos ígneos e sedimentares através de métodos de 

sensoriamento remoto. 

1.3  Localização das áreas de estudo 

 As ocorrências fosfáticas abordadas nessa pesquisa estão localizadas nos 

Estados de Goiás (GO) e Minas Gerais (MG). A via de acesso principal é a Rodovia BR-

050, vindo de Uberlândia (MG), tal como indicado na Fig. 1.1.  

O Complexo Foscorítico Alcalino de Catalão I situa-se na porção sudeste do 

Estado de Goiás, a 216 km da cidade de Goiânia. O Complexo Alcalino Carbonatítico de 

Tapira situa-se a 35 km da cidade de Araxá (MG). Ambos complexos fazem parte da 

Província Ígnea do Alto Paranaíba (GIBSONet al. 1995). O Complexo de Tapira, 

atualmente operado pela empresa Vale Fertilizantes,é acessado a partir da Rodovia BR-

146. O Complexo de Catalão I, particularmente no sítio da mineração Ouvidor, operado 

pela empresa Copebrás Ltda. (Grupo Anglo American), é acessado pela rodovia GO-210.  

 Os depósitos sedimentares de Rocinha e Lagamar (DA ROCHA ARAUJOet al, 

1992; DARDENNE & CAMPOS NETO, 1976; DARDENNEet al 1986; NOGUEIRA, 1993) 

encontram-se situados no segmento centro-oeste do Estado de Minas Gerais. O acesso 

aos depósitos é feito a partir de Uberaba, no sentido a Brasília, tomando-se a rodovia MG-

223 com sentido a Monte Carmelo – Coromandel. Em Coromandel, pega-se a rodovia 

BR-352 com sentido a Lagamar-Vazante. A entrada ao Complexo Minerador de Patos de 

Minas (Mina Rocinha-Vale Fertilizantes) fica na mesma rodovia. Já o acesso à Mina 

Lagamar (Operado pela Mineração Galvani) fica 18 km à nordeste do Complexo 

Minerador Patos de Minas. 
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Fig. 1. 1 Localização das áreas de estudo. Projeção GCS_WGS-1984.  

1.4  Síntese dos Métodos Utilizados na Pesquisa 

O desenvolvimento do projeto englobou estudos bibliográficos, atividades de campo, 

análises laboratoriais e trabalhos de gabinete. Os trabalhos de campo visaram a coleta de 

uma grande quantidade de amostras, representativas das principais variações de litotipos 

e minérios observados nos depósitos. Informações de campo também serviram para a 

calibração e verificação da validade dos resultados obtidos a partir das imagens de 

sensoriamento remoto. 

As atividades laboratoriais principais consistiram em medidas de espectroscopia no 

espectro refletivo e emissivo e a elaboração de bibliotecas espectrais dos depósitos de 

fosfatos ígneos e sedimentares. As atividades de gabinete mais importantes consistiram 

no Processamento Digital de imagens multiespectrais ASTER, através de um conjunto de 

métodos e procedimentos, que incluíram correção atmosférica, re-amostragem dos dados 

espectroscópicos para a resolução espectral do sensor ASTER, remoção do contínuo dos 
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decomposição subsequente dos autovalores, 3) correção da média da imagem, 4) 

decorrelação do ruído na imagem e, 5) normalização do ruído linear nos dados (redução 

de ruído). Este procedimento gera imagens com três características principais: bandas 

decorrelacionadas, com média zero e variância unitária de ruído, o que permite separar as 

zonas da imagem que tem respostas espectrais mais puras (MUNDT et al., 2007). 

1.4.4 Spectral Angle Mapper (SAM) 

O método Spectral Angle Mapper, definido por KRUSEet al. (1993), é um método 

de classificação espectral que mede a variação do ângulo n-D de espectros 

desconhecidos com espectros de referência de alguma biblioteca espectral conhecida. O 

algoritmo determina a semelhança espectral entre o espectro medido e o espectro de 

referência com base no ângulo que os separa na sua representação na forma de vetores 

no espaço de atributos. A vantagem da técnica é a insensibilidadeà variações de 

iluminação (albedo) das cenas. 

1.4.5 Matched Filtering (MF) e Mixture Tuned Matched Filtering (MTMF) 

Estes métodos funcionam como ferramentas para identificar respostas espectrais 

específicas, obscurecidas pela sua semelhança com o albedo da imagem.  O Matched 

Filtering (MF) extrai a abundância de endmembers (definidos pelo usuário, a partir de uma 

biblioteca ou pixels da própria imagem), usando um algoritmo de desmistura espectral 

parcial. Esta técnica maximiza a resposta do endmember conhecido e suprime a resposta 

do background desconhecido. O Mixture Tuned adiciona uma informação de erro aos 

resultados, denominada de imagem Infeasibility ou infactibilidade, usada para reduzir o 

número de falsos positivos que são comuns aos resultados obtidos exclusivamente com o 

MF.  

Os valores de MF são calculados para cada pixel projetando-se os dados MNF a 

um vetor MF. Este vetor, por sua vez, é derivado do espectro alvo no espaço MNF, 

projetado sobre os dados de covariância inversa do MNF e normalizado ao intervalo de 0-

1, o que resulta também em componentes vetoriais que são quantificadas de 0 a 100%. A 

definição matemática do vetor MF, simplificada por MUNDTet al. (2007), é apresentada na 

Eq. 2: 
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onde [CMNF]-1 é o inverso da matriz de covariância MNF e tMNF é o vetor do espectro alvo 

no espaço MNF. Os valores de MF são, subsequentemente, calculados em um espaço 

vetorial (o que cria uma imagem de abundância i x j), conforme expresso na eq. 3 

 

Os resultados do MF são distribuídos segundo uma normal e tem média zero, 

onde a grandeza do valor MF representa a solução linear da projeção MF. Se os valores 

de MF são iguais ou menores a zero, representam valores do background; valores acima 

de zero representam proximidade ao espectro alvo, equivalente ao valor MF. 

 O MT avalia a probabilidade de um erro de estimação para cada pixel da imagem 

baseado no conceito de factibilidade. A factibilidade é calculada em três etapas: i) 

determinação do componente vetorial do alvo no pixel; ii) interpolação dos auto-valores de 

variância relativos a componente vetorial do alvo; e iii) cálculo da separação padronizada 

entre o pixel e seu componente vetorial ideal. O componente vetorial do espectro alvo é o 

produto escalar do valor MF pelo vetor do alvo (Eq. 4). 

 

onde MFi é o valor do pixel de MF e Ci o componente vetorial do alvo para o pixel i . O 

valor ideal que contém a direção do pixel reside na mesma direção do vetor alvo, porém, 

na maioría dos casos, existe uma variação dada pelo ruído e mistura com o background. 

A proximidade de cada pixel a sua localização ideal sobre o vetor alvo é a medida de 

infactibilidade. 

 

 

 

(Eq.3) 

(Eq. 4) 

(Eq.2) 
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Capitulo II: Contexto Geológico 

2.1  Introdução 

Os diversos usos dos fosfatos como insumo na indústria de fertilizantes, na 

indústria biomédica, nas aplicações em cerâmicas de alta tecnologia e como mineral de 

interesse científico (pelas relações geocronológicas e geoquímicas inerentes a sua 

formação), são tópicos extensivamente abordados na literatura.  

O papel do fósforo nos ciclos geoquímicos dos elementos biófilos tem sido discutido e 

analisado em revisões especiais (FILIPPELLI, 2002, 2008), destacando-se a importância 

e delicado balanço entre a formação natural de fosfatos primários e a complexidade dos 

processos que permitem que os fosfatos não catalisados sejam depositados em 

sequências marinhas (FÖLLMI, 1996). 

É amplamente aceito na literatura que a estrutura básica do principal fosfato, a apatita 

(A5(XO4)3Z (onde A=[Ca2+, Sr2+, Pb2+, Ba2+, Mg2+, Mn2+, Fe2+, ETR3+, Eu2+, Cd2+, Na+]; 

X=[P5+, Si4+, S6+, As5+, V5+] e Z=[Cl-, F-, OH-])) (PICCOLI & CANDELA, 2002), originada 

primariamente em rochas ígneas, sofre várias mudanças composicionais até chegar as 

bacias marinhas e depositar-se nas sequências fosforíticas sedimentares (KNUDSEN & 

GUNTER, 2002). 

As rochas com grande afinidade pelos carbonatos (sejam biogênicas, 

sedimentares, metamórficas ou ígneas) são responsáveis por importantes acúmulos 

anômalos de fósforo. Porém, as assembléias minerais nas quais se hospedam os fosfatos 

mudam substancialmente, dependendo do ambiente geológico de concentração. Assim, o 

contexto geológico das rochas hospedeiras de mineralizações de fosfatos deve ser 

explicado separadamente para melhor entendimento sobre quais minerais podem ser 

tomados como guias em programas prospectivos. 

Neste capitulo são definidos os contextos geológicos dos depósitos de Catalão I 

(GO), Tapira, Rocinha e Lagamar (MG). Apresenta-se, primeiramente, uma síntese do 

sistema de classificação dos carbonatitos, visando proporcionar ao leitor informações 

sobre esses litotipos no cenário mundial de recursos fosfáticos.  Em seguida, aborda-se 
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Pelo exposto, a classificação que melhor se adapta a APIP é a definida por LE 

MAITRE (2002), pois engloba litotipos de simples descrição e terminologia.  

2.3 Contexto Geológico 

As Unidades abordadas neste projeto estão incluídas na Província Ígnea do Alto 

Paranaíba (APIP; GIBSONet al., 1995) e na Faixa de Dobramentos Brasília (FDB; 

DARDENNE, 2000; PIMENTEL et al., 2004). Nos tópicos seguintes é apresentada uma 

síntese das características geológicas mais relevantes da APIP e da FDB. 

2.3.1 Província Ígnea do Alto Paranaíba (APIP) 
A Província Ígnea do Alto Paranaíba (APIP; ALMEIDA, 1983; GIBSON et al., 1995, 

Figura 2.2), localiza-se na região do triângulo mineiro em Minas Gerais e no sudeste de 

Goiás. É limitada a NE pela Bacia do Paraná e a SE pelo Cráton do São Francisco. Inclui 

rochas alcalinas (kamafugíticas, kimberlíticas e carbonatíticas) que ocorrem sob a forma 

de diques, pipes, plugs, diatremas, derrames de lavas, depósitos piroclásticos e grandes 

complexos plutônicos (ALMEIDA, 1983).  

A APIP estende-se por aproximadamente 250 Km no sentido NW-SE, desde o sul 

de Goiás até o sul de Minas Gerais, incluindo os complexos carbonatíticos alcalinos de 

Catalão I e II (OLIVEIRA & IMBERNON, 1998; TOLEDO et al 2004; CORDEIRO, 2009; 

RIBEIRO, 2008), Serra Negra e Salitre (GRASSO, 2010; BARBOSA et al, 2012), Araxá 

(TORRES, 2008) e Tapira (BROD, 1999; VAZ DE MELLO, 1983). É considerada uma das 

maiores províncias alcalinas do mundo (GRASSO 2010), contendo concentrações de P, 

Nb, ETR, e Ti (BROD et al, 2004). Vermiculita e magnetita também são frequentes nos 

complexos. Os corpos da APIP intrudem rochas metassedimentares neoproterozoicas da 

Faixa Brasília Meridional (VALERIANOet al., 2004). 

A origem do magmatismo predominante na província é motivo de controvérsias na 

literatura. GIBSON et al. (1995) defendem a teoria de que o magmatismo alcalino seria 

produto da atividade da Pluma Trindade, e que os magmas alcalinos da província refletem 

características da astenosfera.  VANDECAR et al (1995), com base em estudos 

geofísicos, atribuem o magmatismo da província aos efeitos da Pluma Tristão da Cunha, 

relatando que a pluma ainda estaria em atividade a 600 Km de profundidade. 
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Fig. 2. 2: Esboço geológico da PIAP, segundo Barbosa et al. (2012). 

COMIN-CHIARAMONTI & GOMES (2004), baseados em informações 

geoquímicas e isótopos Sm-Nd, Pb-Pb, estabelecem diferenças entre os magmas da 

APIP com a Pluma Trindade e magmas N-MORB. Estas diferenças indicam fontes 

magmáticas provenientes de fusão parcial do manto litosférico. Os autores também 

demonstraram as semelhanças dos complexos carbonatíticos quanto ao conteúdo e tipos 

de ETR, o que constituiu um referencial importante para a prospecção mineral. 

Os complexos carbonatíticos da APIP, sob ação do intemperismo, desenvolveram 

profundos perfis lateríticos. Processos supergênicos foram responsáveis pela 

concentração de quantidades excepcionais de P e Nb (OLIVEIRA & IMBERNON, 1998; 

BROD et al., 2004). Fluoroapatita, vermiculita, magnetita, pirocloro e titanita são minerais 

comuns a todos os corpos. Já concentrações econômicas diferenciadas correspondem a 

Ti em Tapira (VAZ DE MELLO, 1997) e Nb e Monazita em Catalão I (TASSINARI et al., 

1999; CORDEIRO, 2009). 
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A APIP hospeda a localidade tipo da série bebedourítica (TRÖGGER 1928, apud 

BROD et al., 2004; BARBOSA et al., 2012) nos complexos de Salitre I e Tapira. A série 

bebedouritica varia entre endmembers de perovskita+magnetita, apatita e 

diopsídio+olivina. Os complexos de Tapira e Salitre-Serra Negra são considerados 

equivalentes, com a diferença de que em Serra Negra as intrusões sieníticas são pouco 

relevantes.  

Outras séries importantes são a foscorítica(YEGOROV, 1993), a série 

carbonatítica (LE MAITRE, 2002), a serie kamafugítica (BROD et al, 2005) e a série 

ijolítica, relacionada a eventos explosivos e de pipes kimberlíticos, abundantes na região. 

As rochas da série foscorítica têm variações modais baseadas na apatita, 

magnetita e olivina (YEGOROV, 1993). Apresenta-se como diques e veios que cortam 

rochas ultramáficas (clinopiroxenitos, piroxenitos e dunitos) dos complexos pertencentes à 

APIP. Os foscoritos no Complexo de Catalão I têm um sólido enriquecimento em ETR 

leves a médios (RIBEIRO, 2008). O mesmo é observado em Araxá (TORRES 2008), com 

implicações sobre uma possível equivalência desses complexos na APIP. Contudo, os 

complexos tem suas particularidades. Araxá foi afetado de forma mais pervasiva por 

eventos hidrotermais (GOMES et al., 1990). Catalão I apresenta efeitos produzidos pelo 

metassomatismo e auto-metassomatismo que ocorreram no período de mistura de 

magmas e imiscibilidade magmática (LAPIN, 1982; Hirano (1983) apud RIBEIRO, 2008). 

2.3.1.1 Complexos Carbonatiticos da APIP 

A Província Ígnea do Alto Paranaíba inclui os complexos Catalão I e II, Serra 

Negra, Salitre I, II e III, Araxá e Tapira, cujas características gerais são apresentadas na 

tabela 2.1. Dos complexos da APIP, três estão sendo operados para extração de P 

(Catalão I , Araxá, Tapira), Nb (Catalão I e II, Araxá) e Ti (Tapira). Os complexos Salitre e 

Serra Negra devem iniciar atividades de aproveitamento e extração econômica a partir de 

2014. 
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Tab. 2. 2: Informações Gerais de Complexos Carbonatíticos selecionados na APIP 

Complexo Forma Idade 
(método) Litotipos Mineralizações 

Serra 
Negra 

Dômica circular 
de 10 km de 

diâmetro 

(K/Ar) 83.4-
83.72 2 

Dunitos 
Calcita carbonatitos, 
dolomita carbonatito, 

bebedouritos, flogopititos4. 

P, Nb, magnetita 

Salitre I II 
III 

Distorcida em 
forma de rin 

(Salitre I) plugs 
irregulares 

(Salitre II e III) 

(K/Ar) 86.3 
±6.9 Ma 2 

Bebedouritos e rochas 
feldspáticas,nelsonitos, 
calcita carbonatitos e 
dolomita carbonatitos3 

P, Ti, Nb 

Araxá 
Dômica circular, 

5 km de 
diâmetro 

(K/Ar) 
88.4±4 Ma1 

Calcita-carbonatitos e 
foscoritos que intruem 

dunitos e piroxenitos. Alta 
influencia hidrotermal5 

P, Nb, ETR, 

Tapira 

Dômica 
elipsoidal, 
7 km de 
diâmetro 

(K/Ar) 
71.2±5.1 Ma2 

Bebedouritos e 
clinopiroxenitos, 

carbonatitos, sienitos e 
wehrlitos6 

P, Ti,vermiculita 
e magnetita 

Catalão I 
Dômica circular, 

6,5 km de 
diâmetro 

(K/Ar) 
85±6.9 Ma1 
84±4 Ma2 

Dunitos e piroxenitos 
intrudidos por calcita 

carbonatitos, foscoritos e 
flogopititos, nelsonitos, 

apatititos7 

P, Nb, ETR, 
monazita, 
magnetita, 

vermiculita e Ti. 

Referencias 1:EBY & MARIANO (1986); 2SONOKI & GARDA (1988); 3BRODet al, 2004; 4: GRASSO (2010) ; 5: 
TORRES (2008); 6BROD (1999); 7 :RIBEIRO (2008) 

 

Os complexos de Catalão e Tapira foram objeto deste estudo e serão descritos em 

maior detalhe a seguir. 

2.3.1.2 Complexo Carbonatítico Alcalino de Catalão I 

Situa-se a 10 km da cidade de Catalão, sul do estado de Goiás. É acessado pela 

Rodovia BR-050, a partir de Uberaba. O complexo representa um alto topográfico na 

planície goiana, com drenagem centrípeta que, junto ao clima tropical, favoreceu a 

formação de um espesso perfil laterítico. Concentrações de P, Nb, vermiculita e fosfatos 

secundários aumentam da base para o topo nesse perfil (OLIVEIRA & IMBERNON 1998). 

Trata-se de uma intrusão sub-circular, com cerca de 6 km na direção N-S e 5.5 km 

na direção E-W. É composto por rochas duníticas e piroxenitos que são cortadas por 

veios e stocks calcítico-carbonatíticos, dolomita-carbonatíticos e flogopititos (RIBEIRO, 

2008). A cobertura laterítica atinge profundidades de até 200 metros (BRODet al, 2004). 
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alterados por intemperismo químico, contendo cristais de perovskita sem 

alteração. A apatita é o mineral principal. Magnetita rica em Ti, diopsídio, 

olivina e flogopita são os minerais subordinados. 

BROD (1999) e BROD et al. (2004) definem duas unidades de bebedouritos.Os 

bebedouritos propriamente ditos (B1) são rochas com quantidades variáveis de diopsídio, 

flogopita, perovskita, apatita,magnetita, melanita e titanita.  A segunda classe de 

bebedouritos definidos (B2) são apatita-clinopiroxenitos de grão mais fino que os 

bebedouritos B1 (BROD, 1999). 

Os carbonatitos do Complexo de Tapira apresentam-se em cinco corpos intrusivos 

e podem variar de composição de calcita-carbonatitos a calcita-dolomita-carbonatitos. 

Segundo BROD (1999) e BROD et al. (2005) essas variações representam estágios de 

evolução do magma carbonatítico. Os minerais acessórios observados nesses 

carbonatitos são apatita, magnetita, flogopita e barita. 

SOUBIÈS et al., (1991) definiram o comportamento geoquímico dos ETR dos 

fosfatos secundários do complexo. Identificaram a perovskita como a principal fonte de 

ETR no perfil intempérico e que esses elementos são reabsorvidos por fosfatos 

aluminosos.  BRIGATTI et al. (2004) indicaram a afinidade das apatitas em favorecer 

substituições de ETR (principalmente La e Ce) por Ca. BROD et al. (2005) exploraram 

dados petrológicos de minerais do grupo do espinêlio presentes em três das cinco 

possíveis intrusões carbonatíticas do complexo.  

2.3.2 Faixa de Dobramentos Brasília (FDB) 

A FDB representa a acresção de terrenos neoproterozoicos em escamas de 

empurrões, orientados em duas vergências principais: uma mais setentrional, de 

orientação NE (Faixa Brasília Setentrional, FBS) e outra meridional, de orientação NW 

(Faixa Brasília Meridional, FBM). Essas faixas se estendem por aproximadamente 1100 

Km (VALERIANO et al., 2004) e são divididas pela Megaflexura dos Pireneus (COSTA & 

ANGIERAS, 1971 apud Valeriano et al, 2004). 

A FDB foi estruturada pela Orogênese Brasiliana, durante o Neoproterózoico, 

comprimindo pacotes rochosos metamorfisados no fácies xisto verde (Fuck, 1994; 

Dardenne, 2000).  Concentra em seu registro estratigráfico uma série de jazidas 

importantes, principalmente de Zn-Pb (Morro Agudo), Au (Morro de Ouro) e P (Rocinha, 

Lagamar) (DARDENNE & SCHOBBENHAUS, 2001).  Na FBM ocorrem depósitos de 
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The remote sensing of carbonatitic rocks has been approached since the early stages 

of hyperspectral remote sensing (Mars & Rowan, 2011; Rowan et al., 1995; Rowan, 

Kingston, & Crowley, 1986). Using reflectance spectroscopy it is possible to infer relevant 

chemical bonds related to carbonatite occurrence, especially carbonates (calcite, 

magnetite, ankerite), micas (biotite, phlogopite, vermiculite), and REEs minerals or oxides 

(REEs phosphates or REEs inclusion in apatites and Al-U-phosphates). The calibration of 

these results with other analytical approaches (i.e., X Ray Diffraction and X Ray 

Fluorescence) helps reducing qualitative uncertainty of the measurements. A calibration 

dataset coupled with extensive Diffuse Reflectance and Emissivity data should provide 

better mineralogical information that can be resampled to match hyperspectral (e.g., 

Hyperion) and multispectral(e.g., ASTER) resolution and be used as prospective 

endmembers in regional remote sensing exploration programs. 

In this context, this research aims to define the reflectance and emission spectroscopy 

characteristics of the phosphatic rocks from the Catalão I and Tapira carbonatitic alkaline 

complexes, identifying the mineralogical associations that can be separated and used as 

mineralogical endmembers for detection of phosphates using remote sensing instruments. 

3.2 Geological Setting 

3.2.1 Catalão I Carbonatitic Alkaline Complex 

The Catalão I Carbonatitic Alkaline Complex (C1CAC) is located in the Alto 

Paranaiba Igneous Province (GIBSON et al. 1995), along with several other carbonatitic 

alkaline complexes (Serra Negra, Salitre I-II-III, Araxá, Tapira). All these bodies are 

associated to a major 125o Azimuth tectonic structure (BIZZI & ARAÚJO 2005). These 

complexes were emplaced along deep, northwest-trending faults (GOMES et al., 1990). 

The C1CAC has an age of 85.0 ± 0.9 Ma (K/Ar) (AMARAL et al.1967; SONOKI & 

GARDA1988). 

The C1CAC stands as a topographic high in the Goiás plainlands, surrounded by a 

ring of fenitized quartzite and mica schists of the Araxá Group. A ~100 m thick weathered 

profile was developed over the complex. It host P, Nb and Fe mineralizations that have 

been detailed as regards their mineralogy by numerous authors (e.g., OLIVEIRA 

&IMBERNON 1998; TOLEDO et al., 2002; TOLEDO et al., 2004; TOLEDO et al. 2004; 

FERRARI et al., 2007; RIBEIRO et al., 2005). 
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 BAECKER (1983) proposed a magmatic evolution model for the C1CAC where a 

set of silicic ultramafic alkaline rocks and a set of carbonatitic rocks show a spatial and 

temporal relationship in three stages: (i) a first stage, comprising an ultramafic intrusion; (ii) 

a second stage of auto-metasomatism, which favors fenitization of the host rock and alters 

the ultramafic rocks previously emplaced; and (iii) a final stage of carbonatization, which 

can be subdivided into five rock forming events: magmatic foscorites, sovites, silicosovites, 

beforsites, late veins.  

 GIERTH & BAECKER (1986) studied the evolution stages of the C1CAC. The 

authors proposed a model of mineral occurrences with an initial ultramafic stage, a later 

carbonatic stage, followed by a hydrothermal stage and final weathering. The initial 

ultramafic stage is characterized by phlogopite, apatite, oxides and carbonates and 

phlogopitization of the serpentine. The third stage is characterized by sulphides, chlorite, 

barite, quartz and carbonate remobilizations. The last stage was responsible for alteration, 

remobilization and concentration of apatite along the weathering profile. 

 LAPIN (1982) and HIRANO et al.(1987) (apud RIBEIRO 2008) proposed an 

evolutional scheme for the Catalão I magmatism, which involved liquid immiscibility, as 

illustrated in Fig. 3.1.  From silicic magmas and a liquid fluid immiscibility process, silicatic 

magmas and carbonatitic alkaline magmas were generated. The silicic magmas 

crystallized, creating the ultramafic rocks of the C1CAC. In contrast, the alkaline magma 

underwent three processes: fractionation, which yielded phoscorites; direct extrusion into 

alkaline carbonatites and a second phase of liquid immiscibility, in which Nb-rich 

carbonatites and sovite>>beforsite>>ankerite-bearing carbonatites were generated. 
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Fig. 3. 1 Evolution Model for the Catalão I Complex. Modified from HIRANO (1987) and LAPIN (1982, 
apud RIBEIRO 2008) 

 ARAÚJO (1996) made a petrographic and mineral chemistry study in the C1CAC, 

analyzing numerous rocks, including dunite, pyroxenite, phoscorite, phlogopitite, 

carbonatite and carbonatitic breccias. The author suggested that phlogopitites originated 

by the transformation of dunites, foscorites and clinopyroxenites. The author also 

recognized two evolutional phases: an ultramafic magmatic phase and a carbonatic phase, 

proposing that the metasomatism described in the complex is related to the carbonatitic 

intrusions. 

BAECKER (1983) and DANNI et al.(1991) (apud RIBEIRO 2008) suggested that 

metasomatic process enriched the magnetite-bearing olivinites and clinopyroxenites with 

magnetite, phlogopite, calcite and apatite by addition of CO2, Ca, P, K, Al and Na and 

removal of Si, Mg, Fe and Ti. PEREIRA (1995) exposed a petrologic evolution model that 

involved firstly a magmatic phase that created the phoscorites and pyroxenites. Later, a 

metasomatic phase induced the transformation of olivine into phlogopite and brought the 

pyrochlore mineralization into the rock. The later phases, almost exclusively hydrothermal, 

created the carbonatitic, the apatite mineralization and transformed olivine into serpentine 

and perovskite into anatase. 
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Several other studies conducted in the C1CACwere focused on its weathering 

mantle. The work of OLIVEIRA & IMBERNON (1998); TOLEDO et al. (2002); TOLEDO et 

al. (2004a) and TOLEDO et al. (2004b) defined the weathering mantle classification, the 

possible mineralogical phases within it and the mining products favored in several stages. 

OLIVEIRA & IMBERNON (1998) defined five horizons of the weathered mantle from top to 

bottom (Fig. 3.2): 

Allochtonous covers: the top layer consists of reddish to pink allochtonous soils. 

Isalteritic saprolite: another 25m deep profile. It has clayish-sandy material that can be 

yellow to reddish. Homogenization of mineral phases does not allow identifying rock 

structures. 

Aloteritic Saprolite: a 25m deep profile, resulting from advanced weathering of the 

altered rock horizon. Some primary rock structures can still be observed, but the overall 

appearance is that of a homogenous altered soil. Vermiculite is the main mineral in this 

section. 

Altered rock: in this horizon, rock structure is almost completely preserved. Metasomatic 

alteration can enrich phlogopitites with hydrothermally transported apatite (TOLEDO, 

1999), creating green breccias (where dunites are intruded) or apatite pockets (where 

nelsonites are intrude by phoscorites). 

Fresh rock:  phoscorites and phlogopitites, intruded by abundant carbonatite veins. 
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Fig. 3. 2 a) Weathering profile model for the Catalão I Carbonatitic Alkaline Complex (based on 
OLIVEIRA & IMBERNON1998) and ( b)comparable field photograph. (c) Mine face composed of altered 

rock with anomalous concentration of P2O5 in apatites (green polygons) 
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Although this weathering profile model has been admitted for the whole complex, 

the authors acknowledge that the model does not relate directly to the original rock 

lithologies. They pinpoint the isalteritic saprolite as the most interesting economic target for 

P. They also note that most phosphate minerals have degraded from apatite into hydrated 

phosphates that may have Ba, Al or Fe. TOLEDO et al. (2004) showed that apatite grains 

still present in the aloteritic saprolite show dissolution marks when examined through SEM 

and EMP analyses  

Chemically, the aloteritic saprolites are dominated by Fe2O3 and TiO2. They 

present phosphates when apatite is dissolved and altered into goerceixite and other 

aluminous phosphates of the crandallite group. TOLEDO (1999), TOLEDO et al. (2004), 

TOLEDO et al. (2002) and FERRARI et al.(2007) showed that a variation on this group 

was dominated by Ba (goerceixite) > Al (crandallite) >goyazite (Sr) >> REEs-bearing 

phosphate (florencite).  

The monazite deposits were studied in more detail by TOLEDO et al. (2004) and 

TASSINARI (2001). The authors tried to provide mineralogical background information for 

industrial recovery. The results obtained made clear that crystallization of monazite in the 

complex was hardly developed. Commercial tryouts to enrich monazite and make it 

profitable as an economic commodity are being executed since 1995. 

3.2.2 Tapira Alkaline Carbonatitic Complex 

The Tapira Alkaline Carbonatitic Complex (TACC) is located in the southern part of a 

late Cretaceous, carbonatite-bearing complex in the Alto Paranaíba Igneous Province 

(GIBSON et al., 1995). Bebedourites are common, primarily composed of diopsidic 

pyroxene and variable amounts of phlogopite, perovskite, apatite, magnetite, Ti-garnet and 

sphene (BRIGATTI et al., 2004). 

The geologic and petrologic characteristics of the Tapira complex were detailed by 

BROD (1999) and BROD et al. (2001). The crystal chemistry of the micas from this pluton 

and the relative proportion of endmembers (phlogopite, annite and tetra-ferriflogopite) 

were used both to discriminate between different alkaline rock types and to establish 

evolution trends (BRIGATTI et al., 2004) 

Lithologically, the TACC was classified by BROD (1999) and BROD et al. (2005) 

based on the petrography of drill cores. Resuming the lithotype classification, there are two 
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types of Bebedourites (B1 and B2), five types of carbonatites (C1 to C5), wehrlites and 

other olivine-bearing cumulates, phlogopite picrites and bebedouritic dykes. 

The bebedourites are defined by TRÖGER (1928; apud BROD et al. 2005) as 

clinopyroxenites rich in diopside, biotite, perovskite and opaque minerals with accessory 

apatite, K-feldspar and olivine. The type locality for bebedourites is located on the Salitre 

Alkaline complex in the Alto Paranaíba Igneous Province (GIBSON et al., 1995). The B1 

bebedourites comprise essential diopside, perovskite, apatite, phlogopite and magnetite. 

Olivine and chromium-rich spinel are typically absent. Melanite, carbonate and rare 

zirconolite may occur in accessory amounts. According to BROD et al. (2005), abundant 

perovskite are strong indicators of silica-undersaturation in the magma that produced 

these rocks. The opaque minerals crystallized either after or as the same time than 

phlogopite. This resulted in the opaque minerals forming anhedral and interstitial phases. 

The crystallization order defined by BROD (1999) for the least evolved magmatic rocks are 

apatite>perovskite>diopside>phlogopite+magnetite. For the more evolved rocks the trend 

is diopside>perovskite>apatite>magnetite+phlogopite. 

The B2 bebedourites are usually finer-grained and have higher clinopyroxene 

content than those of B1. Densely packed diopside crystals with intercumulus phlogopite 

are common, with apatite, perovskite, melanite and titanite present as accessories. An 

initial crystallization order at the early stages proposed by BROD et al. (2005) is the 

following: apatite + perovskite > diopside > phlogopite + magnetite > garnet > titanite.Later 

on, this sequence is replaced by diopside> ±perovskite > apatite > phlogopite + magnetite 

> garnet> titanite > ±K-feldspar. 

B2 bebedourites appears to be more evolved than the B1 bebedourites, given its 

higher silica content. However, as BROD et al. (2005) pointed out, this evolution was not 

swift due to the presence of Ti-rich garnet in the less differentiated wehrlites. The same 

authors indicate that this process might have been controlled by any of three alternative 

events: (i) preferential removal of silicate (olivine, clinopyroxene) or non-silicates (apatite, 

perovskite, oxides) phases; (ii) assimilation of the quartzitic country rock given the high Sr 

and Nd amounts in some ultramafic dykes and rounded quartz xenocrysts in carbonatite 

dykes (BROD, 1999) or (iii) involvement of Tapira magmas into one or more episodes of 

carbonate-silicate liquid immiscibility. 
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Carbonatites (C1 to C5) are dispersed throughout the whole complex, having 

differentiated mineralogy according to the evolution of the bebedourites. C1 carbonatites 

encompass the largest carbonatite area in Tapira, and consists of Ca carbonatites and 

dolomite-Ca carbonatites intruding the ultramafic rocks of the B1 unit, near the center of 

the complex. They are granular, medium-grained, and vary from homogeneous to locally 

banded. The essential minerals are calcite, phlogopite, magnetite and apatite, whereas 

dolomite, sulphides, barite and pyrochlore occur subordinately.  

C2 carbonatites occurs either as an independent intrusion, spatially associated with 

syenites in the center-northern region of the complex; either as dykes and diatreme-facies 

breccias elsewhere in the complex. C2 carbonatites are associated with the syenites, 

usually appear more fine-grained than C1 carbonatites and are composed of carbonate, 

with accessory magnetite. 

C3 carbonatites occur in the northern extremity of the complex and are 

geographically associated to B2 bebedourites. They are usually found intruding at the 

contact between B2 and B1 bebedourites. This unit consists of isotropic, granular, 

medium- to coarse-grained calcite-carbonatites, with subordinate rounded crystals of 

apatite. Magnetite is common, and xenocrysts of diopside and phlogopite are conspicuous 

(BROD 1999). 

C4 carbonatites are very similar to C3, but lack diopside xenocrysts. It outcrops 

where no contact with country rocks is observed. C5 carbonatite comprises a number of 

late-stage, thin dykes and veins scattered throughout the complex. C5 carbonatites are 

usually fine-grained and equigranular, composed of dolomite or mixtures of dolomite and 

calcite. Magnetite and barite are common. Apatite and xenocrystic phlogopite are rare 

(BROD et al., 2005). 

Phlogopite picrites are composed of subhedral to euhedral olivine phenocrysts set 

in a fine-grained groundmass rich in phlogopite, carbonate, apatite, perovskite and opaque 

minerals. It is also possible to find phlogopite, apatite, clinopyroxene or perovskite as 

xenocrysts. 

The bebedouritic rocks typically contain phenocrysts of one or several pyroxenes, 

apatite, garnet and phlogopite. With the magmatic evolution of these dykes, the carbonate 

content progressively increases in the groundmass, often leading to the formation of 
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carbonate globules or ocelli textures, which are interpreted as evidence of liquid 

immiscibility, in the same way as with the phlogopite picrites (BROD et al., 2005). 

The P mineralization is associated with Ti in the weathering cover of the whole 

weathering profile. Chemical alteration depths are varied, reaching at points more than 

200 meters. The weathering profile has been characterized in four different zones from top 

to bottom: sterile, Ti-rich, P-Ti-rich and mineralized in P (Vaz de Mello, 1983) 

The sterile zone, also called latosolic, can cover 20 meters deep. The main 

minerals described by VAZ DE MELLO (1983) in this zone are kaolinite, gibbsite, goethite, 

hematite, secondary aluminum phosphates and anatase. Eventually, concretionary 

nodules with quartz sediments of the Araxá Group are also observed in this zone. 

The underlying, Ti-rich zone has an approximate depth of 40 meters. Rock structure 

at this zone can be partially identified. Main minerals are the same than those observed in 

the latosolic zone, but anatase is more yellow and fine grain size minerals are less 

abundant. Most of the micas in this zone are transformed into vermiculite and some 

perovskite is apparent. 

Down below, the Ti-P-rich zone has well preserved rock structure. Substantial 

amounts of primary apatite that has undergone partial dissolution can be identified with 

perovskite altered to green anatase. The micas are altered to vermiculite; Ti-rich magnetite 

is altered to maghemite and hematite. This zone corresponds to the most sought-after rock 

product of the mine. 

The P-rich zone is an 80 meters thick layer formed above the fresh bedrock. It is 

composed of piroxenites and peridotites less altered by chemical weathering. Fresh 

perovskite is ubiquitous and apatite becomes the main mineral. Ti-rich magnetite, 

diopside, ferruginized olivine and fresh phlogopite are secondary minerals. 

A locality map of the Tapira and Catalão I complex is shown in fig. 3.3. Figs. 3.4a and 

3.4b display a simplified geological map of both complexes, as well as a sites visited in the 

field.  
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Fig. 3. 3 Locality map of the C1CAC and TACC carbonatitic complexes. ASTER images are displayed 
as R3, G2, B1 false color composites. Vegetation is rendered in red hues and pits with exposed rocks 

and soil are portrayed in bluish to white hues. 
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(a) 

(b) 

Fig. 3. 4. C1CAC (a) and TACC (b) geological maps. Sampling points are marked by circles. 
Background images correspond to a ASTER  R6, G3, B2 false colour composite. 
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3.3 Materials and Methods 

Rock and soil samples were collected in the horizons in which phosphatic rocks and 

minerals occurred in economic concentration in the C1CAC and TACC. Samples were 

collected from vertical and horizontal profiles when possible to determine if changes in 

topography could help integrate the location of the weathering mantle, the main mineral 

phases of the studied horizon and the spatial distribution of the phosphate minerals. 

Sample processing followed four main steps: 

1. Raw Samples were dried at 50oC for over 24 hours to eliminate excess humidity 

and avoid carbonatic recrystallization. 

2. A first measurement of reflectance was conducted on the samples. 

3. Samples were crushed on jaw steel crushers, grinded in ball planetary mills and 

their 200 mesh finer fraction separated. 

4. Grinded samples smaller than 200 meshes were analyzed by reflectance 

spectroscopy, XRD, XRF and Fourier Transformed Infrared spectroscopy (FTIR). 

Reflectance measurements were performed with a Portable ASD® FieldSpec 3 Hi 

Resolution Field Spectrometer coupled to a Mineral Probe. This proximal sensor records 

2151 channels/bands in the VIS-NIR-SWIR region of the electromagnetic spectrum. The 

mineral probe allows measurements to be made almost in direct contact with the sample. 

Spectra collection was set to 75 counts for white reference and dark current standards, 

using a measurement time of 5 seconds per spectra and a Spectralon (calibration) panel. 

In order to properly estimate absorption features, reflectance values were normalized 

through Continuum Removal in the 0.35-2.5µm range to locate prominent absorption 

features in the VNIR-SWIR range. For detailed spectral comparison, especially in the 

0.75µm, the continuum removal was performed using the PRISM plugin application for 

ENVI(KOKALY, 2011).  

Emission spectroscopy (RUFF et al. 1997) analysis were conducted in the Infrared 

Spectroscopy Laboratory of the State University of Campinas. Diffuse Reflectance (r) 

measurements of finely grinded sampled material were taken on a Nicolet 6700 FTIR 

spectrometer, with a DRIFT Chamber (Diffuse Reflectance Infrared Fourier Transformed 

measure) at 20oC. This measurement was then conversed to emissivity using Kirchoff’s 

Law, as shown in equation 1: 
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ε= 1- r  (1) 

where ε stands for emissivity and r stands for diffuse reflectance. 

X Ray Diffraction was made using a Bruker AXS D2 phaser difractometer. The current 

was set to CuKα= 1.546; 2θ angles varied from 6o to 600 with step times of 1 second. The 

resulting diffraction file was processed using the Phillips X’pert HighScore 1.0b software 

for mineral phase recognition. 

X Ray Fluorescence was made using glass discs, with lithium tetraborate, using 5 g of 

fundent and 1.2 g of calcinated sample for major elements and pressed powder pellets for 

trace and minor elements. Seventeen samples were analyzed at the Geochemistry 

Laboratory of the State University of Campinas. The Standard Reference Material used for 

P were BCR®-032 (Natural Moroccan phosphate Rock), SRM-120c (Florida Phosphate 

Rock) and SRM-694 (Western Phosphate Rock). 

3.4 Results 

Reflectance and emissivity spectroscopic charts, plus XRD and XRF results, are 

displayed below to show the behavior of primary and secondary phosphates phases. 

Reflectance spectra are presented from 0,35μm to 2,5μm. Emissivity spectra are 

presented from 2,5 μm to 25 μm. 

3.4.1 Sample descriptions: 

Samples from the C1CAC were mostly taken from the isalteritic and altered rock 

horizons. Fewer samples were collected in the aloteritic and in the fresh rock horizons. 

Weathering in the TACC, although present, is not as expressive as in C1CAC, so it was 

possible to collect data from fresher rocks. A resumed list indicating the classification of 

the collected samples and their location in UTM coordinates is given in table 3.1. 

3.4.2 X-Ray Fluorescence: 

X Ray Fluorescence data was obtained in order to see how chemical content could 

influence the reflectance and emissivity spectroscopy features. It was preferred over other 

analytical techniques (for example ICP-MS) for its wide range of element detection, 

preparation procedures similar to those used for the spectroscopic analyses, availability 

and reduced analytical costs. X Ray Fluorescence data is presented in table 3.2.  
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Economically relevant phosphates in both complexes are marked by ≥7% wt of 

P2O5. This information was here used as a chemical discriminator in the selection of 

phosphate rock targets. 

Interesting results yielded from chemical associations may explain the P2O5 

percentages found in the phosphatic rocks. Primary and secondary apatites sampled from 

fresh rock or altered rock horizons show a CaO/P2O5 ratio> 1,5. Apatites that have 

undergone weathering process and lost structural Ca display a CaO/P2O5 ratio between 

1,5 and 1. 
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Tab. 3. 1 Selected sample descriptions of the CA1AC and TACC 

  X Y Sample Sample Description 
C

at
al

ão
 I 

Aloteritic 
Horizon 

203321 7992628 CA-09 Brown Aloterite 

Isalteritic 
Horizon 

203327 7992558 CA-16 Isalteritic phosphatic soil 

203373 7992546 CA-18D Phlogopite phoscorite 

202714 7992466 CA-20 Phoscorite with magnetite 

203298 7993583 CA-32 Silexite 

203284 7993567 CA-33 Isalteritic titaniferous soil 

203276 7993550 CA-35 Isalteritic Phoscorite soil with magnetite 

203278 7993534 CA-37 Isalteritic ferric soil 

Altered 
Rock 

Horizon 

203331 7993520 CA-39, CA-
42 

Magnetite-Calcite Phoscorite; Apatite with 
magnetite 

203078 7993341 CA-55 Saprolite with Apatite and magnetite 

202411 7992272 CA-123 Green Breccia with magnetite 

202798 7992471 CA-127 Brecciated Phlogopitite 

202678 7992341 CA-129 Silexite-dolomite carbonatite contact 

203463 7992849 CA-
VERCA2 

Vermiculite 

202738 7992339 CA-130 Phlogopitite with magnetite 

202767 7992339 CA-131 Brecciated Phlogopitite 

Fresh 
Rock 

Horizon 

203943 7993343 CA-
Monazite-

Barite 

Monazite intergrown with Barite 

203652 7992866 CA-103 Cumulatic Carbonatite 

203943 7993343 CA-APCA Carbonatite-apatitite 

T
ap

ir
a 

Ti Zone 307160 7801575 TA-219-220-
221 

Breccia-carbonatite-B2 bebedourite contact 

307754 7801906 TA-228A; 
TA-228B 

Altered B2 bebedourite with goethite 

308096 7802571 TA-236 Isalterite with secondary phosphates 
P Zone 305999 7800656 TA-209; 

TA210 
Vermiculite; Bebedourite with vermiculite 

307150 7801610 TA-218 Flux-mineral banding, carbonatite-picrite 
Fresh 
Rock 
Zone 

306161 7800354 TA201-
202a-202b-

203-204 

Altered B1 bebedourite ; Pegmatoid B1 
bebedourite 

306135 7800402 TA-205 Possible monazite; Monazite B1- Bebedourite 
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Tab. 3. 2 X-Ray Fluorescence data for samples collected in the C1CAC and TACC complexes 

 

3.4.3 Reflectance Spectroscopy: 

In both TACC and C1CAC complexes, main absorption features of fluorapatite 

and/or monazite were identifiable in whole rock samples, as described by HUNT et al. 

(1972), when P2O5 wt% reaches ≥10% and rock structure is somewhat preserved. The 

absorption bands of the REEs in phosphates are doublets located at 0.57μm and 0.75μm 

and a single absorption band located at 0.8μm. It was not possible to determine precisely 

yet to which REEs the features correspond. It was observed that the double absorption 

feature at 0.57μm might not appear at all times that phosphates are detected by 

reflectance spectroscopy, considering other wavelengths. This is attributed to weathering 

and loss of the REEs from the crystal lattice. When present in samples, igneous 

phosphates always display absorption features centered at 0.75μm and 0.8μm. 

The spectroscopic charts shown in Figs. 3.5 to 3.23 indicate clear absorption 

features for monazite, carbonates, phlogopite, vermiculite and kaolinite. Maximum 

reflectance features for goethite are in the same bands where the REEs absorption 

features are located. However, as detailed by XRF, absorption features of REEs in apatite 

and monazite prevail over Fe absorption features when P2O5 wt% is ≥15%, regardless of 

Fe content. 

3.4.3.1 Catalão I Carbonatitic Alkaline Complex (C1CAC) 

Samples extracted from fresh rock horizons (sample CA-Monazite-Barite) of the 

C1CAC showed a crystal twining of monazite with barite. These samples were measured 

for reflectance and emission spectroscopy (fig. 3.5), considering different proportions 
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between these two minerals. The spectrum displays weak absorption bands due to REE 

ion charge transfers at 0,565μm, 0,75μm and 0,8μm, similarly as reported by HUNT et al. 

(1972), ROWAN et al. (1986), ROWAN et al. (1995) and MARS & ROWAN (2011) for 

apatite and carbonatites from the Oka Carbonatitic Complex, Iron Hill, Gem Park and 

Mountain Pass in the US and Kaneshinn in Afghanistan. Hydroxyl and water absorption 

features are present at 1.4μm and 1.9 μm and a well-defined calcite band is marked 

around 2.34 μm. 

The region around 0.565μm, 0.75μm and 0.8μm helps to determine to which 

phosphate mineral corresponds those absorption features, based on the shape imprinted 

by the REEs present as inclusions in the phosphate minerals. A more detailed spectrum 

on this region, extracted from the United States Geological Survey Spectral library, is 

presented in fig. 3.5 for comparison.  

A zoom in the 0.5-0.95 spectral range (figs. 3.5 b,d,f) shows that a double 

absorption feature, commonly observed when monazite is abundant in the samples, 

appears around 0.75µm. Such feature is due to the charge transfer of ions of REEs 

present in the mineral, either by La (HUNT et al, 1972) or Nd (ROWAN et al, 1986; 1995). 

Fluorapatite has a relatively poorly-resolved double feature, both in band depth and shape, 

with a small displacement of the band center towards 0.754µm (fig. 3.6, CLARK et al, 

2007). These attributes can be used to identify the mineralogy of phosphates and REEs-

bearing phases directly. A comparison between the monazite present in the USGS 

Spectral Library and the C1CAC monazite shows that the later has a doublet feature 

around 0.8µm, instead of a single feature, as observed in the reference library spectrum. 
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Fig. 3. 3. C1CAC Reflectance spectra of monazite-barite intergrowth. 
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Fig. 3. 4 Reflectance spectra subset of fluorapatite and monazite (Clark et al., 2007). 

 

 A selected cluster of soil and rock samples collected above and within the isalteritic 

and aloteritic horizons (OLIVEIRA & IMBERNON 1998), which particularly bear low P2O5  

content (as revealed by XRF), show well developed features for goethite (Fe2O3), 

magnetite (FeO), muscovite and dolomite (fig. 3.7).  

 XRD analysis of sample CA-29 (fig. 3.8), representative of sterile samples from the 

aloteritic and isalteritic horizons, shows the presence of secondary Al phosphates and 

secondary Ca phosphates (ernstite, aldermanite, paramendozavilite and carbonate-

fluorapatite). These minerals show low intensity and evidences of low “cristallinity” on the 

diffractograms, given the wide peaks observed. XRF results for these samples yielded a 

P2O5 content of less than 5%, a threshold that makes this material expendable in the 

industrial recovery of apatite. 
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Fig. 3. 5 Reflectance spectra of P-free soils and rocks from the C1ACC. a) silexite. b) hand specimen of 
brown aloterite with silexite vein. c) aloteritic titaniferous soil. d) brown aloterite.  
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Fig. 3. 6. XRD of sample CA-29 representative of the isalteritic-aloteritic profile sterile rocks and soils 
from the C1CAC. 

Samples of carbonatite-apatitites, phoscorites, phlogopite-phoscorites and altered 

phlogopitites form a representative cluster of materials mined in the isalteritic and altered 

rock profiles (fig. 3.9). They are named specifically as phlogopite-phoscorite (CA-18D), 

dark magnetitic phoscorite (CA-55), phoscorite with magnetite (CA-20) and magnetitic 

phoscorite (CA-39). Most samples show typical REEs-bearing phosphate features 

between 0.5-0.95 μm, although the 0.5 μm feature can be absent when samples are 

severely weathered. Features of additional mineral phases in these rocks, such as 

phlogopitite, calcite, dolomite and kaolinite, are identified as secondary markers of the 

lithotypes.  
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Fig. 3. 7. C1CAC samples with REEs-P absorption features in the VNIR spectra. a) phoscorite with 
magnetite. b) hand specimen of phoscorite. c) phlogopite-phoscorite. d) phlogopitic phoscorite.. 

 

Detailed analysis of sample CA-20 in the 0.75μm-0.8 μm range (fig. 3.10) indicates 

that there is a match between the existence of fluorapatite in the sample and the 

appearance of REEs absorption features in the spectra. Note in the figure that the doublet 

feature is ill-defined in the spectra displayed in blue color (reflectance measurement of the 

magnetitic fraction of the phoscoritic sample). The absorption feature represents the 

presence of REEs inclusions in the fluorapatite structure, forming a plateau instead of a 

doublet absorption band. An absorption band centered at 0.754µm is observed in contrast 

to the well-defined doublet that monazite usually shows at 0.749µm. The band absorption 

at 0.8µm is also probably linked to the presence of REEs. The difference in the features is 

attributed to variation of Fe content, forming intimate mixtures in the sample. 
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Fig. 3. 8 Spectral subset (0.65-08.5 μm) for sample CA-20 (C1CAC). The blue spectrum represents a 
sample fraction that has more magnetite, masking the REEs+3 absorption features. Red and green 

spectra were measured in samples fractions in which fluorapatites were dominant. 
 

Spectra of rocks collected in the altered and fresh rock horizons generally display 

REEs absorption features that are easily discernable both at mined and wall rocks. A 

sample of carbonatite-apatitite (fig. 3.11) was collected at the fresh rock horizon. It shows 

a well-defined calcite absorption feature at 2,34μm and absorption features at 0.75-0.8 μm 

related to the presence of REEs. Some water absorption features are also detected in the 

water band between 1.90-1.97 μm. This sample shows a good match to previously 

published spectra of carbonatites studied elsewhere (ROWANet al. 1986; ROWANet al. 

1995; MARS & ROWAN 2011). 

A detailed analysis of the REEs absorptions features of fig. 3.10 indicates that the 

phosphate detected in sample CA-carbonatite-apatitite is monazite. This interpretation is 

based on the depth of the feature and the clear doublet at the 0.75μm band; also the band 

center matches the monazite band center at 0.749 µm(fig. 3.12). 
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Fig. 3. 9 Reflectance spectra of a Carbonatite-Apatitite of the C1CAC. 

 

 
Fig. 3. 10 Spectral subset (0,55-0,85 μm) for sample CA- Carbonatite- Apatitite (C1CAC). 
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3.4.3.2 Tapira Carbonatitic Alkaline Complex 

The Tapira Alkaline Carbonatitic Complex (TACC) spectra are marked by more 

smoothed absorption features in general. Here, weathering is not as widespread as 

observed in the C1CAC. REEs absorption features are depicted at 0,52μm; 0,75 and 0,8 

μm. Micas analyzed through reflectance spectroscopy range from phlogopite, vermiculite 

and biotite, and can form phenocrysts up to 8 cm in length. Clays are scantier and Fe-O 

bonds have broader shoulders than those found in the C1CAC samples, probably due to 

less significant chemical weathering. 

Sample TA-205 comprises a green, hard mineral described as monazite by miners 

in the TACC.  Reflectance spectra yielded from this sample are displayed in fig. 3.19a. 

Vermiculite was also detected. Maximum reflectance spikes are observed around 0.48 μm; 

0.64 μm and 0.82 μm. Vermiculite features appear at 1.4 μm. Al-OH absorption bands are 

depicted at 2.29 μm and 2.38 μm. The reflectance peak at 0.54 μm is responsible for the 

vivacious green color of the sample. Using XRD, it was possible to identify three mineral 

phases in the sample: ajoite, corvusite and vermiculite (fig. 3.19b).  
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Fig. 3. 16  a) Reflectance spectra and b) XRD of a sample with ajoite-corvusite  (TACC). 

 
The most prominent REEs absorption features were identified in sample TA-219. 

The hand specimen was catalogued as a layered phoscoritic-picritic-carbonatite (fig. 3.20). 

The sample spectra show significant REEs absorption bands (fig. 3.21b, 3.21c). In 

different parts of the spectrum, calcite, illite and kaolinite features are also observed (Fig. 

3.21b). A detailed examination of the pattern of the REEs absorption bands shows that 

monazite is the dominant phosphate in the sample, considering the sharp doublet centered 

at 0.75μm.  
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Fig. 3. 17: Sample TA-219 of a layered carbonatite (TACC) 

 

 
 

Fig. 3. 18 a) Phoscorite-picrite-carbonatite from the TACC. b) Full spectrum of the phoscorite-picrite-
carbonatite (TACC) c) Sub-set of the 0.55µm-0.85µm spectrum displaying REEs absorption features. 

 

The TACC B2 (carbonatitic) bebedourite display a strong Fe+3 absorption within 

isolated REEs absorption features. REEs absorption features are present at 0.55µm; 

0.75µm and 0.8µm. Typical phlogopite and dolomite absorption features are also observed 
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in the sample spectra. Phlogopite features are strong and distinctive, especially at 1.4µm. 

The spectra can be seen in fig. 3.22. 

 
Fig. 3. 19.a) Reflectance Spectra of Carbonatitic Bebedourite (TACC). Green spectrum corresponds to 

a bebedourite with phlogopite; blue spectrum is a bebedourite with magnetite; red spectrum is a 
bebedourite sensu stricto. b) Picture of the analyzed sample. Target colors correspond to spectral 

curves illustrated in (a). 
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Fig. 3. 21 Monazite crystals yielded from the C1CAC measured for Diffuse Reflectance (2.5-25 μm). 

 

The spectrum, shown in fig. 3.25, is dominated by double absorption features at 

3.43-3.54 μm and 4.01-4.08 μm. There is a minimum in emissivity at longer wavelengths 

(8.81 μm) that is due to P-O bonds. This feature coincides with the phosphate stretching 

and bending v3 region (REDDYet al. 2008). The main absorption feature in Emissivity was 

not observed with the spike doublet as it is reported in other spectral libraries (DAASCH & 

SMITH 1951; CHRISTENSENet al. 2000; LANEet al. 2007a; LANEet al. 2007). This may 

be caused by the crystallizing conditions in Catalão I, which have been reported as non-

ideal for apatite and monazite, while goerceixite is produced when primary apatite goes 

through Ba replacement. Also, interstitial water has been determined in monazites from 

Catalão I (TOLEDO et al. 2004a; TOLEDO et al. 2004b). 
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Fig. 3. 22 Emissivity of pure Monazite crystals (C1CAC). 

 

Emissivity characterization of sample CA-115, a phoscorite rich in apatite, yielded a 

stronger absorption feature in the P-O band, once again without the spike of the P-O 

double absorption feature (fig. 3.26). XRF data for this sample yielded the highest P2O5 

%wt measured in this deposit (35%wt P2O5).  

Sample CA-123 (fig. 3.27) shows absorption features centered at 8,5-9,2 μm 

related to niobium and apatite, similarly as reported by HAIDER (1961) elsewhere. Double 

absorption features are less accentuated due to lower phosphate content as indicated by 

XRF analysis. 
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Fig. 3. 23 Emissivity of Sample CA-115 (C1CAC). 

 

 
Fig. 3. 24 Emissivity of Green Breccia sample CA-123 (C1CAC). 
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The emission spectroscopy results for the approached lithotypes suggest that 

relationships for the amount of P2O5 detected by the FTIR instrument are non-linear. Other 

oxides that were detected by XRF could not be distinguished in the emissivity spectra. 

However, it is noticeable that the emission high centered at 8.2 μm is consistent in all 

samples investigated. This suggests that it is possible to characterize phosphates using 

FTIR techniques and then use this information for remote sensing of igneous phosphates, 

combined with the spectroscopic information from the REEs absorption bands. Also, the 

presence of high contents of U on samples from the TACC complex might be responsible 

for less developed features in the TIR region of the spectra, which gives TACC emission 

spectra a smoother, less crystalline visual pattern. 

It was noted for the majority of studied samples that phosphates are more prone to be 

identified through their REEs absorption features in the phlogopitite and carbonatite 

lithotypes, especially when P2O5 is above 10%wt. Main mineral phases in these units are 

phlogopite, vermiculite, biotite, calcite, dolomite, and clays (kaolinite and montmorillonite). 

The clays are usually present in the areas where phlogopitites are exposed. Phoscorite 

weathering favors the formation of sandy soils, given the resistance of apatite and 

magnetite to weathering agents. 

REEs absorption bands presented here cannot be pinpointed to a specific REE. While 

HUNTet al., (1972) attributed the REEs absorption features to the divalent ion of La2+, 

ROWAN et al., (1986) qualifies the absorption features of 0.75 and 0.8μm to Nd2O3. This 

cannot be confirmed yet, since a detailed REEs study is out of the scope for the moment, 

but it will be looked on in future research. Another factor that leads to unclear results is the 

substitution mechanisms in monazite and apatite that can make that fluorapatite features 

become less prominent. 

Substitutions in the fluorapatite structure by REEs are complex and prone to many 

outcomes (PAN & FLEET, 2002). For the fluorapatite of Catalão I, REEs varies from Sr to 

Gd (RIBEIRO, 2008), but always as a secondary REE carrier. Monazite acts as the main 

REEs mineral bearer. The dependence of the partitioning coefficient of REEs on SiO2 is 

generally attributed to a decrease in the number of melt sites suitable for REEs3+ cations, 

with increase in the degree of polymerization (WATSON 1976; ELLISON AND HESS 

1989, GAETANI AND GROOVE 1995, apud PAN & FLEET 2002). In this context, it is very 

likely that although apatites in the Catalão I complex were being altered due to weathering 
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and transportation on the weathering profile, they could substitute minerals into the apatite 

structure following the equation proposed by PAN & FLEET, (2002): 

REEs3+ + SIO4+ = Ca2+ + PO   (2) 

This equation would be consistent with the weathering products in Catalão I, when 

hydrothermal fluids alter the carbonatitic rocks, lixiviating Ca2+ and mobilizing supergene 

apatite, as established by TOLEDO (1999).  

3.6  Conclusions 

Spectroscopy of phosphates proved useful for the discrimination of mine targets for 

the carbonatitic complexes of Catalão I and Tapira. The presence of REEs in the spectra 

can promptly indicate the sufficient amount of phosphorous that is needed for the mining 

recovery of apatite. The combined use of X Ray Fluorescence data, X Ray diffraction data, 

reflectance and emission spectroscopy allowed the classification and identification of 

mining lithotypes of the Catalão I and Tapira mines, providing data that is helpful for target 

selection, mine wall mapping and mineral exploration. 

For the carbonatitic complexes studied in this research, the lithotypes that can be 

best-discriminated using spectroscopy are carbonatites and phoscorites. These rocks host 

high concentration of phosphates both in the C1CAC and TACC. Mineralogical vectors in 

the APIP can be vermiculite and phlogopite, since these minerals are ubiquitous in the 

carbonatitic complexes known to date in the region. 

REEs play a major role in the identification of phosphate absorption features. We have 

been able to determine that the small variations in absorption features centered at 0.75μm 

can be used to distinguish monazite from fluorapatite and apatite-(Cl). This can be a 

possible path to link phosphate occurrences through remote sensing methods using 

several current multispectral sensors, including ASTER, given that its band 3 covers 

absorption features within the 0,75μm-0,8μm interval. 

Being proved in laboratory conditions that reflectance spectroscopy can identify 

important mineral phases that indicate the presence of phosphates, possible in situ 

methods can be developed that may measure, in semi-quantitative ways, the mineral 

phases present at mine sites, creating new and fast information for target selection and 

ore control at mine faces. 
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The spectral data presented here will contribute to the remote sensing of phosphates. 

It is envisaged that through digital image processing techniques it is possible to 

discriminate areas with phosphate concentrations using multispectral images that cover 

the visible and near infrared part of the electromagnetic spectrum.  

Reflectance and emissivity data applied jointly may provide regional solutions for the 

mineral prospecting of igneous phosphates. Using this tool as a prospecting technique in 

appropriate igneous provinces may lead to the discovery of new carbonatitic alkaline 

complexes and expansion of current phosphate reserves.  
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Capitulo IV: Reflectance and Emission 
Spectroscopy of Brazilian Sedimentary 

Phosphates: Lagamar and Rocinha mines 
(Minas Gerais State) 

4.1 Introduction 

Given their use in the fertilizing industry, phosphate rocks have been mined and 

prospected since the XIX century. Major deposits of the world are separated into three 

types: (i) guano (biogenic) deposits, that forms over accumulation of bird and/or bat 

excrement; usually on maritime shorelines or caves; (ii) igneous, that are usually mined in 

Alkaline Carbonatitic Complexes (e.g. Tapira, Araxá and Catalão I) and (iii) phosphoritic 

that are sedimentary packages of rocks with P2O5 %wt that surpasses up to a million 

times normal P concentration (FÖLLMI, 1996). 

These abnormal concentrations have attracted the attention of the phosphate mining 

industry since the early XX century. Although the geology of phosphate deposits is well 

defined, there are yet several features about phosphorite-bearing deposits that are subject 

of controversy in the scientific community. 

The spectroscopy of sedimentary rocks has been approached previously as a part of 

a series of remote sensing efforts to characterize P-bearing targets, either terrestrial or 

astronomical. As a result, landmark papers by HUNT & SALISBURY (1976) and HUNTet 

al. (1972) have brought important knowledge to the spectroscopy of sedimentary rocks 

and alteration minerals that can be detected through remote sensing. 

Brazilian sedimentogenic phosphates are less searched for than their magmatogenic 

counterparts, mostly because their spatial extensions are apparently smaller than the 

alkaline carbonatitic complexes. Sedimentogenic phosphatic rocks are usually situated 

along the margin of cratons. This is the case of the Neoproterozoic, Vazante Group 

phosphate deposits of the São Francisco craton (SANCHES et al., 2007). Such deposits 

stand as excellent targets to serve as a reference for prospecting sedimentogenic 

phosphates, in order to increase reserves of this important commodity. 
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The Vazante Group (DARDENNE, 2001) hosts the Coromandel, Rocinha and 

Lagamar phosphate deposits. Rocinha and Lagamar are currently operational mines. 

Despite being the most important sedimentary phosphate mines in Brazil (DA ROCHA 

ARAUJO et al., 1992), the deposits are scarcely reported in the geological literature 

(NOGUEIRA, 1993), despite regional correlations of phosphogenesis studies (SANCHES 

et al., 2007) and local publications from the Brazilian Geological Survey and associates 

(CPRM; DARDENNE et al., 1997).  

This work aims to provide the first reflectance and emission spectroscopy study of 

the Rocinha and Lagamar mines, in order to determine the possibility of finding absorption 

features that can indicate the presence of phosphates in the host rocks, using a quick and 

non-destructive analytical method. 

4.2  Geologic Setting 

Sedimentogenic phosphate deposits in Brazil range from the Neoproterozoic to 

recent guano accumulations in the northeastern states of Maranhão and Pernambuco. 

Also of interest are classic metamorphic phosphorites, although with limited spatial 

distribution (DA ROCHA ARAUJOet al., 1992; GIRARDet al., 1993; NOGUEIRA, 1993). 

The regional phosphogenesis of the Proterozoic phosphates of Brazil have been 

reviewed by SANCHES et al. (2007). They studied ð18O, ð13C and 87Sr/86Sr ratios, 

covering the deposits of Irecê (BA), Rocinha and Lagamar (MG), and provided possible 

connections between the sedimentation of the Vazante, Bambuí and Una groups. These 

groups have lateral correlations due to tectonic emplacements that took place during the 

Neoproterozoic, simultaneously to the merging of the Gondwana supercontinent. 

The Lagamar and Rocinha deposits are host by the metasedimentary sequences of 

the Brasília Folding Belt (BFB) (HASUI & ALMEIDA, 1970). This belt its located alongside 

the western portion of the São Francisco craton (ALMEIDA, 1967; ALMEIDAet al., 1976) 

crossing the Goiás, Distrito Federal and Minas Gerais states in West-Central Brazil. 

The BFB is the remnant scar of collisional processes in the Neoproterozoic that 

ended in the amalgamation of the west of the Gondwana Supercontinent (FUCK et al. 

1993; NOGUEIRA 1993). The deformational and metamorphic processes recorded in the 
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metasediments of the BFB are less intense from West to East, where the horizontal 

sediments of the São Francisco craton are deposited. 

Locally, the Rocinha and Lagamar phosphates are basal formations of the Vazante 

Group, as defined by DARDENNE (2000). The group comprises thick carbonatic 

sequences (>3000 m), mainly dolomitic that overlay glacially originated diamictites.   

The Rocinha Formation consists of three informal units (DARDENNE 2000). The 

basal unit is composed of yellow to brownish metamorphic phosphoritic, rhythmic 

quartzites and slates with a transitional contact with the middle unit. The middle unit has a 

thick, yellow to reddish package of slates and metamorphic siltstones, regularly 

interbedded. A transition zone can be observed towards the top with dark gray slates, with 

carbonates, pyrite and thin apatite-(CaF) laminations. This unit represents the main rock 

feed of the Rocinha mining complex. 

The top unit of the Rocinha Formation is a folded set of dark carbonates, rich in 

phosphates, alternated with yellow pelitic levels. Towards the top, lenses of slate and 

glauconite and chlorite are observed. This unit has a wide horizontal distribution and 

stretches from the Rocinha Mine until the bottom of the Lagamar mine. 

Regionally, rocks show evidences of ductile deformation and greenschist facies 

metamorphism.  This event has been recorded in folds that concentrate greater amounts 

of cryptocrystalline apatite-(CaF). In the phosphoritic quartzites, secondary formation of 

apatite-(CaF) appears without tectonic imprints (DA ROCHA ARAUJO, 1988; DA ROCHA 

ARAUJOet al., 1992; NOGUEIRA, 1993). Locally, greater P2O5 concentration is related to 

incipient cataclasis that disaggregated apatite (CaF) beds and generated secondary Ca-

enriched fluorapatite(DA ROCHA ARAUJO et al., 1992). 

The Lagamar Formation was divided by DARDENNE & SCHOBBENHAUS (2001) in 

two members: Arrependido and Sumidouro. The Arrependido Member has two informal 

units called E1 and E2 that behave as grade control units for the Lagamar mine 

operations. The E1 unit is a set of impoverished phosphate beds with red, clayey slates. 

The E2 unit is composed of a rhythmic sedimentation of phosphoritic, dark grey 

sandstones and yellow pelitic rocks. 

The Sumidouro Member has rhythmic sedimentation of sandstones, limey slates and 

quartzites. Towards the top, it displays some conglomerates that were described by 
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DARDENNE et al. (1986) as the Córrego Arrependido Conglomerate. Pebbles in this 

conglomerate correspond to quartzites, metamorphic siltstones and dark limestones. 

The chemical composition for both deposits is very similar; CO2 is particularly low for 

apatites of phosphoritic environments. DA ROCHA ARAUJO et al. (1992) emphasized the 

low content of CO2 in the Rocinha primary phosphates and attributed this feature to the 

simultaneous folding and metamorphism that the rocks suffered during the Brasiliano 

orogeny. 

4.3  Materials and Methods 

Rock and soil samples from the Rocinha and Lagamar were collected and 

catalogued at the mine localities. Firstly, they were dried at 50°C for 24 hours. A first set of 

reflectance measurements were performed with a FieldSpec 3 Hi Resolution© 

Spectrometer (Analytical Spectral Devices). The samples were then crushed in a steel jaw 

crusher and grinded on a planetary ball mill until achieving a particle size smaller than 200 

mesh. This size fraction was used for a new set of reflectance measurements.  

Redundant samples were submitted to X-Ray Fluorescence (XRF) analysis in glass 

discs (using lithium tetraborate as fundent in a 1:5 proportion) and pressed pellets on a 

Phillips PW 2404 X- Ray Spectrometer. X-Ray Diffraction (XRD) of powdered samples 

was made on a Bruker AXS D2 Phaser X Ray Diffractometer, using 2θ angles from 0° to 

60°, counting each step in 1 second. Samples were further measured in a Nicolet Nexus 

6100 for Fourier Transformed Infrared Spectroscopy (FTIR) to determine diffuse 

reflectance. Diffuse reflectance data were subsequently transformed to Apparent 

Emissivity using Kirchoff’s Law to look for the corresponding  P-O vibration absorption 

features, according to the equation: 

ε= 1- ρ (1) 

where ρ stands for diffuse reflectance, measured from 2.5 μm up to 25μm. 

VNIR-SWIR-TIR spectra were studied in order to find the proper absorption bands 

and make the mineralogical description of the samples. For each sample, at least 8 

reference spectra were yielded, according to variation in mineral phases. Spectral 

interpretation was made using the PRISM software (KOKALY, 2011) for identification of 
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Sample colors vary between yellow to dark grey. Tectonics effects are more 

evident on the Rocinha mine, where the rocks display features developed under ductile 

deformation (see sample RO-11B on Fig 4.3). The most representative samples from both 

mining sites are displayed on table 4.1. 

 

Tab. 4. 1: Sample description of the Rocinha and Lagamar mine sites. 

X Y Sample Description 

296532 7968347 RO-06 Interstratified sandstone-mudstone with cryptocrystalline 
apatite veins 

296500 7968398 RO-07 Laminated phosphoritic siltite with quartz intraclasts 

296494 7968409 RO-10A Phosphoritic dolostone with oxidation sheets 

296490 7968429 RO-11B Thrust-folded phosphorite 

296486 7968440 RO-12 Phosphoritic siltstone, folded 

296494 7968458 RO-14D Siltstone/Dolostone, altered 

296510 7968465 RO-15A Brown limestone with few apatite levels 

296472 7968332 RO-19A Brittle Limestone with chlorite and oxidized bands 

296458 7968336 RO-21 Phosphoritic siltstone with green matrix 

296439 7968342 RO-22 Phosphoritic siltstone with goethite packs 

296441 7968343 RO-23 Phosphoritic limestone. Cryptocrystalline apatite as thin 
sheets 

296444 7968344 RO-24 Calcite veins in PO-poor siltstone with goethite 

296476 7968306 RO-25A Clayey Phosphorite 

296476 7968306 RO-25B Soil above Clayey phosphorite 

296466 7968309 RO-26A Phosphorite 

296466 7968309 RO-26B Soil above sample 26A 

296448 7968297 RO-27B Phosphorite/ weathering mantle contact 

296448 7968297 RO-27C Clayish soil with goethite 

296448 7968297 RO-27D Sterile soil 

305637 7981023 
LG01 Beto-LG01G 

LG01H Silty slates with cryptocrystalline apatite 

305625 7981003 LG-02 Silty slates with clay and apatite 

305626 7981008 LG-0 Clayey siltstone 

305602 7981000 
LG-03 – Base of 

profile  Phosphoritic slate/ limestone contact 

305592 7980995 LGPV1 Clayey slate PO-poor 

305646 7981010 LGBMI05 Phosphoritic slate 

305609 7980981 LGBMI07 Marginal siltstone 
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4.4.2 X Ray Fluorescence 

X Ray Fluorescence measured on fused glasses of five samples for both Rocinha 

and Lagamar mines is presented in table 4.2. It is noteworthy that CaO/P2O5 relationships 

are close to 1 when the rock has enough apatite content to be considered as phosphate 

ore. Discrimination between carbonate-fluorapatite and fluorapatite is possible when the 

F/P2O5 ratio is higher than 0,2, meaning that anfluorapatite will have a CaO/P2O5 ratio 

higher than 1. Based on these facts, all samples mentioned in table 4.1, except sample 

RO-30, were portrayers of fluorapatite.  

The X-Ray Fluorescence of trace elements in these same samples show very low 

concentrations of REEs elements, much in contrast with other values reported for igneous 

phosphates. It can be inferred that the glacial environment that formed the fluorapatite as 

described by DA ROCHA ARAUJO et al. (1992), NOGUEIRA (1993) and DARDENNE et 

al.(1997), was enough to remobilize the REEs ions in the carbonate-fluorapatite structure 

of the phosphorites. The high values of Y reported by NOGUEIRA (1993) were confirmed 

for the studied samples. Samples are also rich in Sr and Ba and depleted in Rb and Sr for 

the normalized phosphorites, compared with data of NOGUEIRA (1993). 

 

Tab. 4. 2: X Ray Fluorescence of the Rocinha and Lagamar rocks 

Sample  LG01X LG02BIF RO-Conc Apat RO-30 RO-27 

 F  %wt 0.156 0.637 1.560 0.662 0.49 

 Na2O   0.000 0.000 0.160 0.000 0.00 

 MgO   1.600 1.030 0.377 1.340 1.08 

 Al2O3  13.350 12.140 3.040 12.850 17.94 

 SiO2  52.440 44.780 18.190 33.830 27.25 

 P2O5   6.840 12.690 30.290 17.360 16.73 

 S   0.00 0.00 0.00 0.00 0.02 

 SO3  0.00 0.00 0.00 0.00 0.00 

 Cl   0.003 0.002 0.007 0.003 0.004 

 K2O   2.42 1.84 0.58 2.34 1.83 

 CaO   10.30 17.35 41.31 23.63 9.22 

 Sc2O3  0.01 0.01 0.01 0.00 0.01 

 TiO2  0.57 0.50 0.17 0.47 0.62 

 V2O5  0.014 0.014 0.008 0.014 0.022 

 Cr2O3  0.009 0.009 0.004 0.008 0.014 

 MnO   0.029 0.020 0.030 0.006 0.076 

 Fe2O3  4.160 3.620 1.430 2.620 6.21 

 Co3O4  0.001 0.001 0.000 0.000 0.002 

 NiO   0.002 0.001 0.00 0.00 0.001 
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 CuO   0.003 0.003 0.003 0.003 0.003 

 ZnO   0.010 0.013 0.008 0.006 0.005 

 Ga2O3  0.002 0.002 0.001 0.002 0.002 

 Rb2O   0.009 0.006 0.001 0.006 0.008 

 SrO   0.169 0.139 0.457 0.296 0.270 

 Y2O3  0.006 0.004 0.011 0.006 0.010 

 Nb2O5  0.001 0.00 0.00 0.00 0.001 

 In2O3  0.001 0.002 0.002 0.001 0.001 

 Sb2O3  0.00 0.00 0.001 0.001 0.00 

 BaO   0.103 0.051 0.027 0.05 0.113 

 La2O3  0.005 0.004 0.002 0.004 0.014 

 WO3  0.001 0.001 0.001 0.001 0.000 

F/P2O5   0.023 0.050 0.052 0.038 0.030 

CaO/P2O5 1.506 1.367 1.364 1.361 0.551 

4.4.3 Reflectance Spectroscopy 

Reflectance spectra collected from samples of Rocinha and Lagamar mines appear 

to show an almost linear mixture between mineral phases. The absence of visible or near 

infrared features are typical of pure sedimentary apatite, as generically noted by HUNT et 

al. (1972). These apatites lack the REEs ion charge transfer absorption features in the 0,5-

0,75-0,8 μm range. Hence, it is highly possible that REEs that could provide absorption 

features in Rocinha and Lagamar were lixiviated. 

Common spectral-mineralogical phases in rocks stemmed from these mines are illite, 

muscovite, kaolinite, chlorite and quartz. These rock spectra is in concordance with the 

spectra of sandstones, siltstones and limestones published by HUNT & SALISBURY 

(1976). What becomes apparent after viewing the spectra of the P2O5 bearing samples is 

that clays are markers of higher concentration of phosphates. Illite appears consistently 

when samples have higher P2O5 %wt. Illite and kaolinite occur together when the P2O5 

%wt is in between 8% to 12%, indicating smaller concentration.  

Reflectance spectra for nine samples were produced for the Lagamar deposit (Fig. 

4.2). In these rocks illite (2.2μm), muscovite (1.41 μm) and goethite (0.88 μm) show the 

most prominent absorption features. Minor absorption features are related to calcite (2.34 

μm) and dolomite (2.33 μm) for sample LG01G. As for the Rocinha samples, no REEs 

absorption features are observed, confirming the sedimentary nature of these phosphates. 
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Fig. 4. 3 Reflectance spectra for Rocinha mine samples. a) red weathered rythmite; b) phosphoritic 

slate, where dark calcitic sediments host criptocristaline fluorapatite; c) orientated phosphatic 
rythmite; d) kaolinite-rich phosphorite-siltite, markedly with less phosphate concentration.  
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Fig. 4. 4 Reflectance spectra of selected samples from the Rocinha mine. a) folded slates with 

kaolinite and reduced apatite concentration; b) folded rythmites with apatite; c) P-free, sterile slates 
with few levels of rythmites; d) cryptocrystalline fluorapatite in slate.  
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Fig. 4. 5 Reflectance Spectra of Rocinha mine samples. a) P-free, sterile block showing folded 

laminations of kaolinite with less illite and fluorapatite; b) Sterile soils with remnants of fluorapatite 
cryptocrystalline sediments (dark grains) 

 

4.4.4 Emission Spectroscopy and X-Ray Diffraction 

Emissivity for the Rocinha mine samples showed the v3 P-O absorption feature, 

similar to those described elsewhere (CHRISTENSEN et al. 2000; LANEet al. 2007; 

REDDYet al. 2008). However, there are differences in the shape and the variety of 

features observed in the Rocinha and Lagamar phosphatic rocks. The studied samples 

(e.g., RO-30) do not show the doublet centered at 8.9μm, whereas an analogous doublet 

to the v3 emissivity maximum is shown at 7.1μm (see fig. 4.6) 

The apatitic concentrate obtained in the Rocinha mine shows a very clear emissivity 

minimum at 8.56μm, corresponding to the P-O bonds, as described by DAASCH & SMITH 

(1951); CHRISTENSENet al.(2000) and REDDYet al. (2008). A quartz absorption feature 

at 8.96 μm is also relevant. Once again, the analogous 7.1 μm doublet maximum features 

appear in the spectrum, whereas calcite double features are highlighted at 2.81μm and 

4.87μm. Mineral X Ray Diffraction data confirms the FTIR data interpretation, and also 

reveal the presence of muscovite in the apatitic concentrate (fig. 4.7). 
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Fig. 4. 6 Emissivity of Rocinha sample RO-30. 
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Fig. 4. 7: a) Emissivity and b) X Ray Diffraction data for the Rocinha apatitic concentrate. 
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Fig. 4. 8: a) Emissivity (wavelength in µm) and b) X-Ray Diffraction Data for Lagamar sample LG-01B 
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4.5  Discussion 

Although sedimentary phosphates usually tend to concentrate in higher proportions 

than their igneous counterparts, reflectance spectroscopy does not show a clear trend that 

can lead to their identification in the VNIR and SWIR region. Even though that 

spectroscopy standards for fluorapatite exist (see HUNT et al,1972; CLARKet al. 2007), 

the origin of the sample standard comes from an igneous rock, that still preserve the REEs 

features in the 0.585 μm, 0,75-0,85μm range. Emissivity spectroscopy can help to pinpoint 

phosphate occurrences, given that the 8.2μm maximum is present in most samples 

investigated here. However, there are several obstacles to sense phosphates from 

multispectral and hyperspectral thermal imaging spectrometers. Firstly, the lower signal to 

noise ratio, typical of thermal scanners. Considering the low spectral (5 bands) and spatial 

(90m) resolution of ASTER, the first and still the only thermal multispectral sensor currently 

in operation, chances to discriminate between features of apatites, carbonates and 

siliceous materials are low.  For instance, quartz and phosphate chemical bonds will 

overlap in ASTER bands 10 and 11. Therefore, mineral mixtures in the pixels will probably 

mask several key spectral features, diagnostic of these rocks.  

Nevertheless, the presence of illite and kaolinite in the weathering profiles show 

some correlation to the presence or absence of sedimentary phosphates. Spectra 

extracted from Lagamar and Rocinha rocks show that samples with higher P2O5 %wt 

concentrations (located around the center of the mine), displayed well defined illite 

absorption features. Besides, portions of the weathering profile containing chlorite or 

kaolinite concentrations were indicators of smaller concentration of phosphates. Samples 

that showed mixtures of kaolinite and illite proved to host higher concentration of P2O5 too; 

higher concentrations are found where illite predominates over kaolinite and vice-versa.  

Fluorapatite, usually a phosphate of igneous occurrence, is the main phosphate 

present in Rocinha and Lagamar mines. This was confirmed by XRD in this work, but also 

previously indicated by DA ROCHA ARAUJO et al. (1992) and NOGUEIRA (1993). 

However, a weathering series for sedimentary phosphates defined by FLICOUTEAUX & 

LUCAS (1984) place the fluorapatite as a product of weathering of primary carbonate-

fluorapatite (the main primary sedimentary apatite).  

Chemical criteria for depicting the origin of the sedimentary fluorapatite is based on 

CaO/P2O5 and F/P2O5 ratios (LUCAS et al., 1980). When CaO/P2O5 ≥ 1,3 and F/P2O5.≥ 
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0.12, the apatite present in the rock can be described as primary sedimentary specimen 

(apatite-(CaF)). If the ratio is lower, the apatite present in the sedimentary phosphorite 

possibly suffered de-carbonization, leading to the fluorapatite structure. This statement 

suggests that the apatites from the Rocinha and Lagamar mines did experience ionic 

changes from carbonate-fluorapatite. 

The de-carbonization of fluorapatite is not entirely similar to the substitution of REEs 

elements during weathering. According to DA ROCHA ARAUJO et al. (1992) and 

NOGUEIRA (1993), the Lagamar and Rocinha apatites are impoverished in REEs 

elements when compared with other world phosphorites normalized to mean phosphorite . 

With these insights, it is reasonable to think that the lack of REEs absorption features 

in the sedimentary apatites will be extensive to most phosphorites in the BFB, given the 

normal progression of carbonate-fluorapatite to fluorapatite in the weathering of these 

deposits, and considering the trivalent-divalent substitutions detailed by PAN & FLEET 

(2002). 

4.6  Conclusions 

We have found that whereas there are no distinctive ways to identify PO4 bonds in 

the reflectance spectroscopy of phosphoritic apatites, mineralogical associations between 

Illite-calcite-muscovite-kaolinite can be traced to pinpoint zones of favorability to the 

presence of sedimentogenic phosphates. Therefore, to successfully apply remote-sensing 

techniques to multispectral imagery for mineral prospection of phosphates, other minerals 

found in such deposits, like clays, carbonates and siliceous materials, must be studied and 

characterized beforehand. This is feasible using ASTER data and spectral mixing analysis 

(e.g., Senna 2008), and also airborne and orbital hyperspectral data. 

Emissivity spectroscopy proved to be a reliable technique to detect the P-O feature 

centered at 8.2 μm. This absorption closely matches ASTER thermal Band 10 (Fujisada, 

1995). According to the spectra shown here, there is enough contrast between the high 

emissivity of phosphates and low emissivity of quartz to discriminate both in the phosphate 

deposits of the Brasília Fold Belt. However, ASTER TIR bands pose the problem of a very 

coarse spatial resolution (90m pixel) and contiguity of PO4 and SiO4 maximum absorption 

regions (8.2µm and 8.7µm). So, special care must be considered regarding the spectral 
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mixtures between adjacent rocks and materials to properly establish mineral mixing 

models for the BFB. 

If remote sensing of the phosphoritic apatites from the Brasília Fold Belt is intended 

to be successful, it is needed to determine with better certainty the mineral chemistry of 

the apatites with microanalytical procedures that can give us an idea of the forming 

conditions and REEs substitutions that underwent during deposition, diagenesis and 

metamorphism. Also, studies on the mineralogical mixtures and its behavior with 

temperature and emissivity can help to pinpoint the spectral signatures that are distinctive 

and exclusive from the sedimentogenic phosphates in the BFB and surroundings of the 

São Francisco Craton. 
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Capitulo V: Remote Sensing of Phosphatic 

Rocks from Igneous and Sedimentary 

Sources: Catalão I (GO), Tapira, Lagamar and 

Rocinha mines (MG) 

5.1  Introduction 

Mineral mapping through remote sensing has been a technique well tested for 

several mineral groups like clays, oxides and hydroxides, as well as carbonates and 

sulfates. Experiences in remote sensing of minerals have taken place since the 70s, 

focusing on hydrothermal alteration minerals associated to metallic ore deposits (e.g., 

CROSTA et al., 2003). 

Although remote sensing has played an enormous role in the mineral exploration of 

precious and base metals, it has not been properly tested yet as a tool for the exploration 

of phosphate minerals that are of interest for the fertilizer, pharmaceutical and agricultural 

industry. Given the market push that phosphate prices have had in the last 5 years, only 

taking a plunge during the world economic crisis of 2008 (U.S. Geological Survey (USGS), 

2010), it is reasonable to think that prospecting phosphates is a safe way to maintain 

control over the food input of states and countries. 

While many aspects of the phosphate geology are known in terms of their relevance 

in the geochemical cycle of phosphor and its link between the organic and inorganic 

biochemistry, the few papers related to spectroscopy of phosphates are focused on the 

characterization of the mineralogy (DAASCH & SMITH 1951; HAIDER 1961; REDDYet al. 

2008). The main reference of spectroscopy of phosphates with applications to remote 

sensing is the classic work of HUNTet al. (1972).  

In Brazil, we highlight the work of TEXEIRA (2011). The author tried to establish the 

spectral behavior of phosphatic rocks of the Catalão I and the Campos Belos deposits, in 

Goiás State. However, important questions remained unanswered from that work. For 
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example, mineral assemblages of the main lithotypes were not characterized; the evolution 

of phosphatic minerals in the weathering profile was not covered; samples were treated as 

perfect mineral endmembers; and the sampled lithotypes were not directly used with 

spectral mapping algorithms. This kind of approach isolates responses to a certain band, 

and it also dismisses responses that reflectance spectroscopy of the VNIR-SWIR can give 

to identify phosphates and related lithotypes using VNIR and SWIR datasets.  

In order to properly characterize the ability of ASTER multispectral images for 

phosphate prospecting, a full recognition of the VNIR-SWIR spectra of several lithotypes 

and minerals from the Alto Paranaíba Igneous Province (PIAP) and the Brasília Fold Belt 

(BFB) can be of great use for national programs, and could be adapted to other Alkaline 

Igneous Provinces in the world. 

In this context, we have used spectral libraries created in laboratory conditions from 

mineral, rock and soil samples from cretacic alkaline carbonatite complexes and 

neoproterozoic meta-phosphoritic rocks from Goiás and Minas Gerais states, Midwestern 

Brazil. The main goal is to use these libraries as endmember spectra and perform 

attempts to target phosphate minerals and related lithotypes using ASTER imagery.  

ASTER reflective spectral bands cover the VNIR-SWIR regions of the 

electromagnetic spectrum, allowing targeting alteration minerals, carbonates, oxides and 

hydroxides. The data can be obtained on a regular basis, with little or no cost to the 

scientific community and mineral exploration companies. Gathering quality data on the 

alteration mineralogies that phosphates have for the sedimentary and igneous deposits, 

will give an excellent prospective guide for exploration campaigns of similar wide-reaching 

deposits. 

5.2  Material and Methods 

Samples were collected in the phosphate mines, and described and measured for 

reflectance spectroscopy with a FieldSpec 3 Hi Resolution spectrometer (2151 channels 

over the VNIR-SWIR) (see Chapters 3 and 4). Illite, kaolinite, muscovite, phlogopite and 

vermiculite features were analyzed in the 2.1-2.3 μm part of the electromagnetic spectrum; 

calcite and dolomite in the 2.33-2.34 μm range. REE-bearing phosphates were 

investigated based on typical absorption features centered around 0.5 μm and between 

0.7-0.8 μm.  
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ASTER scenes were acquired from NASA at Level 1B, corrected for crosstalk effects 

using the CrossTalk3© routine, merged into a single 9 bands dataset at 15m resolution, 

and atmospherically compensated and converted to reflectance using the ACORN 5© 

software. Once converted to reflectance, images were processed using the ENVI 4.8© 

software.  

The L1B images were further georreferenced using ground control points (GCPs) 

measured in the field. Vegetation and agricultural lands were masked. A 3x3-pixel area 

surrounding a GCP was analyzed when GCPs were located on vegetation-free zones in 

the imagery, aiming to verify possible variations of the spectral signatures at pixel scale. 

When GCP where nearby masked zones, the only pixels analyzed were the ones that 

contained bare soil/rock information. 

Spectra obtained from the Image was extracted through the n-Dimensional spectral 

analyzer provided in the ENVI software when image spectra did not matched in a sufficient 

way the laboratory spectra. The n-Dimensional selection of endmembers was performed 

over pixel clouds of 10,000 pixels, restricting n-Dimensional classes to a maximum of five 

to avoid creating classification additions. 

Spectral Angle Mapper (SAM) and Mixture Tuned Matched Filtering (MTMF) 

classification methods were tested with the VNIR-SWIR ASTER reflectance dataset to 

map phosphates and related mineral assemblages. The SAM algorithm is a spectral 

classification that uses an n-D angle to match pixels to an user-defined reference spectra. 

The algorithm determines the similarity between two spectra by calculating the "spectral 

angle" between them, treating them as vectors in a space with dimensionality equal to the 

number of bands (Kruse et al., 1993). Classification maps obtained from SAM processing 

were later on filtered with a 3x3 median kernel to homogenize the final outputs. 

The Mixture Tuned Matched Filtering (MTMF) performs two processes the Matched 

Filtering algorithm (MF) and the adition for interpretation of an infeasibility image to the 

results based on a Mixture tune algorithm. The Matched Filtering algorithm allows the user 

to look for specific endmembers in an image dataset using a partial unmixing of the 

signals, maximizing the response of the suspected matches to the endmembers and 

minimizing the background response signal. It is useful to apply when the presence of a 

mineral endmember is known in the study area. The Mixture Tuned part of the algorithm 

produces an infeasibility image used to reduce the number of false positives that are 
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Tab. 5. 1: Sample coordinates and description 

X Y Sample Sample Description 

203321 7992628 CA-09 Brown Aloterite 

203327 7992558 CA-16 Isalteritic phosphatic soil 

203373 7992546 CA-18D Phlogopite phoscorite 

202714 7992466 CA-20 Phoscorite with magnetite 

203298 7993583 CA-32 Silexite 

203284 7993567 CA-33 Isalteritic titaniferous soil 

203276 7993550 CA-35 Isalteritic Phoscorite soil with magnetite 

203278 7993534 CA-37 Isalteritic ferric soil 

203331 7993520 CA-39, CA-42 Magnetite-Calcite Phoscorite; Apatite with magnetite 

203943 7993343 CA-Monazite-Barite Monazite intergrown with Barite 

203078 7993341 CA-55 Apatite with magnetite 

203652 7992866 CA-103 Cumulatic Carbonatite 

202411 7992272 CA-123 Green Breccia with magnetite 

202798 7992471 CA-127 Brecciated Phlogopitite 

202678 7992341 CA-129 Silexite-dolomite carbonatite contact 

203463 7992849 CA-VERCA2 Vermiculite 

202738 7992339 CA-130 Phlogopitite with magnetite 

202767 7992339 CA-131 Altered Phlogopitite 

203943 7993343 CA-APCA Carbonatite-apatitite 

306161 7800354 TA201-202a- 

202b-203-204 

Altered B1 bebedourite; Pegmatoid B1 bebedourite 

306135 7800402 TA-205 Possible monazite; Monazite B1- Bebedourite 

305999 7800656 TA-209; TA210 Vermiculite; Bebedourite with vermiculite 

307150 7801610 TA-218 Flux-mineral banding, carbonatite-picrite 

307160 7801575 TA-219-220-221 Breccia-carbonatite-B2 bebedourite contact 

307754 7801906 TA-228A; TA-228B Altered B2 bebedourite with goethite 

308096 7802571 TA-236 Isalterite with secondary phosphates 

296532 7968347 RO-03A Interstratified sandstone-mudstone with cryptocrystalline apatite veins 

296500 7968398 RO-09 Laminated phosphoritic siltite with quartz intraclasts 

296494 7968409 RO-10A Phosphoritic dolostone with oxidation sheets 

296490 7968429 RO-11B Thrust-folded phosphorites 

296486 7968440 RO-12 Phosphoritic siltstone, folded 

296494 7968458 RO-14D Siltstone/Dolostone, altered 

296510 7968465 RO-15A Brown limestone with few apatite levels 

296472 7968332 RO-19A Brittle Limestone with chlorite and oxidized bands 

296458 7968336 RO-21 Phosphoritic siltstone with green matrix 

296439 7968342 RO-22 Phosphoritic siltstone with goethite packs 

296441 7968343 RO-23 Phosphoritic limestone. Cryptocrystalline apatite as thin sheets 

296444 7968344 RO-24 Calcite veins in PO-poor siltstone with goethite 

296476 7968306 RO-25A Clayey Phosphorite 

296476 7968306 RO-25B Soil above Clayey phosphorites 

296466 7968309 RO-26A Phosphorite 

296466 7968309 RO-26B Soil above sample 26A 

296448 7968297 RO-27B Phosphorite/ weathering mantle contact 

296448 7968297 RO-27C Clayish soil with goethite 

296448 7968297 RO-27D Sterile soil 

305637 7981023 LG01 Beto-LG01G LG01H Silty slates with cryptocrystalline apatite 

305625 7981003 LG-02 Silty slates with clay and apatite 
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From Fig. 5.2 it can be seen that REE absorption features identified in laboratory 

resolution (see chapter 3) are lost in ASTER resolution. Therefore, identification of 

phosphates through ASTER imagery will be limited to the analysis of secondary features 

from carbonate, clays, mica mineral and Fe content that make up the mineral assemblage 

of the four endmembers selected. 

5.3.1.1 Image Endmembers: 

Image endmembers were extracted from Regions Of Interest (ROI) that represent 

the maximum material mixture from the soils and rocks that outcrops nearby the sampling 

points. These regions were selected as 3x3 rectangle clusters that contained the sampling 

point. Given that some samples were taken near vegetation zones, where the sampling 

point was inside of a masked area in the image, ROI were reduced to the nearest possible 

pixels to the sampling point, reducing the statistical variation of the spectra from these 

pixels. The ROI table is showned in Table 5.2. Mean average spectra from these ROI’s is 

displayed on Fig. 5.3 

Tab. 5. 2 ROI description and pixel extent of the chosen endmembers for the Tapira Alkaline 
Carbonatitic Complex 

Region of Interest Color Pixels 

Phoscoritic Carbonatite Red 16 

Clinopyroxenite with secondary 
phosphates 

Cyan 11 

Bebedourite with sulfates Blue 17 

Bebedourite with vermiculite Orange 13 
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 The classification results show that the bebedourites with sulphate mixture 

comprises 3443 pixels, accounting for 0.676% of the classified pixels. Bebedourites with 

vermiculite are represented by 10,116 pixels and comprised 1.986% of the mapped pixels. 

The phoscoritic carbonatite represents 8764 pixels and a total percentage of 1.721% of the 

classification. Some 476055 pixels were unclassified either by masking of vegetation or 

lack of spectral likelihood with the chosen endmembers, representing 93.469% of the 

classified image.  

 The confusion matrix for the SAM algorithm showed a modest accuracy, in which 

41.8605% of the ground truth information collected at the mine site was corresponded. 

This encourages a more thorough refinement of the spectral data, undefined at the 

moment, that might turn this algorithm and other geological informations as tools to locate 

possible new igneous phosphate deposits in the PIAP region. The confusion matrix is 

presented in tab. 5.4. 

Tab. 5. 4: Confusion Matrix for the SAM classification in the Tapira Carbonatitic Complex 

Overall Accuracy = (36/86) 41.86% 

Kappa Coefficient = 0.2297 

Ground Truth (Pixels) 

Class Region #4 Region #1 Region #2 Region #3 Total 

Unclassified 0 0 0 0 0 

Bebedourites w/vermiculite 19 0 3 2 24 

Bebedourites w/sulphates 2 0 28 0 30 

Phoscoritic Carbonatites 0 15 4 0 19 

Bebedourites w/ secondary phosphates 0 0 0 13 13 

Total 21 15 35 15 86 

Ground Truth(Percent) 

Class Region #4 Region #1 Region #2 Region #3 Total 

Unclassified 0 0 0 0 0 

Bebedourites w/vermiculite 90.48 0 8.57 13.33 27.91 

Bebedourites w/sulphates 9.52 0 80 0 34.88 

Phoscoritic Carbonatites 0 100 11.43 0 22.09 

Bebedourites w/ secondary phosphates 0 0 0 86.67 15.12 

Total 100 100 100 100 100 

Commission Omission Commission Omission 

Class (Percent) (Percent) (Pixels) (Pixels) 

Bebedourites w/vermiculite 20.83 9.52 5/24 2/21 

Bebedourites w/sulphates 100 100 30/30 15/15 

Phoscoritic Carbonatites 78.95 88.57 15/19 31/35 







114 

 

had the best ratings of matching and was less perceived as a false positive by other 

classes. The bebedourites with sulphates endmember was highly perceived by the MTMF, 

while the bebedourites with vermiculite and the phoscoritic carbonatite were perceived and 

mapped in different classes.  

Tab. 5. 5 Confusion Matrix for MTMF Classification. Tapira Alkaline Carbonatitic Complex 

Overall Accuracy (4710/ 
5865) 

80.31% 
   

Kappa Coefficient 0.7225     
Ground Truth (Pixels)      

Class Unclass
ified 

Bebedourite with 
secondary phosphates 

Bebedourite 
w/sulphates 

Phoscoritic 
Carbonatites 

Bebedourites 
w/vermiculite 

Unclassified 0 0 0 0 0 

Bebedourite with 
secondary phosphates 1516 0 0 0 1516 

Bebedourite with 
sulphates 

49 243 0 0 292 

Phoscoritic Carbonatites 145 62 1305 0 1512 

Bebedourites with 
vermiculite 522 178 199 1646 2545 

Total 2232 483 1504 1646 5865 

Ground Truth (Percent) 
     

Class 
Unclass

ified 
Bebedourite w/ 

secondary phosphates 
Bebedourite 
w/sulphates 

Phoscoritic 
Carbonatites 

Bebedourites 
w/vermiculite 

Unclassified 0 0 0 0 0 

Bebedourite with 
secondary phosphates 

67.92 0 0 0 25.85 

Bebedourite with 
sulphates 2.2 50.31 0 0 4.98 

Phoscoritic Carbonatites 6.5 12.84 86.77 0 25.78 

Bebedourites with 
vermiculite 

23.39 36.85 13.23 100 43.39 

Total 100 100 100 100 100 

 
Commi
ssion Omission Commission Omission  

Class 
(Percen

t) (Percent) (Pixels) (Pixels)  
Bebedourite with 

secondary phosphates 0 32.08 0/1516 716/2232  
Bebedourite with 

sulphates 16.78 49.69 49/292 240/483  

Phoscoritic Carbonatites 13.69 13.23 207/1512 199/1504  
Bebedourites 
w/vermiculite 

35.32 0 899/2545 0/1646 
 

 
Prod. 
Acc. User Acc. Prod. Acc. User Acc.  

Class (Percen
t) 

(Percent) (Pixels) (Pixels) 
 

Bebedourite with 
secondary phosphates 67.92 100 1516/2232 1516/1516  

Bebedourite with 
sulphates 

50.31 83.22 243/483 243/292 
 

Phoscoritic Carbonatites 86.77 86.31 1305/1504 1305/1512  
Bebedourites with 

vermiculite 100 64.68 1646/1646 1646/2545  
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5.3.2 Catalão I Alkaline Carbonatitic Complex: 

Rock spectra yielded for Catalão I samples from the ASTER images (Fig.5.10) 

show absorption features in bands related to Fe+3, CaO and Al(OH-) chemical bonds. 

Endmembers selected for target recognition were extracted from the n-Dimension 

visualizer given the fact that most of the samples acquired during field campaign were 

represented in the ASTER image as vegetated zones. However, the endmembers derived 

from the image have similarities with spectra obtained in the laboratory. Since vegetation 

was masked from the ASTER imagery, the classification is focused exclusively in areas 

where scanty or no vegetation is present.  

5.3.2.1 Image endmembers: 

Endmembers extracted from the image that were used for SAM algorithm in the 

Catalão I Carbonatitic Alkaline Complex are showned in Fig.5.8. The spectra had to be 

extracted directly from the image due to the fact that most of the collected samples when 

registered with the ASTER dataset were located in areas that had vegetation cover at the 

time of acquisition (August 27th, 2003). 

When compared to laboratory spectra, there are certain issues regarding sensor 

calibration that were not fully resolved because of spatial and spectral differences. Since 

the ground truth field campaign started in march 2012,almost nine years passed from the 

image acquisition time to local sampling. In this sense, laboratory spectroscopy conducted 

in this research was outdated regarding image spectra, and served only to crosscheck that 

some of the interesting features in the VNIR-SWIR were present in the image spectra. 
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be updated due to the ASTER problem with the SWIR sensor, which had a permanent 

failure after May 2008.  
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Tab. 5. 6. Confusion Matrix for the SAM results obtained in Catalão I. 

Overall Accuracy = (4/5) 80.00% 

Kappa Coefficient = 0.7619 

Class Phlogopitite Soils with monazite Kaolinitic soils Phoscoritic rocks and soils Carbonatites 

Unclassified 0 0 0 0 1 

Phlogopitites 1 0 0 0 0 

Soils with monazite 0 1 0 0 0 

Kaolinitic soils 0 0 1 0 0 

Phoscoritic rocks and soils 0 0 0 1 0 

Carbonatites 0 0 0 0 0 

Total 1 1 1 1 1 

Ground Truth (Pixels) Ground Truth (Percent) 

Class Total Class Total 

Unclassified 1 Unclassified 20 

Phlogopites 1 n-DclassMean#2 20 

Soils with monazite 1 n-DclassMean#3 20 

Kaolinitic soils 1 n-DclassMean#8 20 

Phoscoritic rocks and soils 1 n-DclassMean#9 20 

Carbonatites 0 n-DclassMean#10 0 

Total 5 Total 100 

Ground Truth (Percent) 

Class Phlogopites Soils with monazite Kaolinitic soils Phoscoritic rocks and soils Carbonatites 

Unclassified 0 0 0 0 100 

Phlogopites 100 0 0 0 0 

Soils with monazite 0 100 0 0 0 

Kaolinitic soils 0 0 100 0 0 

Phoscoritic rocks and soils 0 0 0 100 0 

Carbonatites 0 0 0 0 0 

Total 100 100 100 100 100 

Class Commission Omission Commission Omission 

(Percent) (Percent) (Pixels) (Pixels) 

Phlogopites 0 0 0/1 0/1 

Soils with monazite 0 0 0/1 0/1 

Kaolinitic soils 0 0 0/1 0/1 

Phoscoritic rocks and soils 0 0 0/1 0/1 

Carbonatites 0 100 0/0 1/1 

Prod. Acc. User Acc. Prod. Acc. User Acc. 

Class (Percent) (Percent) (Pixels) (Pixels) 

Phlogopites 100 100 1/1 1/1 

Soils with monazite 100 100 1/1 1/1 

Kaolinitic soils 100 100 1/1 1/1 

Phoscoritic rocks and soils 100 100 1/1 1/1 

Carbonatites 0 0 0/1 0/0 
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5.3.3 Lagamar and Rocinha Mines 

Lagamar mine rocks that contains P ore levels display a tendency to portray illite  

or illite-kaolinite mixtures as can be observed in the spectra of samples LG-01H, LG-02A 

and LG-01B (Fig.5.10a). From averaged image spectra obtained from the regions of 

interest of the samples in the ASTER dataset it was not possible to discriminate the illite-

kaolinite feature directly, given that the initial feature of absorption starts at band 4, going 

until band 8, showing responses that include clay minerals, Al and Fe-Mg hydroxides of 

several kinds. There is little correspondence in spectra obtained in the laboratory with 

image extracted spectra. The visual comparison between laboratory measures and 

ASTER image spectra is showned on Fig. 5.10. 

5.3.3.1 Image endmembers: 

The reference endmembers of Rocinha and Lagamar mines for the SAM algorithm 

are presented in fig. 5.10 and fig.5.11. Spectra are presented in ASTER resolution. There 

is a strong tendency of features to correspond to alteration clays (illite, kaolinite or both as 

intimate mixtures) and lack of REEs absorption features. Other minerals recognizable are 

calcite and hematite/goethite. There is few resemblance from the laboratory spectra to the 

ASTER image extracted spectra, which is why the SAM algorithm was performed using 

the spectral library from the image spectra. 

5.3.3.2 Spectral Angle Mapper Results 

 The SAM classification in the Lagamar and Rocinha mines was performed 

subsetting both mines from the same ASTER image converted to reflectance, using 

reference endmembers from each mine that matched actual samples. The notion was to 

verify how reflectance spectra differences were accounted by the algorithm. Given their 

proximity in the stratigraphic record and their mineralogical likelihood, it was expected that 

results were close to the rock sample endmembers. The higher detail taken on the 

Rocinha mine sampling, displayed these endmembers with better data dispersion in the 

classification than those of Lagamar, in which rock heterogeneity is yet less detailed. 
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subset of the studied mines using each of the spectral libraries. It is noted that even 

though lithotypes are similar, Lagamar holds higher illite concentration that reflects on 

image spectra identification.  

The SAM algorithm was able to recognize pixels that seems to correspond to Illite-

kaolinite phosphorites displayed in yellow pixels (corresponding to ore material), making 

0,56% of the SAM classification results. Pixels that seem to represent phosphoritic 

sandstones  were recognized and are displayed as green, making 3,673% of the 

classification. The remaining 95.76% represents unclassified pixels. 

 

 

Fig. 5. 12 Spectral Angle Mapper results for Lagamar mine, using image extracted spectra shown on Fig.5.10 
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Fig. 5. 13 Spectral Angle Mapper results for Rocinha mine, using image extracted spectra shown on Fig.5.11 

 

 

Fig. 5. 14. Inset (zoom) of the results yielded from SAM classification in Rocinha and Lagamar mines. 
a) Rocinha mine. b) Lagamar mine. 
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The Rocinha spectral library was able to extract 5 endmembers from image 

spectra. Phosphate rock/soil class mapped in green accounted for 3271 pixels (1.154%) of 

the classification. Kaolinitic soil rock with illite accounted for 10152 pixels (3.582%) of the 

classification. Illitic soils with kaolinite accounted 53 pixels for 0.019% of the classification. 

Carbonatic soils/rocks accounted for 876 pixels (0.309%). Heterogeoneous soils were 

classified by 7796 pixels (2.751%).  261249 pixels from the subset image (92%) was 

unclassified due to lack of signatures or vegetation masking. 

5.4. Discussion 

The remote sensing of phosphates covered in this study has revealed that is possible 

to identify the lithotypes that bear significant amounts of phosphates within the 

carbonatites and ultramafic rocks related to them. Sedimentary phosphate-bearing rocks, 

although lack some key absorption features of their igneous counterparts, can also be 

distinguished from other lithological units by means of remote sensing techniques, but their 

phosphate contents are not easily discriminated.  

Crystal development and rock preservation are important characteristics to consider 

when performing remote sensing studies of igneous phosphates. Brazilian igneous 

phosphates from the Alto Paranaiba Igneous Province are extracted from deep weathering 

mantles that formed over carbonatitic complexes; several of them also experienced 

several metasomatic and hydrothermal alterations (e.g. Catalão I and II, Araxá). Tapira 

experienced less alteration processes, which enabled the weathering mantle to preserve 

most of the original mineral chemistry of the underlying rocks. 

The best explanation of how weathering and tradeoff between rock-soil-environment 

affects the remote sensing of the igneous phosphates lies in the work produced for the 

Catalão I Carbonatitic Complex. Although we were able to recover well-preserved rocks 

from the bottom of the mine, the extension of the aloteritic and isalteritic weathering 

profiles pose problems for the discrimination of lithotypes that bears P2O5 minerals. Also, 

the strong influence of monazite in the spectra affects the ASTER sensor response at the 

15m-pixel scale.  

While the spectral classification made on the Catalão I complex was based on nine 

endmembers, results yielded from the SAM algorithm only provided 5 classes. It was not 
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possible to discriminate the lithology using the SAM but it was possible to determine the 

presence of key minerals in lithologic characterization (vermiculite and monazite). 

Other key factor that has to be taken into account for detailed mapping is the changes 

in the surface of mining sites and the collection of samples after the image was obtained. 

A good part of the collected samples during the field sessions were covered by vegetation 

or soil when the ASTER image was acquired, giving only spectroscopic information that 

could not be related directly to the images. 

When weathering features are not as overwhelming as they are in the Catalão I 

Complex, lithological mapping of rock units is possible for the carbonatites, as 

demonstrated by Rowan et al (1995) and Mars and Rowan (2011). In this study, the best 

approximate to a lithological map is the SAM classification result of the Tapira-Araxá 

ASTER image, in which was possible to discriminate soils with secondary phosphates, 

carbonatite dykes and carbonatite-phoscorite-picrite units. Also, an intimate mixture of 

apatite, corvusite, ajoite and vermiculite (Sample TA-205 Ajoite-Corvusite Possible 

Monazite) was effectively mapped, giving another prospective guide for the localization of 

soils and rocks with differentiated P2O5 content. Confusion matrices in the Tapira Alkaline 

Carbonatitic Complex were able to indicate possible SAM and MTMF applications of as aid 

to exploration programs. 

Vermiculite plays an important role in the definition of carbonatitic complexes in the 

PIAP. Its use as an endmember aided the discrimination of outcrops of carbonatitic related 

rocks. Although having high portions of Fe that mask the REEs features of phosphates, it 

tends to associate with rocks/soils that have secondary phosphates, which helps in the 

identification of future prospects.  

When the goal is finding sedimentary phosphates, the direct identification of 

phosphatic rocks is not possible using multispectral images. Although ASTER spectral 

resolution in the VIS-NIR-SWIR is good enough to map clays, carbonates and micas, 

REEs features of the phosphates are masked or lost for the meta-sedimentary phosphates 

of the Brasilia Folding Belt (BFB). Relying on the presence of illite as a phosphate identifier 

is not a safe choice, since weathering alteration of the clays will involve the formation of 

illite at every certain point. However, as a case study, creating data-driven techniques in 

which remote sensing, structural geology and fuzzy logic search methods are integrated, 
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there can be a possibility to achieve predictive mapping, as developed for Cu-Au deposits 

in Philippines and Argentina (CARRANZA & SADEGHI 2010;  ROY et al. 2006). 

5.5. Conclusions 

Phosphate detection using remote sensing is a promising subject for the mineral 

exploration industry. While some information is known from planetary exploration from the 

Mars missions (see BISHOP et al., 2005; LANE et al., 2008; LANE et al., 2007a; LANE et 

al., 2007b), extraterrestrial phosphates are of very rare occurrence on Earth, which makes 

them of little use for mineral prospection. 

The Remote Sensing of igneous phosphates at the moment poses a more optimistic 

subject, since the present technology allow us to determine carbonatitic related lithotypes 

and minerals that are either bearers or located where phosphate reserves exist. Mineral 

assemblages of the mica minerals, clays and REEs absorption features present in the 

igneous phosphates are known for the PIAP; so methodologies and algorithms can be 

developed for pinpointing favorable areas for phosphate exploration. 

Also, the similarities noted in the REEs patterns and compositions, specifically for the 

PIAP and their presence along the weathering profile, makes the area very likely to be 

mapped through remote sensing. If the new areas indicated in this research prove to be 

true carbonatitic deposits, research exploration programs can be held towards confirming 

and extending current phosphate, titanium and REEs reserves, with the economic and 

strategic benefits that the findings will bring to the mining sector. 

Remote sensing of sedimentary phosphates has the inconvenience of the possible lack 

of REEs in the phosphate structure because the geochemical environment allowed the 

trade of these elements for Ca sites in the apatite structure. In the case of Rocinha and 

Lagamar, in which the main phosphate is fluorapatite, there is the great problem of the 

REEs substitution during the geochemical P cycle (FILIPPELLI 2002, 2008). A larger 

comparison with sedimentary apatites with normalized values of REEs can lead to know if 

it is possible to map sedimentary phosphates in the VNIR-SWIR region of the EMS. 

Other shortage needed to be overcome in the mapping of sedimentary apatites is the 

SNR of thermal emission spectrometers. At the present moment, only the SEBASS sensor 

can map with enough spectral and spatial resolution phosphate occurrences, but its use is 
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only allowed on the United States. ASTER sensor characteristics give several problems at 

the moment of performing the spectral unmixing of emission signals of phosphate bearing 

rocks.  

The capability of the ASTER sensor for mapping P2O5 igneous bearing rocks makes it 

a great asset in the exploration of igneous reserves in major carbonatitic provinces 

worldwide. This will create new opportunities for the spectral mapping of terrains for the 

mineral exploration community.  
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