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Resumo

Esta pesquisa esta centrada na integracdo de dados aerogeofisicos e dados geologicos, geoquimicos,
espectrometria de reflectdncia e de propriedades fisicas de rocha coletados em testemunhos de
sondagem que interceptaram o corpo mineralizado do depdsito N5S, localizado na Serra dos Carajas,
Pard, Brasil. De forma geral, foram analisados o jaspilito (protominério) e o hematitito friavel
(minério) da Formacdo Carajas, bem como gabros intrudidos. O jaspilito apresenta cerca 54% de
Fe20st e 44,67% de SiOy, (hidro-)oxido de ferro (900Dfe), esmectita (2200Ds) e densidade média de
3,4g/cm3, com variagBGes nas zonas de jaspilito brechado. J& o hematitito fridvel mostra teores de
Fe,Osr chegando até 99%, densidade média de 4,14g/cm® e maiores valores de abundancia de
(hidro-)éxido (900Dfe) em relacdo ao jaspilito, confirmando o processo de lixiviagdo da silica e o
enriquecimento em Oxido de ferro. O gabro possui 52,65% de SiO2, 10,9% de Fe2Osr, 6,13% de FeO
e 16,0% de Al,Os. Na espectrometria de reflectancia foram detectados clorita (2335Dcl) e uma mistura
de esmectita-illita (2200Ds/i) e as zonas alteradas apresentaram valores de densidade menores que 2,6
g/cm3. A partir dos dados aerogeofisicos de gradiometria gravimétrica foi obtido um modelo geofisico
de densidade utilizando as informacGes coletadas nos testemunhos de sondagem. Essa técnica de
interpretacdo conseguiu delimitar as zonas mais densas associadas a Formacdo Carajas. A anélise
individual de cada técnica aplicada proporcionou resultados satisfatorios, porém cada uma possui um
limite aceitavel de resultados. A integracdo dos dados das técnicas utilizadas auxiliou na caracterizacdo
de cada litotipo e principalmente na identificacdo e caracterizacdo de zonas brechadas no jaspilito.
Estas regides apresentam aumento do comprimento de onda do Oxido de Fe (900WIv-Fe) com
composicdo mais hematita-goethita. Além disso, foi detectada a presenca de caolinita (2200Dk) e
mistura de esmectita-illita (2200Ds/i), um aumento de SiO2, ETR’s, Hf, Zr, Nb, P em relacéo a variacéo
comum e uma diminuicdo de Al20s, MnO, FeO e Cr. A representacao de alguns resultados em perfil
possibilitou diferenciar regiGes com diferentes composic@es e caracteristicas no N5S. O estudo da
cristalinidade da mistura da esmectita-illita (2200Cs/i) indicou que a regido leste do perfil estava mais
aquecida e provavelmente mais proxima de sua fonte. A clorita (2335Dcl) mostra-se mais magnesiana
a leste e mais férrica a oeste, demonstrando que a composi¢cdo Mg-clorita esta relacionada com a
illita/fesmectita. Os parametros do (hidro-)éxido de ferro apresentou o perfil de alteracdo supergénica
mais profundo na regido oeste do perfil, sendo constatado também pelos dados de geoquimica e de
gamaespectrometria As diferentes respostas entre os dados coletados no corpo N5S e N4WS
corroboraram com as observacdes feitas nos perfis do corpo N5S. A diferenca de composicao
mineraldgica obtida na espectrometria de reflectancia das regides brechadas e das vénulas das regides
citadas, o corpo N4WS apresenta alteragdes com a formagéo de talco e carbonato, enquanto no N5S

tem-se somente a presenca de quartzo.
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Abstract

This follow paper is focused on the integration of aerogeophysical, geological and geochemical data,
reflectance spectroscopy and physical rock properties collected in drillholes samples that intercepted
the N5S mineralized iron body, located in the Serra dos Carajas, Para, Brazil. We analyzed the jaspilite
(proto ore) and friable hematite (ore) of the Carajas Formation, and intruded gabbros as well. The
jaspilite exhibits about 54% Fe,O3 and 44.67% SiO, (hydro-) iron oxide (900Dfe), smectite (2200Ds)
and average density of 3.4g / cm3, with variations in breccia jaspilito. However, the friable hematite
shows Fe>Os3 contents up to 99%, average density of 4.14 g/cm? and higher values of (hydro-) oxide
(900Dfe) in relation to jaspilite, confirming the silica leaching process and enrichment in iron oxide.
The gabbro has 52.65% SiO2, 10.9% Fe>0sT, 6.13% FeO and 16.0% Al.Oz. The spectrometric study
detected chlorite (2335Dcl) and a mix of smectite-illite (2200Ds/i) and the altered zones presented
values of density less than 2.6 g / cm3. From the of gravimetric gradiometry airborne survey, a
geophysical density model was obtained using the information collected in the drill cores. This
technique of interpretation could delimit the denser zones associated with the Carajas Formation. The
individual analysis of each technique applied provided satisfactory results, however each one has limits
and an integration between the technics is necessary. The integration of the techniques used in all the
characterizations of each lithotype and mainly in the identification and characterization of the breccias
zones in the jaspilito. These areas have values of the wavelength of Fe oxide (900WIv-Fe) with the
composition plus hematite-goethite. In addition, the presence of kaolinite (2200Dk) and a mixture of
smectite-illite (2200Ds/i), an increase of SiO2, ETR's, Hf, Zr, Nb, P were detected in relation to the
common variation and a decrease of Al2O3, MnO, FeO and Cr. The representation of some results in
a geological profile of making it possible to differentiate regions with different compositions and
characteristics at N5S. The study of the smectite-illite mixture (2200C/i) indicated that the eastern
region was warmer and closer to source. The study of the smectite-illite mixture (2200C/i) indicated
that the eastern region of the profile was warmer and closer to source. The chlorite (2335Dec) is shown
to be more magnesian to the east and more ferritic to the west, demonstrating that the Mg-chlorite
composition is related to an illite/smectite. The parameters of the (hydro-) iron oxide presented the
deepest supergenic alteration profile in the western region, being also verified by geochemistry and
gamma spectrometry data. The different responses between the data collected in the N5S and N4WS
corroborated with the observations made in the N5S body. The mineralogical composition reached in
the reflectance spectroscopy in the breccia areas and venules, shows that the N4SW shows talc and
carbonate, while not N5S has only a presence of quartz.

Keywords: Multi-source data integration, reflectance spectroscopy, Carajas, N5S deposit, iron ore.
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CAPITULO I - INTRODUCAO

I.1. Estruturacéo da Dissertacéo

Este projeto de pesquisa foi desenvolvido na Universidade de Brasilia sob a orientacdo da
Professora Dra. Catarina Labouré Bemfica Toledo e a co-orientacdo da Professora Dra. Adalene
Moreira Silva e faz parte do projeto “Geragao de modelos prospectivos para o minério de ferro da
Provincia Mineral de Carajas™. O projeto faz parte de um acordo de cooperacgdo técnico-cientifico entre
a Fundacdo Universidade de Brasilia e a empresa Vale S.A com a interveniéncia da FUNAPE
(Fundacéo de Apoio a Pesquisa). Além disso, o projeto contou com o apoio dos Professores Diego
Fernando Ducart (Unicamp) e Luis Fernando Martins Ribeiro (FT- UnB).

A dissertacdo de mestrado esta estruturada em trés partes, sendo a primeira constituida do corpo
principal do projeto, onde é apresentada a introdugéo ao problema estudado, a localizacéo, os objetivos
da dissertacdo e os materiais e métodos utilizados. A segunda parte estad organizada em formato de
artigo a ser submetido na Journal of Applied Geophysics (Capes — Qualis A2), intitulado “The footprint
of the N5S Iron Ore Deposit in North Mountain based on multi source data, Carajas Mineral Province,
Brazil”. Na terceira parte encontram-se as discussdes e consideracdes sobre os resultados obtidos, bem
como as conclusdes principais sobre a assinatura dos diferentes litotipos encontrados no corpo N5S e

a aplicacdo dos métodos utilizados para a exploracdao de minério de ferro.

1.2. Apresentacao e Justificativas

Os depositos de ferro hematitico de classe mundial de alto teor (60-67% Fe) sdo produtos de
enriquecimento das formacGes ferriferas bandadas pré-cambrianas (Beukes et al., 2002). O Brasil
possui duas das maiores provincias do mundo: Quadrilatero Ferrifero/MG e Carajas/PA (Zucchetti,
2007).

A Provincia Mineral de Carajas é conhecida por hospedar mineralizacfes e depdsitos de classe
mundial de minério de ferro, manganés, Cu-(Au) tipo Iron Oxide Copper Gold (IOCG), ouro e
elementos do grupo da platina (EGP). A descoberta dos depositos de formacges ferriferas na regido
ocorreu em 31 de julho de 1967 pela empresa Meridional/US Steel, através do pouso na clareira com
canga hematitica na Serra Arqueada, indicando um grande potencial para prospecc¢ao de minério de
ferro (Gomes, 2007).

Os depositos de ferro estdo hospedados nas rochas da Formacao Carajés, e sdo tradicionalmente

classificados em trés distritos, (Serras Norte, Sul e Leste) onde ocorrem 57 corpos descontinuos de
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minério de alto teor. No distrito mineiro da Serra Norte, acham-se as minas a céu aberto N4 e N5, além
dos depositos N1 a N3 e N6 a N9. A espessura do pacote mineralizado varia entre 250 e 300 m, o
comprimento entre 200 m (N3, N6, N7 e N9) até 10 km (N4) e a terceira dimensdo (extensdo em
profundidade, segundo o mergulho) pode atingir at¢é 600 m. Inumeros depositos de ferro, ndo
explotados, também sdo distribuidos nas serras Leste, SL1 a SL3, e Serra Sul, S1 a S45 (Lobato, 2005).

No ambito econdmico dos Gltimos anos, 0 minério de ferro tem sido a principal commodity
brasileira de exportacdo, sendo de grande importéancia na balanca comercial brasileira, além de ser a
substancia mineral que mais fornece arrecadacgdes para a Compensacao Financeira pela Exploracgao de
Recursos Minerais (CFEM) (DNPM, 2014). O corpo N5S, objeto de estudo desta pesquisa, € um ativo
de classe mundial, com 888 milhdes de toneladas métricas de reservas provadas e provaveis e um teor
médio de Fe de 67,2%, com a menor relacdo estéril-minério e as menores distancias médias de
transporte em Carajas (Vale S.A., 2015). Apesar do minério de ferro desempenhar papel importante
na economia brasileira e no cenério internacional, a abundancia desde recurso e a facilidade de
exploracdo fizeram com que métodos prospectivos inovadores fossem pouco estudados quando
comparados com outras commodities.

O projeto Geracdo de Modelos Prospectivos para Minério de Ferro, desenvolvido pela
Universidade de Brasilia em parceria com a companhia Vale S.A., visa apresentar novos critérios
prospectivos a partir da modelagem de dados multi-fonte. Com base nesse objetivo geral, o presente
trabalho tem como principal meta criar uma assinatura do minério ferro do deposito N5S, utilizando a
integracdo de dados geoldgicos de superficie, aerogeofisicos (aeromagnetometria,
aerogamaespectrometria e aerogravimetria gradiométrica) e de testemunhos de sondagem com dados
petrograficos, geoquimicos, de espectrometria de reflectancia e de propriedades fisicas de rocha

(susceptibilidade magnética, gamaespectrometria e densidade).

1.3. Localizacdo

Os furos de sondagem do depésito de ferro N5S, alvos deste trabalho, estdo localizados no
distrito mineiro de Serra Norte, na Provincia Mineral de Carajas/PA (Figura 1.1) inserida no municipio
de Parauapebas/PA. A via de acesso principal é a rodovia estadual PA-275, que liga Parauapebas as
areas de Serra Norte, tendo também acesso por via aérea pelo aeroporto de Carajas. O distrito mineiro

é composto pelas minas a céu aberto N4 e N5, além dos depositos N1 a N3 e N6 a N9.
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Figura 1.1. Localizagdo do corpo de minério N5S em relacdo a Serra Norte e ao Brasil e posicionamento dos
furos de sondagem. Imagem de satélite Landsat 8 com sensor Operational Land Imager (OLI), composi¢do RGB.

1.4. Objetivos

A proposta de pesquisa estd centrada na integracdo de dados, geoldgicos, geoquimicos,
aerogeofisicos de alta resolucao, espectrometria de reflectancia e de propriedades fisicas de rocha, com
intuito de gerar uma assinatura para o corpo N5S. Para atingir o objetivo central desta pesquisa, séo
desenvolvidos os seguintes objetivos especificos:

v Processamento e interpretacdo de dados aerogeofisicos de alta resolucdo com o objetivo de
compreender a distribuicdo da formacdo ferrifera bandada no corpo N5S e do seu padréo
estrutural;

v' Levantamento das propriedades fisicas de rocha (susceptibilidade magnética,
gamaespectrometria e densidade) em testemunhos de sondagem com o intuito de auxiliar na
caracterizagdo do minério, do protomineério e suas encaixantes;

v’ Caracterizacdo petrografica e geoquimica do minério e suas encaixantes, visando a
identificacdo da estratigrafia e das variacbes composicionais internas das sequéncias

sedimentares;
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v' Coleta dos dados espectrorradiométricos para identificar as variacdes mineraldgicas dos
diversos litotipos, além de quantificar a mineralogia identificada a partir da correlagcdo com a
geoquimica;

v' Correlacdo entre as propriedades fisicas de rocha, os perfis mineraldgicos
(espectrorradiométricos e petrograficos) e geoquimicos dos furos de sondagem, buscando
compreender as variagdes laterais dentro do pacote sedimentar;

v Integracdo dos dados geoldgicos, geoquimicos, aerogeofisicos, espectrorradiométricos e de
propriedades fisicas de rocha para a modelagem do minério de ferro.

1.5. Materiais e Métodos

A seguir sdo apresentados 0os materiais € 0os métodos aplicados na realizacdo deste projeto.
Inicialmente tem-se a explanacdo dos materiais e métodos utilizados no tratamento dos dados
aerogeofisicos seguido da amostragem e petrografia, da geoquimica, da espectrometria de reflectancia,

das propriedades fisicas das rochas, e dos softwares utilizados.

1.5.1. Aerogeofisica

Os dados aerogeofisicos foram fornecidos pela empresa Vale S.A. e processados durante a
elaboracdo da dissertacdo de mestrado de Assis (2013). Para o presente estudo esses dados foram
janelados para a area do corpo mineralizado N5S, sendo apresentados na tabela 1.1 os métodos de
aquisicdo e as caracteristicas dos aerolevantamentos. O aerolevantamento magnetométrico foi
realizado simultaneamente com o aerolevantamento gravimétrico gradiométrico utilizando o sistema
de Full Tensor Gravimetric (FTG), e a direcdo das linhas de voo foram definidas para garantir uma
menor interferéncia do relevo na aquisicdo dos dados, sendo programadas para serem alinhadas com
as principais feicdes fisiograficas de Serra Norte (Braga, 2009). O aerolevantamento da
gamaespectrometria foi realizado em 1995. Para a cobertura total da area de estudo de Assis (2013)
foi necessario utilizar dados de dois aerolevantamentos, com mesmas caracteristicas de aquisicao.

Para auxiliar na andlise das estruturas e das feicdes dos produtos gerados a partir de dados
aerogeofisicos foi utilizado o processo de deteccdo de bordas multi-escala (MED). Esta técnica
numérica mapeia as bordas de fontes andmalas em dados de campo potencial a medida que se varia a
profundidade. Num plano horizontal, estas arestas formam "vermes" isolados que s&o semelhantes a
linhas isoladas desenhadas por um geocientista interpretando manualmente um potencial conjunto de

dados de campo (por exemplo, contatos ao longo de gradientes maximos) (Archibald et al., 1998).
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Tanto na aerogravimetria quanto nos dados aeromagnéticos, a maioria das informacgoes esta
contida no sinal analitico e derivadas que, por sua vez, mapeiam os limites de propriedades
contrastantes de rochas em subsuperficie (contatos, falhas, etc.). A deteccdo e visualizagdo dessas
variacfes em escalas diferentes (bordas de varias escalas) podem aumentar consideravelmente a
interpretacdo de dados de campo potencial e contribuir para a construcao de mapas geoldgicos em 3D.
O MED também fornece informagbes sobre a profundidade e o tipo de fontes causais. Fontes
tridimensionais ddo uma assinatura diferente em comparagdo com diques e contatos (Archibald et al.,
1998).

Tabela I.1. Caracteristicas dos levantamentos aerogeofisicos processados por Assis (2013).

Método Aéreo Equipamento Utilizado  Metodologia do Diregéo Altura Espacamento  Espacamento
equipamento de voo devoo de linhas de linhas de
V0O controle

Gravimetria Sistema Full Tensor Plataforma mével  N25W 150m 150m Néo foram
gradiométrica Gravity constituida por 12 executadas

Gradiometry(3D- acelerdmetros que medem

FTG), na aeronave as cinco componentes

Cessna Grand Caravan  independentes do

gradiente de gravidade e
representam a aceleragéo
da gravidade ao longo dos
eixos cartesianos.
Magnetometria Sensor de A taxa de amostragem foi N25W 150m 150m Néo foram
bombeamento ético de  de 10Hz, gerando 1 executadas
vapor de césio, modelo  medida a
Scintrex CS-2, na aproximadamente cada
aeronave Cessna  7m, com leitura dos
Grand Caravan valores do campo
magnético bruto e
compensado
Gamaespectrometria ~ Gamaespectrometroda O intervalo entre as N15E 150m 250m 250m na diregdo
EXPLORANIUM, medicdes foi de 1Hz, ou N75W
modelo GR-820, na seja, uma medida a
aeronave Cessna  aproximadamente  cada
Grand Caravan 70m

A inversdo dos dados é uma técnica eficiente para mapear corpos de geometria complexa,
heterogéneos e anisotrépicos, onde calculamos os parametros fisicos a partir dos dados observados.
Ela pode ser efetuada sem vinculos (unconstrained) onde se minimiza o ajuste (misfit) entre os dados
computados e observados. Este processo ndo aplica restricdo geoldgica, mas usa propriedades fisicas
(e.g., susceptibilidade magnética) para ajustar a resposta observada. O modelo resultante define uma
distribuicdo geofisica da propriedade que minimiza o erro. J& a inversdo geofisica com vinculo
(constrained), é um método de interpretagdo quantitativo que permite obter a geometria e profundidade
da fonte andmala a partir de um modelo geoldgico inicial. Desta forma é possivel reduzir as incertezas
do modelo obtido, tornando-o mais confiavel e similar a geologia em subsuperficie. Nesse trabalho foi

utilizado a seguinte metodologia: Correcdo de terreno; constru¢cdo do modelo geoldgico inicial; e
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inversdo dos dados geofisicos (constrained). O modelo geoldgico inicial foi obtido a partir das
densidades coletadas nos furos de sondagem e que seccionam o platd do N5S

Para a retirada da influéncia topogréfica foi utilizada a metodologia sugerida por FriztGerald e
Patterson (2013) e utilizado o valor de 2,7 g/cm?3 na correcdo de terreno. Dessa forma, os valores
positivos andmalos corresponderao a fontes com densidade maior que o valor escolhido, o que inclui
as camadas mineralizadas com minério de ferro. Os dados de densidade foram os obtidos neste trabalho
e podem ser visualizados na tabela 1.2. Com base na mesma tabela é possivel afirmar que o litotipo
mais denso é o hematitito fridvel com densidade média de 4,14 g/cma.

Tabela 1.2. Sumario com a média e variacao dos valores obtidos de densidade no corpo N5S e seu respectivo
boxplot por litotipo.

MS Média 2,29
Variacdo 1,88-3,89

Litotipo Densidade (g/cmd) Densidade (g/cm?®)
0 1 2 3 4 5

c™ Média 327 L L

’ I 1 —

Variagdo 2,61 -3,99 | I " I

HF Meédia 4,14 I I i .
Variacdo 3,25-491 | | | tﬂl

JP Média 34 T T

Variagio 2,97 3,72 o i

M Média 2,74 ol |

- [ Y |

Variacdo 2,41-2,88 . .

| | 1

1o i

| 1

Notas: CM = canga de minério; HF = hematitito fridvel; JP = jaspilito; MS = rocha méafica semi-alterada; M = rocha méfica
(gabro)

Os dados obtidos mostram que se considerarmos todo o pacote mineralizado, ou seja, 0
hematitito friavel, jaspilito e a parte mais intemperizada denominada canga de minério (HF+JP+CM),
a densidade média do pacote € de 3,97 g/cm3, enquanto as encaixantes mostram uma media de
densidade 2,66 g/cm3. Observa-se uma diferenca de 1,31 g/cm?® de contraste. Estes mostram que o
contraste justifica a aplicacdo de dados de gradiometria gravimétrica e que, apos a corre¢do de terreno,
as anomalias de alto gradiente observadas poderao refletir em subsuperficie o pacote mineralizado. A
diferenciacdo dos litotipos a partir dos dados gravimétricos ndo € possivel devido ao fenbmeno da
superposicdo de fontes, comum aos métodos potenciais. Dados semelhantes foram obtidos por Souza
et al. (2016) para 0 N4AWS.

Os valores médios de densidades foram atribuidos de forma homogénea para os intervalos dos

furos de sondagem na area delimitada, considerando todos os furos disponiveis no banco de dados e
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onde os dados de densidade nao foram coletados. O modelo inicial de densidade foi construido a partir
da interpolacdo em 3D utilizando o algoritmo de minima curvatura. Para a inversdao dos dados
geofisicos de FTG foi utilizado o codigo GGINV3D (Li, 2001), com mesh de 50m x 50m x 256m (X Y
Z), e erro de 5% do desvio padréo do dado de FTG (143 Eo). Ou seja, neste caso foi utilizado o erro
de 7 Eo. O numero de medidas utilizadas para a inversédo foi de 936, distribuidas ao longo das linhas
de aquisicdo. O codigo GGINV3D permite que o usudrio realize a escolha do melhor parametro de
regularizacdo. Essa escolha é realizada através da curva L (Oldenburg e Li, 2007). Para a confeccao
dessa curva sdo realizadas varias inversdes com diferentes valores de parametro de regularizacéo e
entdo é feito um grafico do misfit pela norma de cada inversao. Para o dado de FTG em questéo foram
realizadas 10 inversdes com o maior parametro de regularizacao igual a 1000 e 0 menor parametro foi
0,000001.

1.5.2. Amostragem e Petrografia

Os trabalhos de campo foram efetuados em julho de 2011 e incluiram 20 dias de campo, nos
quais foram descritos os testemunhos de sondagem referentes a quatro furos N5S-F867, N5S-F871,
N5S-FH1099 e Nb5S-FH1103, com profundidades de 200m, 230,5m, 192,75m, e 202,5m,
respectivamente (Figura 1.2). A coleta de amostras foi realizada a cada dois metros, com amostras de
15cm, totalizando 419 amostras. As amostras foram destinadas para litogeoquimica e coleta de dados
espectrorradiométricos e de propriedades fisicas. Foram também selecionadas 49 amostras para
descricao petrogréaficas, visando descrever as principais variacdes texturais e mineralogicas.

A andlise petrogréafica foi focada na identificacdo da mineralogia e das estruturas primarias do
minério e suas encaixantes. Treze destas amostras foram laminadas apds a analise dos dados
geoquimicos e espectrorradiométricos, com a intencgdo de validar os dados geoquimicos e 0s minerais
determinados pela espectrometria de reflectancia. As laminas delgadas polidas foram confeccionadas
no Laboratorio de Laminacdo do Instituto de Geociéncias da UnB e as descri¢des petrograficas foram
efetuadas em microscopio petrografico sob luz transmitida e refletida, no Laboratério de Microscopia
da Universidade de Brasilia.

As anélises quimicas minerais da clorita foram realizadas na Microssonda Eletronica marca
Cameca, modelo Camebax SX 50, da Universidade de Brasilia (Tabela 1.3). Foi utilizado a voltagem
de excitacdo de 15 kV, corrente de 25 hA e didmetro de feixe de 5nm. Os padr@es utilizados consistiram

de minerais naturais, vidros sintéticos e metais.

1.5.3. Geoquimica
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Para identificacdo da estratigrafia e das variacbes composicionais internas do corpo
mineralizado N5S foram realizadas analises quimicas detalhadas nas 419 amostras coletadas. A
preparacdo das amostras e as dosagens de elementos maiores, menores e trago foram realizadas pelo
laboratorio da ALS Minerals a partir de cinco métodos, designados pelos cédigos: ME-MS81 (ICP-
MS); ME-ICP41 (ICP-AES); ME-XRF06 (Fluorescéncia de raio X); Fe-VOLO05 (Titulagcdo) e; AO-
GRAO06 (WST-SIM).

N5S-FH1103
NS5S-F871 $ A,

@

NS5S-FH1099

A N5S-F867

Legenda

Litotipos

I Canga de minério (CM)

I Hematitito frigvel (HF)

I Jaspilito (JP)

[] Rocha méfica semi-alterada (MS)
[ Rocha méfica - Gabro (M)

AZIMUTH = §2.7

0 100 200 300 400
[ T I

200 m

230,5 m

Figura 1.2. Litotipos descritos nos testemunhos de sondagem dos furos N5S-F867, N5S-FH1099, N5S-F871,
N5S-FH1103.

O método de ICP-MS (Inductively Coupled Plasma — Mass Spectroscopy) se baseia em
adicionar a amostra, boreto de litio/tetraboreto de litio, misturar e fundir a 1025°C. O resultado € entdo
resfriado e dissolvido em uma mistura &cida contendo o é&cido nitrico, hidrocloridrico e
hidrofluoridrico. Essa solucéo € analisada pelo ICP-MS. O método de ICP-AES (Inductively Couple
Plasma — Atomic Emission Spectroscopy) consiste em digerir a amostra em aqua regia em um bloco
de aquecimento de grafite e, apds resfriar a amostra, dissolver esta em 12,5L de agua deionizada,
misturar e analisar no ICP-AES (ALS Geochemistry, 2017).
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O método de Fluorescéncia de raios-X € utilizado para quantificar os elementos maiores da
amostra e fundamenta-se na analise de pastilhas formadas por fusdo da amostra com borato de litio. A
titulagdo do ferro foi utilizada para diferenciar o Fe?* do Fe**, ja que nos outros métodos isto ndo é
possivel. O método de WST-SIM determina a perda por calcinacdo (Loss on Ignition — LOI) por meio
de um forno e é uma importante analise para depositos de ferro (ALS Geochemistry, 2017). Para
garantia dos resultados das andalises foram enviadas amostras duplicadas e em branco.

O tipo de método de analise utilizado na dosagem dos elementos e 6xidos utilizados nesta
dissertagéo estdo demonstrados na tabela 1.4. Como os dados da Fluorescéncia de raio X para Fe,O3
representam o ferro total das amostras, foram realizados os calculos demonstrados na Figura 1.3 para
se obter o percentual de ferro férrico (Fe®*"). Os valores de Fe3* negativos foram desconsiderados

levando em conta os erros analiticos, em um total de 2 amostras.

Tabela 1.3. Andlises quimicas da clorita.

F871 FH1099
Amostra %

98/02 98/03 98/04 98/05 98/06 98/07 98/08 98/09 98/10 [79/01 79/02 79/03 79/04 79/05 79/06 79/07 79/08
Sio, 41,69 27,02 28,26 28,70 28,01 2756 36,07 27,40 27,80 |30,02 29,74 29,17 30,19 31,65 2994 3140 30,34
TiO, 0,15 0,05 0,00 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,22 0,31 0,00 0,07 0,14 0,21 0,20
Al,O4 6,39 1583 15,76 14,02 16,03 1548 9,72 1536 14,96 | 14,63 1574 17,59 16,70 14,48 1496 14,17 15,18
FeO 18,92 20,14 19,77 19,59 19,93 1961 1822 18,71 19,78 (19,16 21,15 20,82 21,83 1883 21,82 17,19 19,10
MnO 068 075 072 081 062 08 057 055 069 [060 063 08 062 064 067 068 0,73
MgO 15,84 23,17 22,65 23,85 22,83 23,69 19,97 23,80 22,75 |24,42 23,15 2254 2247 2543 22,49 2489 2385
Sro 000 000 000 006 000 000 001 000 000 (001 009 001 004 001 003 002 0,03
CaOo 746 013 007 008 005 009 395 001 010 (007 005 009 007 010 005 0,10 0,07
Na,O 0,31 0,00 0,01 0,01 0,04 0,01 0,18 0,04 0,00 0,00 0,01 0,02 0,01 0,02 0,02 0,04 0,00
K,O 0,16 0,02 0,01 0,02 0,01 0,03 0,08 0,04 0,02 0,05 0,07 0,02 0,03 0,09 0,05 0,12 0,08
Cl 008 000 001 o000 003 003 002 003 001 (011 015 000 002 010 036 003 0,09
V,03 009 000 005 005 003 005 001 000 008|000 004 014 002 007 004 0,00 0,01
OH 8,26 12,87 12,69 1280 12,46 12,63 11,20 14,06 13,74 (10,95 8,99 8,42 8,00 8,53 9,51 11,16 10,35
Total 100,03 99,98 100,00 99,99 100,04 100,04 100,00 100,00 99,99 |100,02 100,03 99,99 100,00 100,02 100,08 100,01 100,03

Cations recalculados para 28 oxigénios (PUFF)

Si 717 495 514 517 511 502 628 495 504 | 541 5,46 5,41 5,58 569 550 557 548
Ti 0,02 0,01 0,00 000 000 000 000 000 001 | 000 004 0,06 0,00 0,01 0,02 0,04 0,03
Al 0,28 0,73 0,72 0,63 073 071 042 069 068 | 0,66 0,72 0,82 0,77 0,65 069 063 0,69
Fe?* 2,26 2,56 250 246 253 248 2,21 2,35 2,49 2,40 2,70 2,68 280 235 2,79 212 240
Mn 0,08 0,10 0,09 60,0 o008 0111 0,07 007 009 | 008 0,08 0,11 0,08 0,08 009 0,08 0,09
Mg 2,62 4,07 396 4,13 4,00 4,15 334 413 396 | 422 409 4,01 399 439 397 424 414
Sr 6,00 000 000 001 000 000 000 000 000 | 000 0,01 0,00 000 000 000 0,00 0,00
Ca 1,05 0,02 0,01 001 o001 001 056 000 001|001 001 0,01 0,01 0,01 0,01 001 0,01
Na 0,01 0,00 000 000 000 000 001 000 000 | 000 0,00 0,00 000 000 000 0,00 0,00
K 0,00 000 000 000 000 000 000 000 000 | 000 0,00 0,00 0,00 000 0,00 0,00 0,00
\% 6,00 000 000 000 000 000 000 000 0,00 | 000 0,00 0,01 0,00 000 000 0,00 0,00
H 0,16 026 026 026 025 026 022 028 028 | 022 0,18 0,17 0,16 0,17 0,19 0,22 0,21

Cétions 13,67 12,70 12,68 12,77 12,71 12,74 13,11 12,48 12,57 [ 13,00 13,30 13,29 13,40 13,37 13,26 12,92 13,05

Fe/(Fe+Mg)| 0,46 039 039 037 039 037 040 036 039 | 036 040 040 041 035 041 033 0,37
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Tabela 1.4. Métodos utilizados na dosagem dos diferentes elementos e 6xidos utilizados nesta pesquisa.

ME-MS81 (ICP- ME-ICP41 ME-XRF06 Fe-VOLO06 AO-GRAO06

MS) (ICP-AES) (Fluorescéncia de (Titulacdo) (WST-SIM)
raio X)

ETR’s, Ba, Co, Cr, Ag, Al, As, B, SiO;, Al,Os3, CaO, FeO. LOL.

Cs, Ga, Hf, Mo, Nb, Be, Bi, Ca, Cd, TiO,, Fe;Osr, P20s,
Rb, Sn, Sr, Ta, Th, Cu, Fe, Hg, K, BaO, MgO, K0,
T U, V, W, Ybe Mg, Mn,Na, Ni, NaO, Cr,0s, MnO e
Zr. Pb, S, Sb, Sc, Ti  SrO.

e Zn.

Calculo do teor de Fe,04:

i) Cdlculo dos fatores de oxido

2Fe/Fe;0; =0.699436| [FeFeO=0777314

ii) Cidlculo do Fe'™ a partir dos 6xidos de Feyy e Fe™™:

Fewn = Fe:037 x 0.699436 | |Fe?™ =FeQx 0.777314

Fel"=Feyy - Feo*

iii) Cédlculo do Fe;0; usando o Fe’~ e convertendo para 6xido novamente:

Fe;0;=Fe™™ + 0.699436

Figura 1.3. Calculos realizados para se obter o ferro férrico (Fe*) utilizando os dados do ferro ferroso (Fe?*) e
do ferro total (Fe203).

1.5.4. Espectrometria de reflectancia

Nas diferentes etapas da exploracdo mineral a espectrometria de reflectancia tem sido uma
técnica muito conhecida e efetiva para a identificacdo da mineralogia dos depdsitos minerais,
auxiliando tanto no entendimento da distribuicdo espacial do minério, como dos contaminantes (Ducart
et al., 2006; Silva, 2009; Prado et al., 2016).

A reflectancia é definida como a razdo entre a intensidade de luz refletida pela amostra e a
intensidade de luz incidente (Van der Meer, 2004). A luz ao interagir com um mineral ou rocha é
absorvida em certos comprimentos de onda enquanto em outros € transmitida e refletida. As posicoes
das feicGes diagnostico de absorcdo dos espectros de alguns minerais na regido do VNIR
(comprimentos de onda do visivel ao infravermelho préximo) e WSIR (comprimentos de onda do
infravermelho de ondas curtas) séo determinadas por processos de transigdo eletronica e transferéncia

de carga associados a ions de metais de transicdo, como Fe, Ti, Cr, etc. (Hunt, 1977). Processos de
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vibragdo relacionados & H2O e OH também produzem feigdes de absorcéo caracteristicas no WSIR
(Hunt, 1977).

As variaveis que caracterizam as feicdes de absor¢do (posicdo, forma e profundidade) podem
ser diretamente correlacionadas com a composi¢do quimica e estrutura cristalina da amostra (Van der
Meer, 2004). Na figura 1.4 sdo demonstrados os parametros espectrais obtidos por meio da curva
polinomial que melhor se ajusta ao espectro de reflectancia removido do continuo (albedo total da
curva de reflecténcia). A posicdo da feicdo de absorcédo é definida como o minimo de reflectancia da
curva de absorcdo no comprimento de onda e a posicdo de uma fei¢do de reflectancia é definida como
0 maximo de reflectancia da curva de absorcdo no comprimento de onda. O fator de assimetria da
feicdo é definido como a razdo entre as areas a direita e a esquerda do comprimento de onda de minima

reflecténcia (Van der Meer, 2004). Por meio do coeficiente angular de uma reta tangente é possivel

determinar a inclinag&o de uma determinada regiéo do espectro (Figura 1.4).

/) Continuo

Simetria=A, /A,
Inclinagdo =Tg(0)

Posicao da feicao de reflectancia (pico do Vermelho)
7 I |/) Posicao da feicao de absorcao (absorcao eletrénica do ferro)
L |

Reflectancia (%)
<o

L 1 L 2 2 | 1 L L | 1 L L J
500 1000 1500 2000 2500
Comprimento de Onda (nm)

Figura 1.4. Parametros espectrais obtidos pela média espectral das amostras coletadas no estudo de Prado et al.
(2016).

O método de quantificacdo espectral deste trabalho seguiu os métodos publicados por Haest et
al. (2012) e Prado et al. (2016). Para se extrair as informacGes dos minerais dos espectros de
reflecténcia existe uma variedade de métodos que se baseiam na correlacdo dos dados espectrais de
um mineral especifico com as bibliotecas espectrais ou com dados independentes (ex. analises
quimicas). Para o calculo da profundidade da feicdo de absor¢do neste estudo foi utilizado o método
de subtracdo do valor de reflectancia do minimo da curva polinomial pelo valor de reflectancia do
continuo no mesmo comprimento de onda e dividindo este valor pela reflectancia do continuo (Clark
e Roush, 1984).

O espectro de reflectancia das amostras foi medido utilizando espectrorradiémetro de
reflectancia FieldSpec3HiRes® (ASD) (Figura I.5A). As medidas foram realizadas utilizando a sonda

de contato, que apresenta como fonte de luz uma lampada de halogénio (Figura 1.5B), pois apresenta
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maior precisdo que a pistola (Prado et al., 2016). A janela de aquisicdo da sonda de contato tem
didmetro de 1 cm, e o espectro salvo representa a média de 75 espectros coletados na mesma area. O
dispositivo coleta os espectros em trés modulos, o primeiro cobrindo os comprimentos de onda do
visivel ao infravermelho proximo (VNIR: 350-1000 nm) e dois que cobrem a regido do infravermelho
de ondas curtas (WSIR 1 e 2: 1.000-2500 nm). O intervalo de amostragem do espectrémetro é de 1,4
nm no VNIR e de 2,0 nm do WSIR, com uma precisdo de comprimento de onda de £0,5 nm. A
resolugdo espectral é de 3nm no VNIR e 8 nm no WSIR. Os espectros coletados pelo ASD sdo
convertidos de radiagéo para reflectancia utilizando o sinal do SpectralomTM, coletado por meio de
uma calibracdo feita a cada 15 minutos durante a coleta dos dados. Segundo Prado et al. (2016) a
metodologia mais eficaz para a amostragem segue uma sequéncia de medicao em duas linhas paralelas

ao comprimento da amostra.

7 /ﬁ'; t
>W .!.mmmnnumw\m\\mwm‘\
‘Contact Probe -
N —
.

ﬂ 7 1Py

Figura 1.5. (A) Espectrorradiébmetro de reflectancia FieldSpec3HiRes® (ASD) com o cabo de fibra
Otica; (B) Sonda de contato, que apresenta como fonte de luz uma lampada de halogénio.

Foram obtidos 1050 espectros de 419 amostras. Esses dados foram analisados por meio do
software comercial “The SpectralGeologist” (TSG CoreTM, versdo 7.1.0.066). O software foi
utilizado para processar os dados espectrais de reflectancia, obter os parametros espectrais e extrair as
informacdes de abundancia, composicéo e cristalinidade dos minerais presentes. Primeiramente foram
calculados individualmente os parametros espectrais das fei¢coes de absor¢do, como a profundidade e

0 comprimento de onda ou razéo entre as bandas espectrais (Tabela 1.5), para entdo integrar os dados
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e obter as informacBes mencionadas dos minerais (Tabela 1.6). Além dos parametros espectrais

desenvolvidos neste trabalho, alguns parametros foram baseados nos propostos por Prado et al. (2016)

e adaptados ao projeto. Os parametros mencionados séo ilustrados na figura 11.10 e nos apéndices V1.1,

VI.2e VI3.

Tabela I.5. Algoritmos utilizados na extracdo dos parametros espectrais para cada feicdo de absorcéo.

Parametro
600-740SL

900Dfe

900WIv-fe

N1650R
2164Dk

2200Dk

2170SL

2170Ck
1450Dg

2260Dg

2251Dcl

2335Dcl

2335Wlv-cl

1500SL
1915Dsli

2200Ds/i

2200Cs/i

2200WIv-sfi

Funcéo

Identificacdo dos
(hidro-)dxidos de Fe
Identificagcdo e quantificacdo
dos (hidro-)dxido de Fe
Diferenciagdo entre hematita e
goethita

Albedo

Identificacéo da caolinita

Identificagdo e quantificacéo
da caolinita

indice da cristalinidade da
caolinita

Cristalinidade da caolinita

Identificacdo da gibbsita

Identificagdo e quantificacéo
da gibbsita

Identificacéo da clorita

Identificagdo e quantificacéo
da clorita

Composigao da clorita

Identificagéo do Fe2+
Identificagdo da esmectita-
illita

Identificagcdo e quantificacdo

da mistura esmectita-illita

Cristalinidade da  mistura
esmectita-illita
Composicdo da  mistura

esmectita-illita

Algoritmo TSG Core

PFIT: Inclinagdo continua entre 600 e 740 nm.

PFIT: Profundidade do espectro removido do continuo calculado usando a sexta ordem
polinomial de 735 a 1290 nm, com o alcance do foco entre 830 e 1020 nm.

PFIT: Comprimento de onda do espectro removido do continuo calculado usando a
oitava ordem polinomial de 735 a 1290 nm, com alcance do foco entre 830 e 1020 nm.
PROFILE: Reflectancia media de 1650 + 100 nm

PFIT: Profundidade do espectro removido do continuo calculado usando a sexta ordem
polinomial de 2152 a 2180 nm, com alcance do foco entre 2160 e 2170 nm.

PFIT: Profundidade do espectro removido do continuo calculado usando a oitava ordem
polinomial de 2130 a 2245 nm, com alcance do foco entre 2200 e 2215 nm.

ARITH: (R2180/2166)

ARITH: (2170SL+2200Dk)

PFIT: Profundidade do espectro removido do continuo calculado usando a décima
primeira ordem polinomial de 1350 a 1710 nm, com alcance do foco entre 1430 e 1467
nm.

PFIT: Profundidade do espectro removido do continuo calculado usando a sexta ordem
polinomial de 2115 a 2475 nm, com alcance do foco entre 2240 e 2300 nm.

PFIT: Profundidade espectro removido do continuo calculado usando a sexta ordem
polinomial de 2236 a 2268 nm, com alcance do foco entre 2243 e 2258 nm.

PFIT: Profundidade do espectro removido do continuo calculado usando a sétima ordem
polinomial de 2280 a 2408 nm, com alcance do foco entre 2328 e 2360 nm.

PFIT: Comprimento de onda do espectro removido do continuo calculado usando a
sexta ordem polinomial de 2272 a 2381 nm, com alcance do foco entre 2310 e 2370 nm.
ARITH: (R1650/R1350)

PFIT: Profundidade do espectro removido do continuo calculado usando a oitava ordem
polinomial de 1830 a 2140 nm, com alcance do foco entre 1890 e 1950 nm.

PFIT: Profundidade do espectro removido do continuo calculado usando a terceira
ordem polinomial de 2150 a 2238 nm, com alcance do foco entre 2198 e 2220 nm.
ARITH: (2200Ds/i)/(1915Ds/i)

PFIT: Comprimento de onda do espectro removido do continuo calculado usando a
terceira ordem polinomial de 2150 a 2238 nm, com alcance do foco entre 2198 e 2220

nm.
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Tabela 1.6. Produtos espectrais aplicados neste estudo para a extracdo dos parametros de abundancia e
composi¢do dos minerais dos furos de sondagem do corpo mineralizado N5S.

Nome Minerais detectados Base algoritmica Filtro/Mascaras Tendéncia de correlacdo
Abundancia de Hematita, goethita 900Dfe 900Dfe>0,025 % Fe,0; = 205,26 x (900DFe) —
(hidro-)éxido de Fe 600-740SL>1,979 7,735

2200Dk>0,1 Accuracy: 14,7% Fe,O3

Abundéancia de clorita,
caolinita, gibbsita,
esmectita-illita= 0
Distribuigéo de Hematita, goethita 9000WIv-fe 600-740SL>1,979
hematita-goethita
Abundancia caolinita Caolinita 2200Dk 2200Dk>0,0129
2164Dk>0,00112
Abundancia gibbsita= 0
Cristalinidade caolinita Caolinita 2170Ck 2200Dk>0,0129
2164Dk>0,00112
2260Dg<0,012
Abundancia gibbsita =0
Abundancia gibbsita Gibbsita 2260Dg 2260Dg>0,012
1450Dg>0,0143
Abundancia clorita Clorita 2335Dcl 2335Dcl>0,0159
2251Dcl>0,005
2260Dg<0,012
Abundancia gibbsita =0
Composicéo da clorita Clorita 2335Wliv-cl 2335Dcl>0,0159
2251Dcl>0,005
2260Dg<0,012
Abundancia gibbsita =0
Abundancia da mistura  Esmectita, esmectita/illita  2200Ds/i 2200Ds/i>0,00112
esmectita-illita e illita/esmectita 1915Ds/i>0,0241
2200Dk<0,018
2260Dg<0,012
Abundancia  Caolinita,
Gibbsita=0
Cristalinidade da mistura ~ Esmectita, esmectita/illita  2200Cs/i 2200Ds/i>0,00112
esmectita-illita e illita/esmectita 1915Ds/i>0,0241
2200Dk<0,018
2260Dg<0,012
Abundancia  Caolinita,
Gibbsita=0

1.5.5. Propriedades Fisicas de Rocha

A utilizacdo de métodos geofisicos para a definicdo das propriedades fisicas das formacdes
ferriferas e do minério de ferro ainda é bastante restrita no mundo, e consequentemente no Brasil.
Recorrendo a esse estudo, um dos objetivos deste trabalho € definir a assinatura do corpo N5S
utilizando susceptibilidade magnética, gamaespectrometria e densidade obtidos a partir de medidas

sistematicas, de dois em dois metros, em testemunhos de sondagem. A metodologia de coleta e analise
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utilizada para cada propriedade é apresentado a seguir. As respostas dos dados foram ilustradas na
figura 11.17 e apéndices V1.4, V1.5 e VI.6.

1.5.5.1. Susceptibilidade Magnética

A susceptibilidade magnética nas rochas depende da quantidade e do tamanho dos gréos, além
do modo de distribuicdo dos minerais magnéticos. Devido a abundancia apenas alguns minerais
possuem susceptibilidade magnética suficientemente elevada para produzirem anomalias detectaveis,
sendo eles, a magnetita, a pirrotita (monoclinica) e a ilmenita (Gouvéa e Silva, 1995). Sua unidade de
medida é adimensional e expressa em SI.

Minerais magnéticos sao fortemente afetados por sutis diferencas na geoquimica e por
processos secundarios geologicos, podendo produzir diferentes propriedades magnéticas para um
mesmo litotipo (Dentith e Mudge, 2014). Dentith e Mudge (2014) apresentam um sumario com 0s
intervalos de observacdo e faixas de susceptibilidade magnéticas mais comuns para varios tipos de
rochas e 0s principais minerais magnéticos (Figura 1.6).

Além disso, foi feita uma compilacdo de dados de Bubner et al. (2003), Zacchi (2010) e Ferreira
(2014), que indica de forma sumarizada os intervalos de valores de susceptibilidade magnética para
diferentes tipos de minério de ferro, formacGes ferriferas associadas e suas encaixantes, em
Middleback Ranges (Austrélia), Serra do Sapo, (Brasil) e Carajas (Corpo N4WS-Brasil),

respectivamente. (Tabela 1.7).

Tabela I.7. Susceptibilidade magnética de formagdes ferriferas na Australia e Brasil (dados extraidos de Bubner
et al 2003?; Zacchi 2010°; Ferreira 2014°).

Litologia Variagéo (x103SI) Ocorréncia

Canga de Minério (CM) 0,31-25,17 Carajas®

Canga Quimica (CG) 0,14 -1,24 Carajas®

Formagdo Ferrifera com Magnetita 1634 Middleback Ranges?
Itabirito 0,3-10,40 Serra do Sapo®
Jaspilito 17,6 - 2111 Middleback Ranges?
Jaspilito (JP) 0,51 - 904,33 Carajas®

Jaspilito Hematitico 6,312 Middleback Ranges?
Minério de Ferro 0,2 - 42,10 Serra do SapoP
Minério de Ferro (magnetitico) 4,4-2111 Iron Duke

Minério de Ferro Hematitico | 30,2 -52,8 Middleback Ranges?
Minério de Ferro Hematitico Il 1,0-10 Middleback Ranges?
Hematitito friavel (HF) 0,50 - 111,33 Carajas®

Quartzito Hematitico 1,63 -1684 Middleback Ranges?
Rocha Méfica (M) (Basalto) 0-21,27 Carajas®

Rocha Méfica Semi-Decomposta (MS) 0-1,69 Carajas®
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Figura 1.6. VValores de susceptibilidade magnética de varios tipos de rochas e dos principais minerais magnéticos
com os valores mais comuns (Clark, 1997; in Dentith e Mudge, 2014).

Para a aquisicdo dos dados de susceptibilidade magnética foi utilizado o equipamento MPP-
EM2S+ (Multi Parameter Probe) desenvolvido pela INSTRUMENTATION GDD INC., que consiste
em uma sonda com forma de pistola ligada a uma unidade de leitura (Palm Top) e possibilita a
determinacdo da susceptibilidade magnética (x10-3 Sl) (Figura 1.7). Os parametros do equipamento
indicam uma taxa de amostragem de 10 vezes por segundo e uma taxa apresentada a cada 0,5 segundo.
Os dados de susceptibilidade magnética consistiram na média de trés medi¢fes sequenciais com

periodo de estabilizacdo de aproximadamente 15 segundos.
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Figura 1.7. Equipamento MPP-EM2S+ (Multi Parameter Probe) desenvolvido pela GDD
INSTRUMENTATION INC utilizado para aquisi¢do dos dados de susceptibilidade magnética.

1.5.5.2. Gamaespectrometria

Para a coleta da emissdo de radiagdo gama dos radioelementos K, Th e U foi utilizado o
gamaespectrometro portatil de 1024 canais RS-230, da Radiation Solutions Inc (Figura 1.8). O detector
é constituido por um cristal de germanato de bismuto que absorve a radiacdo gama e a transforma em
sinais elétricos proporcionais a emissdo. O equipamento permite medidas da radiacdo gama tanto em %
de K e ppm de eU e eTh como em contagens por minuto (cpm).

S&o conhecidos mais de 20 elementos naturalmente radioativos, porem s&o poucos que podem
ser utilizados na prospeccdo geologica, sendo eles o uranio (U), o tério (Th) e o is6topo do Potéssio
(K), isso ocorre devido a raridade ou a pouca radioatividade dos outros elementos. Alguns trabalhos
determinam intervalos de valores através da concentragdo de radioelementos. Killeen (1979) classifica
rochas sedimentares quimicas, aplicavel indiretamente as formagdes ferriferas bandadas, com intervalo
de K, U e Th respectivamente entre 0,02 — 8,4%, 0,03 — 26,7ppm, 0,03 — 132,0ppm. Boyle (1982)
apresenta teores médios de U e Th para formacgbes ferriferas bandadas de 2,0ppm e 3,0ppm,
respectivamente. Ferreira (2014) apresenta valores de K, U, Th e contagem total para os litotipos
encontrados na formacdo ferrifera de Carajas, no corpo mineralizado N4WS, sendo utilizado como o
principal pardmetro de comparacéo devido a proximidade com a &rea deste estudo e por apresentar
valores na mesma unidade de trabalho (contagem por minuto (cpm)) (Figura 1.9).

Segundo IAEA (2003), o tempo de amostragem necessario para uma medicdo depende da
radioatividade da fonte e da precisdo necessaria. Como as rochas do presente trabalho apresentam

baixa resposta dos radioelementos, fez-se a amostragem com medi¢Oes de 5 minutos. Um tempo de
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amostragem de 2 minutos para rochas altamente radioativas e 6 minutos para rochas de baixa
radioatividade é considerado aceitavel, de acordo com testes realizados para um detector de 350 cm3

de Nal(TI) com uma precisédo de 10% (Lovborg e Mose, 1987).

Figura 1.8. Gamaespectrdmetro RS-320, fabricado pela Radiation Solutions, utilizado para aquisi¢do dos dados
radiométricos.
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Figura 1.9. Boxplot dos valores dos radioelementos potassio, uranio e torio e da contagem total para os litotipos
descritos por Ferreira (2014), no corpo N4WS.
1.5.5.3. Densidade

Densidade é a propriedade fisica especifica de um material, sendo definido pela quantidade de
massa da substancia em uma unidade de volume. Pode ser usada para a diferenciacdo de materiais,
pois esta ligada a natureza de sua estrutura cristalina. A afericdo dos dados de densidade das rochas
estudadas proporciona uma melhora na classificagao dos litotipos descritos e possibilita a modelagem

geoldgica do bloco estudado, utilizando a inversao geofisica.

35



A densidade varia em um espectro amplo, o que nédo possibilita a definicdo de um padrdo de

valores para cada tipo de rochas. Isso é reflexo dos diferentes processos geoldgicos que se traduzem

em quantidades distintas de minerais, poros e diferentes condi¢fes durante sua formacao. Entretanto,

os valores das rochas apresentadas na figura 1.10 indicam os valores esperados ao se medir esta

propriedade fisica das rochas (Dendith e Mudge, 2014).

Density {glem™)
000 1.00 2.00 ogy 300 4.00 5.00
L 1 1 1 1 i 1 ] | | ]
Range of rack-forming
rminarals
Dunite ; s Sarpentinised
Paridotie (kearad) Serpantivused N
Cabbrg - I
Delarile [Mafic) .
Basalt Vesicua: I
Andusite [ ]
Trachyte " ]
Diarita [Inbermediate) _—
Syerite [ ] Igneous
Rhyoite [Fkic] [ ] rocks
CGranite [ |
[
Pyradastics .
Himbseribe |
Edingite Serpenfinised I
Granuite Felsic [ M=
Amphibolin | N
o Fedsic I Mafic
Senst — Misbemrvcurprhil:
[ rocks
Elaho [ |
::’;:‘: [Meta-sedimentany} _-
Cuartzie I
fren formation | . |
Oclamite I
Limesscre [ ]
‘-'_“'1“"?'5 | ] Sedimentary
Sandstane | ]
Evapariia | rocis
Coal Ligrite I irifiracife |
[Catente: I
Saproiiia I Superficial
Sand - wat |
Sand - dry I deposite
Clay ]
Mineral Bawxile Metal cades & sulphides
Malalic miremlsation | . |
deposits Dussaminatad Massive
T T T T T T T T T 1
000 1.00 200 3.00 4.00 5.00
Density (glcm®)

Figura 1.10. Variacao de densidade dos principais grupos de rochas conhecidos, com destaque para as rochas de

estudo nos poligonos vermelhos (Dendith e Mudge, 2014).

A maior dificuldade para medir a densidade de rochas se encontra em amostras, heterogéneas,

friaveis ou aquelas distribuidas irregularmente. Existem diversos modos de medir densidade, visto que

0s materiais terrestres possuem trés fases: minerais, espagos vazios e espacos preenchidos com outros

materiais (liquido, gas ou os dois). A densidade verdadeira é equivalente a densidade do grdo. Ja a

densidade da massa € medida considerando a porcentagem de espagos vazios, assim como a massa do

corpo seco. Esta ultima relaciona-se com a densidade natural, pois ambas trabalham com os espagos
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vazios preenchidos de fluidos. Todavia, a densidade natural equivale a densidade molhada, na qual €
medida com base a saturacdo da adgua nos espacos vazios da rocha, de forma que considera essa
densidade a mais préxima da situacao real da rocha em subsuperficie (Hinze, 2013).

Para a aquisicdo dos dados de densidades das amostras foram utilizados dois equipamentos,
sendo um para a rocha sa (a balanca industrial IND560), e outro para a rocha friavel (Pentapyc 5200e).
Na tabela 1.8 € possivel averiguar o nimero de amostras medidas em cada equipamento, por furo de

sondagem estudado.

A balanga de pesagem industrial IND560 vem acompanhada de base acoplavel para medidas
de massa em imersdo, com precisdo de trés casas decimais e carga maxima 10 quilogramas com erro
de 0,001Kg (Figura 1.11).

Tabela 1.8. NUmero de amostras medidas pelo método da balanca e pelo método do pentapicnémetro em cada
furo.

Furos do N5S Total de Amostras Amostras Medidas na Amostras Medidas no
Balanga Pentapyc

N5S-F867 101 28 73

N5S-F871 119 45 74

N5S-FH01099 96 24 72

N5S-FH01103 103 58 45

TOTAL 419 155 264

Para o célculo da densidade foi utilizado o método de Arquimedes tendo em vista sua
praticidade e confiabilidade. Nesse método assume-se que “Um fluido em equilibrio age sobre um
mondlito nele imerso, com uma forca vertical orientada de baixo para cima, denominada empuxo,

aplicada no centro de gravidade do mondlito cuja intensidade é igual ao volume de fluido deslocado”.

Baseado nesse conceito foi utilizado a equacdo (1), no qual, a densidade do s6lido (Ds) é igual a massa
do sélido seco (Mss), dividida pela diferenca entre a massa do sélido seco e do s6lido molhado (Msi),
multiplicado pela densidade do liquido (Dl).
Ds = (Mss/Mss-Msi). DI 1)
A 4agua foi utilizada como liquido para a imersdo, como a densidade € igual a 1g/cms3, a
aquisicdo da densidade se torna uma razédo entre a massa do sélido seco e a diferenga dessa massa seca

e a massa do s6lido molhado.
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Figura 1.11. Balanga de pesagem industrial IND560 com a base acoplavel para medidas de massa em imersao.

O Pentapyc 5200e é um equipamento para determinacdo de volume e densidade de cinco
amostras simultaneas, sendo a analise feita em sequéncia sem o envolvimento de algum operador
(Figura 1.12A). O equipamento € designado para quantificar o verdadeiro volume de um material
solido por meio do principio de Arquimedes de deslocamento de fluidos e de expansao de gas (Lei de
Boyle). O fluido utilizado é o gas Hélio devido a sua dimensdo atbmica ser pequena e ocupar as
menores cavidades, 0 que assegura a maior precisdo. As amostras sdo rapidamente e automaticamente
analisadas quantas vezes necessarias para arquivar a porcentagem de desvio desejada pelo usuario
(0,005) a partir da média do nimero de leituras (3). As leituras sdo feitas de forma automatica e
exportadas para o software FileZilla 30.5.2. Para a medi¢do no equipamento é necessario informar a
massa (foram utilizados aproximadamente 20,0g) contida em cada capsula, para isso utilizou-se a
balangca SHIMADZU AUW?2200 de alta precisdo com cinco casas decimais (Figura 1.12B).

Como os dados fornecidos pelo Pentapyc 5200e representam a densidade dos sélidos
constituintes da amostra, sem considerar sua porosidade foi necessario realizar uma correcdo dos
elementos para uma melhor analise dos furos e comparacao com os dados encontrados in situ. Para tal
correcdo, baseou-se nas caracteristicas fisicas do solo, particulas sélidas, agua e ar, sendo estes dois

ultimos reconhecidos como espagos vazios ou poros.
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Figura 1.12. Equipamentos utilizados na coleta da densidade do material fridvel (A) Pentapyc 5200¢;
(B) Balanga SHIMADZU AUW2200.

Utilizando a densidade calculada na equacdo 1 com as massas obtidas pela balanca hidrostética,
aplicou-se o conceito de densidade para calcular o volume total (\Vt), o volume mineralégico (Vm), e
0 volume de espacos vazios (VV) de cada amostra compacta, nas equacdes 2, 3 e 4 respectivamente.

Vt = Mss/Ds (2
Vm = Msi/Ds 3
Vv=Vt—-Vm 4
Por meio dos valores do volume foi calculado o indice de porosidade, utilizando a equacéo 5.
e=VvlVm (5)

Como nao foi possivel mensurar a quantidade de espacos vazios preenchidos por liquidos e/ou
gases, para a umidade (W) de cada amostra, foram levadas em consideracdo duas situacdes, a primeira
em que a umidade de cada amostra foi considerada o valor minimo, zero por cento (porosidade
preenchida por gas), e a segunda, no qual, o valor foi 0 maximo possivel de umidade (porosidade
preenchida por agua), calculado na equacéo 6.

W = Vv*Dh/Mss (6)

Obtendo-se o indice da porosidade e da umidade foi realizada uma média para cada um destes
parametros considerando os litotipos, o que possibilitou a substituicdo dos valores na equacdo 7 e 0
calculo da densidade natural (Dn) das amostras a partir da densidade encontrada no pentapicnémetro
(Dp).

Dn = ((1-W/(1-e)) Dp @)
Para a verificagdo da veracidade da correcdo elaborada neste trabalho, calculou-se a média e a

variancia da densidade natural (Dn) corrigida do pentapicnémetro para cada litotipo e comparou-se
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com as densidades fornecidas e encontradas por outras fontes (Tabela 1.10). Essas médias foram feitas

utilizando as medidas de densidade dos furos de sondagem dos alvos N5S e N4WS para se obter um

namero significativo de amostras e validar a corregao.

Tabela 1.9. Tabela com a média e a variagdo para densidades de cada litotipo obtidas por meio dos métodos do
pentapicndémetro, da balanca hidrostatica e da gamma-gamma, pelo trabalho de Assis (2013) e pela corre¢do
dos dados do pentapicndmetro.

Litotipo Pentapicnémetro Balanca Assis  GammaGamma  Pentapicndmetro
Hidrostatica  (2013) corrigido
CM Média 4.88 3.38 3.09 2.97 3.17
Variacao 3.36-5.90 3.05-3.93 - 0.96-3.83 2.19-3.83
CQ Média 3.65 3.06 2.58 - 2.54
Variagdo 3.18-5.61 2.40-3.99 - - 2.20-3.89
HF Media 5.45 3.42 3.12 341 3.98
Variacéo 3.84-6.73 3.32-3.53 - 2.00-4.23 2.81-4.91
JP Média 4.65 34 3.18 - 3.36
Variacéo 3.18-5.61 1.98-4.05 - - 2,32-3.98
M Média 3.12 2.7 2.58 2.75 211
Variagdo 2.69-4.20 1.99-3.49 - 2.22-2.93 1.81-2.83
MS Média 3.35 2.72 2.14 2.48 1.96
Variagdo 2.58-5.65 2.04-3.37 - 1.58-4.07 1.51-3.30
Notas: CM = canga de minério; HF = hematitito fridvel; JP = jaspilito; MS = rocha méfica semi-alterada; M = rocha méfica
(gabro)
1.5.6. Software

Os dados obtidos e disponibilizados para a realizacdo deste projeto foram processados,

interpretados e analisados dentro de varios programas, sendo eles:

v

Oasis Montaj (versdao 8.5), da Geosoft Inc, para a elaboracdo dos mapas aerogeofisicos
(extensdao Magmap) e dos perfis geoldgicos (extensao Target);

ArcGIS (versdo 10.2), da Esri Inc., para elaboracdo dos mapas geoldgicos e interpretacdo de
mapas e imagens;

TSG CoreTM, versdo 7.1.0.066, para anélise dos dados espectrorradiométricos, integracdo com
os demais dados obtidos e elaboracao dos perfis geoquimicos e petrofisicos;

FileZilla 30.5.2. para processamento dos dados de densidade do Pentapyc 5200¢;

SAnalyst, da Georadis (versdo 0.141.0) para processamento dos dados de gamaespectrometria;
Microsoft Office Excel 2007 para processamento dos dados de susceptibilidade magnética e
analise dos dados obtidos.

MATLAB (verséo 2016), pacote Multi Edge Detection (Wu e Shi, 2014).
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Abstract

The N5S iron deposit, located in the Mineral Province of Carajas, Brazil, is a world-class deposit where
banded iron formations are not metamorphosed, with depositional and diagenetic structures preserved.
This deposit presents interesting differences in relation to the compact ore bodies found in the N5 iron
deposits, where the friable hematite predominates. The area is covered by aerogeophysical data of high
spatial resolution, which together with available geological data allowed the delimitation of the ore’s
formation, besides defining structures and lineaments present in the region. The geophysical inversion
model of the gradiometric gravimetric data, associated with density data collected in the drill holes,
delimited denser areas in the surface of the model correlated with the Carajas Formation lithotypes.
Magnetic susceptibility data, density, gamma spectrometry, geochemistry and reflectance
spectroscopy were carried out in four drill holes that intercept the N5S deposit, which determined the
signature of the ore, the protore and its host rocks. It was found that the protore (JP) had about 54%
Fe>O3 and 44.67% SiO», (hydro-) iron oxide (900Dfe), smectite (2200Ds) and average density of
3.4g/cm3, with variations in brecciated jaspilite zones. On the other hand, the ore (HF) showed Fe,O3
levels up to 99%, mean density of 4.14g/cm3, higher values of iron (hydro-)oxide (900Dfe) compared
to jaspilite (JP) and, occasionally, gibbsite (2260Dg). The main host rocks (M) had 52.65% SiO»,
10.9% Fe»03, 6.13% FeO and 16.0% Al>Os, presence of chlorite (2335Dcl) and smectite-illite mixture
(2200Ds/i) and an average density of 2.74g/cm3. In addition, the data integration provided the
delimitation of hydrothermal alteration regions in the drill holes. The representation of some results in
profile allowed to discern regions with different compositions and characteristics in the N5S. The
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parameters of the (hydro-)oxide iron presented the profile of deeper supergenic alteration in the

western region of the profile, being also verified by geochemistry and gamma spectrometry data.

Keywords: N5S iron deposit, iron ore, aerogeophysical, physical rock properties, reflectance
spectroscopy, geochemistry, multi-source data integration, Carajés.
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1. Introduction

Iron ore deposits are subject of studies on many continents, not only because they are the largest
sources of iron, but also because they can provide important information for the study of Earth's
evolutionary history (Spier et al., 2006). Unlike the majority deposits in the world, the banded iron
formations of the Carajas Mineral Province (CMP) were not affected by regional metamorphism and
showed preserved depositional and diagenetic structures (Macambira and Silva, 1995). In addition, the
original geochemical signature was not affected by subsequent tectonic processes (Macambira, 2003).
In general, Carajds hematite iron ore deposits are a product of enrichment of the Carajads Formation
jaspilite, due to the preferential leaching of silica, which increased the iron content from about 36-45%
to 64-68% (Beisiegel, 1982; Tolbert et al., 1971; Dardenne and Schobbenhaus, 2001; Macambira,
2003).

The N5S ore body, the object of study, is a world-class deposit with 888 million tons of proven and
probable reserves with a Fe average of 67.2% (Vale SA, 2015). Moreover, the economic attractive, the
deposit N5S is different from the other bodies of the N5 body due to the predominance of friable
hematite (Figueiredo e Silva, 2009). Iron ore has an important role in the Brazilian and international
economy, its abundance and ease of exploration have made prospective innovative method studies
limited when compared to other commaodities.

Some techniques may provide important information for the study of the iron deposit:
aerogeophysical allow the delimitation of the ore’s formation, besides defining structures and
lineaments (Assis, 2013; Ferreira, 2014); magnetic susceptibility, density and gamma spectrometry
characterize the physical properties of the rocks and help in the stratigraphic correlation between the
drill holes (Ferreira, 2014); reflectance spectroscopy and geochemistry that characterize the
composition and mineralogy of rocks (Prado et al., 2016). The integration between these techniques
has helped to confirm existing genetic models and to generate new prospective criteria for iron ore (eg.
Zacchi, 2010; Assis, 2013; Ferreira, 2014; Prado et al., 2016). Besides, the integration of all these
techniques provides continuous vertical and horizontal sampling, presenting a range of results, which
together provide a signature for the iron ore and the host rocks, defining the iron formation, its
mineralogical variation and hydrothermal alteration zones.

Geophysical airborne surveys are important in the prospecting phase, since they have a fast and
uniform sampling, regardless of the type of surface. Currently, applications for iron ore prospecting
are still restricted, with the most significant advances in the last decade, such as the application of 3D
aerogradiometry gravimetric and other indirect methods (eg. Dalstra and Flis, 2008; Flis, 2008; Braga

et al., 2009). Aerogeophysical data, together with geological data, allow directly or indirectly mapping
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the iron ore, defining structures and lineaments of the region (eg. Braga et al., 2009; Assis, 2013;
Ferreira, 2014).

The characterization of the physical properties of the rocks carried out in samples collected in drill
holes favors the obtaining of continuous information of magnetic susceptibility, gamma spectroscopy,
electrical conductivity and density data (Dentith and Mudge, 2014; Pereira et al., 2016). For iron ore
deposits, physical property analyses are also restricted and can be used for stratigraphic correlation
between several survey data, creating a physical signature of the various geological units, and may
also assist in spatial modeling and geophysical inversion (Zacchi, 2010; Assis, 2013; Ferreira, 2014;
Souza et al., 2016).

Reflectance spectroscopy is another tool that has been successfully applied in the mineralogical
study of hydrothermal alteration associated with mineral deposits (Thompson et al., 1999; Ducart et
al., 2006; Laakso et al., 2016; among others). For iron ore deposits, in addition to qualitatively
determining mineralogy, it is also useful for a quickly estimation of iron content, showing iron
concentration and the abundance of contaminants in the deposit (Cudahy and Ramanaidou, 1997,
Ramanaidou et al., 2008; Haest et al., 20121, 201211; Murphy and Monteiro, 2013; Singh et al., 2016;
Prado et al., 2016).

The study area is covered by magnetic, gamma spectrometric and gravimetric airborne data that
together with geological data delimit the ore, the protore and its host rocks. Magnetic susceptibility,
density, gamma spectrometry, geochemistry and reflectance spectroscopy data were collected in four
drill holes that intercept the N5S deposit, to mapping the subsurface continuity and to perform the
stratigraphic correlation between several holes, using the physical properties of the rocks, mineral and
compositional variations of the ore, protore and host rocks. The present work aims to define the
footprint of the N5S iron ore deposit, using the integration of surface geological data, aerogeophysical
data, physical properties of rock (magnetic susceptibility, gamma spectrometry and density),
petrographic, geochemical, as well as reflectance spectroscopy data. The intention is to generate

subsidies for the exploration of others iron deposits in the Mineral Province of Carajés.

2. Geological settings and iron deposits in the Carajas Mineral Province
2.1. Geological Settings

The Carajas Mineral Province (CMP) is in the east-southeast portion of the Amazonian Craton
(Gibbs et al., 1986) and is formed by two domains: Carajas in the north and Rio Maria in the south
(Tassinari et al., 1996). The Rio Maria Domain is characterized by a juvenile mesoarchean crust, with

greenstone belts and TTG terrains. In contrast, the Carajas domain is a predominantly neoarchean
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continental crust region, characterized mainly by metavolcanosedimentary sequences and high
potassium granitoid. Both domains are marked by Orosirian type A granitic magmatism (Vasquez et
al., 2008).

The basement of the Carajds Domain is mesoarchean and consists of three distinct sets of rocks:
migmatite orthogneisses, sequences of greenstone belts, and gneissified calcio-alkaline granitoid,
(Tavares, 2014; Justo, 2014). These associations are incorporated by several authors into the Xingu
Complex (Aradjo et al., 1988; Macambira et al., 1990; Araujo and Maia, 1991; Oliveira et al., 1994;
Macambira, 2003; among others). Covering the basement is the metavolcanosedimentary sequences
of the Itacailinas Supergroup, grouped initially in the lgarapé Bahia, Aquiri and Grao Para groups in
the southern portion, and in the lgarapé Salobo and Igarapé Pojuca groups in the northern portion of
the CMP (Docegeo, 1988). Docegeo (1988) also includes the Buritirama Group in the Itacailnas
Supergroup. The Carajas Formation, object of this study, is part of the Grdo Para Group and consists

of jaspilite that host the main iron orebodies of the Carajas Province.

The metavolcanosedimentary sequence of the Grdo Pard Group is overlapped discordantly on
basement and intruded by the Carajas Central Granite, which is 1.89 Ga (Wirth et al., 1986; Machado
et al., 1991) (Fig. 1). The base of the Grdo Para Group is composed by basalts and basaltic andesites
rocks, subordinate felsic volcanic rocks, and mafic intrusions (sills and dikes) of the Parauapebas
Formation, with ages around 2.76 Ga (Olszewski et al., 1989; Machado et al. Al., 1991; Trendall et al.,
1998). The volcanic mafic rocks are superimposed by a thick jaspilite package belonging to the Carajas
Formation. The Carajas Formation consists of banded iron formations in oxide facies, of the jaspilite
type, partially transformed into hematite ore intercepted by dikes and sills of mafic rocks. The jaspilite
occurs in the tabular form and is concordant with the Parauapebas and lgarapé Cigarra formations. The
Carajas Formation has an average thickness of 200-250 m in the Serra Norte and over 300 m in the
Serra Sul (Macambira, 2003). The age of Carajas Formation is inferred between 2740 + 8 and 2757 +
18 Ma (Trendall et al., 1998). The Igarapé Cigarra Formation is superimposed on the jaspilite and is
composed by mafic flows with intercalations of tuffs, followed by clastic sedimentary rocks such as
siltstone and grauwacke (Gibbs et al., 1986; Macambira, 2003).
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the deposit of N5.
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The Itacaiunas Belt is a deformation belt with E-W direction coinciding with the Carajas Domain
and parallel to the boundary with the Rio Maria Domain (Araujo et al., 1988). This belt is understood
as a deep structural discontinuity and conducive to subsequent processes of reactivation during
subsequent tectonic events. It was formed by the superimposition of four Archaean events, being two
compressional and two extensional, which produced and/or reactivated subparallel structures, in the
E-W direction (Tavares, 2015).

2.2. Mineralization of iron

The iron deposits of the Carajas Mineral Province are distributed along the Carajés fold, containing
jaspilite, friable and compact hematite ores, involved by volcanic mafic rocks (Lobato et al., 2005b;
Rosiere et al., 2006). The iron deposits are distributed in three districts (North, South and East
Mountain), where there are 57 discontinuous bodies of high-grade ore. In the mining district of the
Norte Mountain, are the open pit mines N4 and N5, besides the deposits N1 to N3 and N6 to N9 (Fig.
1). The thickness of the mineralized package varies between 250 and 300 m, the extension varies
between 200 m (N3, N6, N7 and N9) up to 10 km (N4) and the vertical extension can reach up to 600
m. Numerous unexploited iron deposits are also distributed in the Eastern and Southern Mountain (eg.
Lobato et al., 2005). The N5 body is characterized by a syncline structure dipping to SW, marked by
the distribution of the Carajas Formation (Macambira, 2003) (Fig.2).

The hematite ore occurs as friable bodies from tabular to lenticular shape and irregular contact that
involves lenses of compact ore bodies (Guedes et al., 2002). They are constituted by hematite,
magnetite and locally carbonate, with quartz and carbonate veins/venules (Figueiredo e Silva, 2004).
Locally, brecciated ores occur in compact ore lenses composed of aggregates of hematite crystals,
where the original texture and structure are destroyed. The nomenclature used by mine geologists for
the descriptions of drill cores for mining purposes are presented and described in the attachment 1. In
the Norte Mountain deposits, compact magnetite-rich lenses are found located in the contact between
the jaspilite and the ore (Figueiredo e Silva, 2009). The N5 body presents characteristics quite distinct
from N4, with jaspilite and high-grade ore totally enveloped by the volcanic mafic rocks of the
Parauapebas/Igarapé Cigarra formations. The ore consists essentially of hematite, with a predominance
of compact ore, gray-metal, in contrast to N4 where the ore is porous and dark gray. Venules are
abundant, occurring discordant bodies subordinately among the friable ore (Guedes, 2000). Locally,

the host rocks are also enriched in hematite.

Until today, there is no consensus regarding the genesis of iron ore mineralization in the Carajas
Mineral Province, Gross (1980) highlights three main models: supergenic, hydrothermal, and

hydrothermal-supergenic alteration. For Tolbert et al. (1971) and Dardenne and Schobbenhaus (2001),
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iron ore was formed by supergenic enrichment processes, with the leaching of the silica from the
jaspilite by meteoric waters, which resulted in the residual enrichment of the iron oxides and the
formation of the present of ore bodies. According to Dalstra and Guedes (2004), Rosiére et al. (2004)
and Lobato et al. (2005a, 2005b) the genetic model involves hydrothermal leaching of silica from the
iron formation and introduction of Ca, Fe and Mg carbonates. For Rosiére et al. (2004), there is still a
structural control in these mineralization, since the large bodies have developed in zones of greater
permeability, that is, in the hinge zone of Carajas's synform. Beukes et al. (2002) classified Carajas
iron ore as supergenically modified hydrothermal deposits, where friable hematite ore was formed by
the supergenic enrichment of the banded iron formation previously hydrothermally altered, near high-
grade hydrothermal compact hematite bodies. Beisiegel et al. (1973) and Figueiredo e Silva (2009)

proposed a similar origin for iron ore from the Carajas Mineral Province.
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Fig. 2. Geological map of the N5 body (Tolbert et al., 1971; Resende and Barbosa, 1972; Macambira, 2003).
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location of the survey and the geological profile are indicated on the map.
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3. Materials and Methods
3.1. Sampling and fieldwork

The field work was carried out in July 2011 and lasted 20 days in which the drill cores for N5S-
F867, N5S-F871, N5S-FH1099 and N5S-FH1103 holes were described, distributed in a section
N82,7°E (Fig.2). The description of the drill holes followed the nomenclature adopted at the mine for
the lithotypes and assisted in the elaboration of the geological section that supported this research
(Fig.3) A geological section was performed with the description of 35 holes provided by the company,
having up to a 75m distance from the section drawn. A sample was collected each two meters with
0.156m of extension, totaling 419 samples. These samples were destined for petrographic,
lithogeochemical analysis, reflectance spectroscopy and physical properties data. Ten samples outside
these ranges were also collected to produce petrographic thin section, where textural and mineralogical

variations were observed.

N5S-F867 N5S-FH1099  N5S-F871

N5S-FH1103 4
FHI03 A
2

Legend

Lithotypes
[] Chemical Canga (CQ)
I Ore Canga (CM)
I Friable Hematite (HF)
I Jaspilite (JP)
[_] Semi-weathered Mafic (MS
[ Mafic Rock - Gabbro (M)
Structures
— — Lineament inferred by
geophysics

Fig. 3. Geological section A-A" in the N5S body, following the nomenclature and description of the different
types of rocks used by the company Vale S.A. The location of the profile on the map is in fig. 2.

3.2. Petrography

The petrographic analysis was based on the description of 49 thin section to identify the mineralogy
and the primary structures of the ore and its hosting. Thirteen of these samples were laminated after
analysis of the geochemical and reflectance spectroscopy data, with the intention of validating the
geochemical data and the minerals determined by reflectance spectroscopy. The thin sections were
made in the Laminating Laboratory of the Institute of Geosciences of the UnB and the petrographic
descriptions were made under a petrographic microscope in the Laboratory of Microscopy of the
University of Brasilia.

The mineral chemical analyses of chlorite were carried out on the Microprocessor Electronics,
Cameca brand, model Camebax SX 50, from the University of Brasilia (Appendix 1). The excitation
voltage of 15 kV, an electric current of 25 hA and a beam diameter of 5 nm was used. The standards

used consisted of natural minerals, synthetic glasses, and metals.
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3.3. Geochemistry

The lithogeochemistry aimed at the identification of internal compositional variations of the
mineralized body N5S and its hosting rocks. It was done measurements of major, minor and trace
elements in 419 samples collected every 2 meters in the surveys. The sample preparation and chemical
analysis were carried out in ALS Chemex (Canada) laboratory, following standard laboratory
procedures, using five methods designated by the following codes: ME-MS81 (ICP-MS); ME-ICP41
(ICP-AES); ME-XRF06 (X-ray Fluorescence); Fe-VOLO05 (Titration) e; AO-GRA06 (WST-SIM) in
total rock. A full description of the analytical methods is available in ALS (2017). The major elements
were analyzed by X-ray Fluorescence and presented in percentage by weight of oxides. The results of
the study were based on the results obtained by ICP-MS, which was used to evaluate the effects of
high-strength element (HFSE) and high ion strength (LF) Sc, Tl and Zn were determined by ICP-AES,
ferrous iron (Fe2 +) by volumetric titration and loss on ignition (LOI) by WST-SIM. The treatment of
the geochemical data was done using The SpectralGeologist (TSG CoreTM, version 7.1.0.069). The
mean of the main analyses for each lithotype is represented in table 1.

3.4. Reflectance spectroscopy

The spectral quantification method of this work followed the methods published by Haest et al.
(2012) and Prado et al. (2016). The reflectance spectra of the samples were obtained using a
FieldSpec3HiRes® (ASD) reflectance spectroscopy, covering the wavelength range from visible and
near infrared (VNIR: 350-1000 nm) to short-wave infrared (WSIR: 1,000 -2500 nm). The
measurements were performed using a contact probe, which presents a halogen lamp as the light source
since it has a higher accuracy than the pistol (Prado et al., 2016). The window acquisition of the contact
probe has a diameter of 1cm, and the saved spectrum represents the average of 75 spectra collected in
the same area. The sampling interval of the spectrometer is 1.4 nm in the VNIR and 2.0 nm in the
WSIR, with a wavelength accuracy of £ 0.5 nm. The spectral resolution is 3nm at VNIR and 8nm at
WSIR. The spectra collected by the ASD are converted from radiation to reflectance using the
SpectralomTM signal, collected by means of a calibration done every 15 minutes during data collection.
The most effective sampling methodology follows a measurement sequence in two lines parallel to the
sample length (Prado et al., 2016).

The spectra were obtained from 419 samples, also collected every 2m in the four drill holes, in a
total of 1050. These data were analyzed using commercial software "The Spectral Geologist” (TSG
CoreTM, version 7.1.0.069). The software was used to process the reflectance spectral data, obtain the

spectral parameters and extract information on abundance, composition, and crystallinity of the
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minerals present. Firstly, the spectral parameters of the absorption features, such as depth and

wavelength or ratio between the spectral bands (Appendix 2), were then individually calculated to

integrate the data and obtain the information of the minerals (Appendix 3). In addition to the spectral

parameters developed in this work, some parameters were based on those proposed by Prado et al.

(2016) and adapted to the project.

Table 1. Mean contents for the major elements, Ti (%) and trace (ppm) in the main lithotypes of the N5S body.

Chemical Ore Canga (CM)  Friable Hematite Jaspilite (JP) Semi- weathered Mafic Rock
Element (HF) Mafic (MS) (Gabbro) (M)
Fe,Osr* 88.78 96.87 54.62 40.38 10.90
SiO, 0.58 1.24 44.67 12.25 52.64
Al;,03 3.60 0.47 0.23 26.42 16.00
FeO 0.36 0.42 0.50 0.79 6.13
CaO 0.02 0.01 0.02 0.10 2.05
MgO 0.04 0.04 0.04 0.24 6.25
Na,O 0.02 0.02 0.02 0.08 1.59
K0 0.01 0.02 0.01 0.81 4.63
MnO 0.03 0.13 0.07 1.62 0.31
P,0s 0.52 0.04 0.01 0.30 0.26
Cr;04 0.01 0.01 0.01 0.03 0.02
TiO, 0.45 0.03 0.05 2.35 0.97
Sro 0.01 0.01 0.01 0.01 0.02
BaO 0.00 0.01 0.01 0.36 0.27
LOI ** 6.36 151 0.40 15.47 4.54

Ti 0.06 0.01 0.02 0.09 0.16
Co 1.10 4.39 2.62 31.78 34.94
Cr 67.86 23.94 34.55 236.80 126.61
Cu 23.04 44.00 19.64 275.00 61.83
Ni 1.75 3.08 1.50 27.73 91.47
Sc 2.89 1.25 1.00 29.48 8.68

P 1675.36 131.10 15.15 998.40 1050.00
Pb 9.50 17.07 3.74 34.16 8.60

Zn 17.39 66.85 17.86 137.76 343.43
> REE ##** 41.80 27.62 26.01 184.15 218.77

* Total iron; ** Loss by calcination (LOI); *** Rare earth elements (REE).

3.5. Physical properties of rocks

3.5.1. Magnetic Susceptibility:The MPP-EM2S + (Multi-Parameter Probe), developed by
INSTRUMENTATION GDD INC., was used to acquire magnetic susceptibility data, consisting of a

gun-shaped probe attached to a reading unit (Palm Top) Which makes possible the determination of

the magnetic susceptibility (x10-3 SlI). The equipment parameters indicate a sampling rate of 10Hz.
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The magnetic susceptibility data consisted of the average of three sequential measurements, with a

stabilization period of approximately 15 seconds and are presented in SI.

3.5.2. Gamma spectrometry: RadiationSolutions Inc.'s 1024-channel portable spectrometer RS-230
was used to collect gamma spectrometry from the K, Th and U radioelements. The detector consists
of a bismuth germanium crystal that absorbs gamma radiation and electrical signals proportional to the
emission. The equipment allows measurements of gamma radiation both in % K and ppm eU and eTh
as in counts per minute (cpm). The sampling time required for a measurement depends on the source
radioactivity and the required accuracy (IAEA, 2003). As the rocks of the present work present low

response of the radioelements, the sampling was done with measurements of 5 minutes.

3.5.3. Density: Two scales were used to obtain the density of the samples. The hydrostatic scale
was used for measurements of natural density in hard, compact and/or fractured rocks (155 samples).
Measurement of the true density in friable rocks was performed with the pentapycnometer model
Pentapyc 5200e (264 samples).

The industrial weighing scale IND560 comes with an attachable base for immersion mass
measurements, accurate to three decimal digits and maximum load 10 kg with a 0.001 kg error. For
the density calculation, the Archimedes method was used in view of its practicality and reliability.
Based on these concepts, it was used to equation (1), where the density of the solid (Ds) is equal to the
mass of the dry solid (Mss), divided by the difference between the mass of the dry solid and the wet
solid (Msi), multiplied by the density of the liquid (D1).

Ds = (Mss/(Mss-Msi)). DI 1)

The water was used as the liquid for immersion (1g/cm3), then the density measurement becomes a
ratio between the mass of the dry solid and the difference of this dry mass and the mass of the wet

solid.

Pentapyc 5200e is designed to quantify the true volume of a solid material by the Archimedes
principle utilizing gas expansion (Boyle's Law). The fluid used is Helium gas because its atomic size
is small and occupy the smallest cavities, which ensures the highest accuracy. Samples are quickly and
automatically analyzed as often as necessary to archive the user's desired deviation percentage (0.005)
from the average number of readings (3). The readings are made automatically and exported to the
FileZilla 30.5.2 software. For the measurement in the equipment it is necessary to inform the mass
(approximately 20.0g) contained in each capsule, for that, was used the SHIMADZU AUW2200 scale
of high precision was used, with five decimal places.
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As the data provided by Pentapyc 5200e represent the density of the constituent solids of the sample,
without considering its porosity it was necessary to perform a correction of the elements for a better
analysis of the samples and comparison with the data found in situ. For this, the correction was based
on the physical characteristics of the soil, solid particles, water, and air, the latter two being recognized

as empty spaces or pores.

The true density is equivalent to grain density. Already the mass density is measured considering
the percentage of empty spaces, as well as the mass of the dry body (Mss) measured in the hydrostatic
scale. However, natural density equals wet density, which is measured based on the water saturation
of the empty spaces of the rock, so that it considers this density to be closest to the actual situation of
the subsurface rock (Hinze, 2013). The density concept was used to calculate the total volume (V1),
the mineralogical volume (Vm), and the volume of empty spaces (Vv) of each sample using the density
calculated in equation 1 with the masses obtained by the hydrostatic scale. In equations 2, 3 and 4

respectively.

Vt = Mss/Ds 2
Vm = Msi/Ds 3)
Vv=Vt—-Vm 4

The porosity index (equation 5) can be calculated by the ration between the equations (4) and (3).
e=VvlVm (5)

It was not possible to measure the quantity of voids filled by liquids and/or gases in the moisture
(W) of each sample, due to it two situations was considered, in the first one the humidity of each
sample was considered the minimum value (porosity filled by gas), and in the second, the value was

the maximum possible moisture (porosity filled by water), calculated in equation 6.
W = Vv*Dh/Mss (6)

Obtaining the index of porosity and moisture, a mean was performed for each of these parameters
considering the lithotypes, which made it possible to substitute the values in equation 7 and calculate

the natural density (Dn) of the samples from the density found in the pentapycnometer (Dp).
Dn = ((1-W)/(1—e))*Dp @)

To validated the correction made, the average and the variance of the natural density (Dn) corrected

of the pentapycnometer for each lithotype were calculated and compared with the densities provided

54



by other sources (Table 2). These averages were made using the density measurements of the NAWS

and N5S targets to obtain a significant number of samples and to validate the correction.

Table 2. The mean and variation of the density of each lithotype obtained by the pentapycnometer and the
hydrostatic scale in the four holes of the N5S and eleven holes of the N4WS, gamma-gamma profiling, Assis
(2013) and correction of the data of the pentapychometer.

Lithotypes Pentapyc Hydrostatic ~ Assis Gamma Fixed
scale (2013) Gamma Pentapyc
CM Mean 4.88 3.38 3.09 2.97 3.17
Variance  3.36-5.90 3.05-3.93 - 0.96-3.83  2.19-3.83
CQ Mean 3.65 3.06 2.58 - 2.54
Variance  3.18-5.61 2.40-3.99 - - 2.20-3.89
HF Mean 5.45 3.42 3.12 3.41 3.98
Variance  3.84-6.73 3.32-3.53 - 2.00-4.23 2.81-4.91
JP Mean 4.65 3.4 3.18 - 3.36
Variance  3.18-5.61 1.98-4.05 - - 2,32-3.98
M Mean 3.12 2.7 2.58 2.75 211
Variance  2.69-4.20 1.99-3.49 - 2.22-2.93 1.81-2.83
MS Mean 3.35 2.72 2.34 2.48 1.96
Variance  2.58-5.65 2.04-3.37 - 1.58-4.07 1.51-3.30

Notes: CM = ore “canga”; CQ = chemical “canga”; HF = friable hematite; JP = jaspilite; MS = semi-weathered mafic; M
= mafic rock (gabbro).

3.6. Aerogeophysical Data

The airborne geophysical data were supplied by Vale S.A. and processed by Assis (2013). For the
present study, these data were windowed for the area of the mineralized body N5S, the table 3 shows
the characteristics of surveys. The magnetometry survey was carried out simultaneously with the
gravimetric survey using the Full Tensor Gravimetric (FTG) system, and the direction of the flight
lines were defined to ensure less interference of the relief in the acquisition of the data, being
programmed to be aligned with the main physiographic features of Norte Mountain (Braga, 2009). The
gamma spectroscopy survey was carried out in 1995 and for the total coverage of the Norte Mountain

plateaus, two airborne surveys were carried out, with the same acquisition characteristics.

To assist in the analysis of the structures and features of aerogeophysical maps, the multiscale edge
detection (MED) processing was used for both aerogravimetry and aeromagnetic survey. Most of the
information is contained in analytical signal irregularities which, map the boundaries of contrasting

properties of underground rocks (contacts, faults, etc.). The MED also provides information about the
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depth and type of causative sources. Three-dimensional sources give a different signature compared
to dikes and contacts (Archibald et al., 1998).

Table 3. Methodology and characteristics of aerogeophysical data processed by Assis (2013) and windowed for
this project.

Method Equipment used Equipment methodology Fligth Fligth Fligth Control
direction  height line line
spacing spacing
Gravity Full Tensor Gravity Gradiometry Mobile platform consisting of 12 N25W 150m 150m Not
Gradiometry (3D-FTG) in the Cessna Grand accelerometers that measure the five executed
Caravan aircraft independent components of the gravity

gradient and represent the acceleration of
gravity along the cartesian axes

Magnetometry Cesium vapor optical pumping The sampling rate was 10Hz, generating 1~ N25W 150m 150m Not
sensor, model Scintrex CS-2, inthe  measurement nearly 7m, with reading of executed
Cessna Grand Caravan aircraft the values of the gross and compensated
magnetic field
Gamma EXPLORANIUM Gamma  The interval between measurements was N15E 150m 250m 250m in
Spectroscopy Spectrometer, model GR-820, on  1Hz, that's mean, a measurement nearly direction
Cessna Grand Caravan aircraft 70m N75W

In this work, a constrain geophysical inversion was performed utilizing the FTG data. In general,
the methodology used three steps: terrain correction, construction of the initial geological model, and
inversion of geophysical data. The initial geological model was obtained from the densities collected
in the drill holes. To removal the topographic influence, the methodology suggested by FriztGerald
and Patterson (2013) was used and the value of 2.7 g/cm? was used in the terrain correction. Thus, the
anomalous positive values correspond to sources with a density greater than the chosen value, which
includes the mineralized layers with iron ore. The density data were obtained in this work and can be
visualized in table 4. Based on the same table it is possible to affirm that the densest lithotype is the
friable hematite with an average density of 4.14 g/cm3. The data obtained show that if we consider the
whole mineralized package, in the friable hematite, jaspilite and the most weathered part called ore
“canga” (HF + JP + CM), the average density of the package is 3.97 g/cm3, while the host package
show a mean density of 2.66 g/cm3. A difference of 1.31 g/cm3 is observed. This contrast justifies the
application of gravimetric gradiometry data and that after correcting the terrain the high gradient
anomalies observed may reflect the subsurface of the mineralized package. The differentiation of the
lithotypes from the gravimetric data is not possible due to the phenomena of the superposition of

sources, common to the potential methods. Similar data were obtained by Souza et al. (2016) for N4AWS.

The values of densities were homogeneously assigned to the drill hole intervals in the delimited
area, considering all available holes in the database and where density data were not collected. The

initial density model was constructed from 3D interpolation using the minimum curvature algorithm.
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For the inversion of the FTG geophysical data, the GGINV3D (Li, 2001) code, with a mesh size of
50m x 50m x 256m (X Y Z), and 5% error of the standard deviation of the FTG (143 Eo) was used. In
this case, the error of 7Eo was used. The number of measurements used for inversion was 936,
distributed along the lines of acquisition. The GGINV3D code allows the user to perform a selection
of the best regularization parameter. This choice is made through the L curve (Oldenburg and Li, 2007).
For making this curve several inversions with different regularization parameter values are tested and

a misfit graphic is done.

Table 4. Summary of the mean and variation of the magnetic susceptibility, density and total count, potassium,
uranium and thorium values of gamma spectroscopy for lithotypes.

Lithotype Magnetic Density Gamma K(pm) U(cpm) Th(cpm)
susceptibility (g/cm?®) Total
(x10-3SI) Count
(cpm)
CM Mean 3.30 3.27 120.66 1.12 7.86 12.46
Variance 0.38-26.17 2.61-3.99 80.9-1524 0-54 41-122 94-172
HF Mean 5.19 4.14 114.61 1.50 7.76 11.7
Variance 0.3-151.67 3.25-491 83.6-163.3 0-11 2-135 6.9-16
JP Mean 3.42 34 146.65 6.57 8.34 12.13
Variance 0.38-27.03 2.97-3.72 97.8-1954 0-153 39-129 8-16.2
MS Mean 0.48 2.29 133.48 3.02 8.4 12,15
Variance 0.21-1.15 1.88 -3.89 91-3078 0-322 43-187 7.7-179
M Mean 10.83 2.74 248.74 30.75 10.12 15.85
Variance 0.51-65.37 2.41-2.88 170.9 - 65 - 43-158 10.6-235
371.2 64.1

Notes: CM = ore “canga”; HF = friable hematite; JP = jaspilite; MS = semi-weathered mafic; M = mafic rock (gabbro).

4. Results
4.1. Geology of N5S deposit

The N5S orebody differs from the other orebodies found in the N5, where the compact ore
predominates, due to the strong presence of desilication and hematitization of the jaspilite bands
(Figueiredo e Silva, 2009). The N5S body is located on the eastern flank of the syncline structure,
which controls the distribution of the jaspilite layers, and presents a thickness of approximately 200m
of iron formation with approximate NNE-SWS direction and NW plunges. The stratigraphy of this
body is marked by a basal layer of gabbro (not previously described in the literature), intrusive and
apparently concordant with the Carajas Formation consisting of jaspilite (56.6% Fe>O3 and 44.7%
SiO2), friable hematite (96.9% Fe2O3 and 1.2% SiO2) and ore “canga” (88.8% Fe20z and 0.6% SiOy).
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Overlapping these sets are the rocks of the Igarapé Cigarra Formation, composed of semi-weathered

mafic rocks and chemical “canga” (Fig. 3).

Following the nomenclature used by the company Vale S.A., the study of the samples’ drill holes
allowed to define the following lithotypes for the N5S body in the studied section: Mafic Rock (M),
Semi-Weathered Mafic Rock (MS), Jaspilite (JP), Friable Hematite (HF) and the Ore “Canga” (CM)

(Fig. 4).

4.1.1. Mafic rock (M): The description of this rock includes basalts, gabbro and diabase, weakly
affected by weathering, without the separation of the geological unit. However, in the drill holes’
studies of the N5S was observed gabbro (Fig. 4A). In all drill holes studied, the gabbro is positioned
at the base of the jaspilite package and the contacts between these units are abrupt and irregular. The
granulation of gabbro decreases near contact with the jaspilite, indicates the intrusive character of this
body after the Carajas Formation deposition. The rock has a grayish green-gray color, rosy gray,
holocrystalline, phaneritic, with crystals of fine to large size. The pink coloration can be attributed to
assimilation of iron by the magmatic melt, that promoted iron impregnation near the contact with the
jaspilite. The gabbro has a preserved igneous texture commonly intergranular (Fig. 5A) with
subophytic domains (Fig. 5B), characterized by relics of extremely saussuritized plagioclase included
in augite pseudomorphs partially or totally replaced by chlorite. Its primary constituents are plagioclase,
pyroxene, K-feldspar and quartz and the accessories are apatite, spinel, magnetite and ilmenite. Epidote,
chlorite, hornblende, albite, K-feldspar, stilpnomelane and white mica appear as secondary minerals.
In the strongly brecciated zones, the fragments of the matrix are substituted for chlorite and
stilpnomelane (Fig. 5C). The crystals of magnetite are subhedral and appear partially or totally

martitization, with hematite having lamellae of ilmenite exsolution (Fig. 5D).

4.1.2. Semi-weathered mafic rock (MS): this lithotype is the product of the weathering of the gabbro,
presenting mostly remnants of the original protolith (Fig. 4B) and in some cases the total loss of the

original structure (Fig 4C).

58



Fig. 4. Lithotypes identified in the N5S body, in the section studied. A. Mafic rock (gabbro). B. Semi-weathered
mafic rock showing preserved original structures. C. Semi-weathered mafic rock showing a total loss of the

original structure. D. Details of jaspilite with jasper and iron oxide banding. E. Details of iron ore, named Friable
Hematite. F. Ore “canga”.

4.1.3. Jaspilite (JP): the jaspilite is the main rock of the Carajas Formation and represents the
protore, with contents between 20 and 40% of Fe. The rock presents millimeter to centimetric
lamination, constituted by the alternation of bands of chert, jasper and iron oxide (hematite and
magnetite) (Fig. 6A and D). The bands of jasper are reddish or reddish brown, the chert bands are
whitish, and the oxide bands are metallic gray or have brown shade due to the weathering change for
goethite. The contact between the bands is usually abrupt and rectilinear, but can also be gradual,

irregular or wavy (Fig. 6A). The excavation features, generated during deposition, are used as

59



indicative of sequence polarity (Macambira, 2003). Structures and features such as inharmonic folds,
caused by intra-stratum slips, discontinuous micro-failures, flame structures, intertype contacts and
structures that resemble "boudinagem”, caused by overload and differential compression, are
associated with post depositional processes prior to lithification, according to Macambira (2003).

Fig. 5. Photomicrographs of the N5S gabbro. A. Intergranular preserved igneous texture, crossed nicols (Pl -
plagioclase; Px - pyroxene). B. Subophytic domains, crossed nicols. C. Magnetite (Mag) is almost completely
martitizated, and hematite (Hem) may have thin lamellae of ilmenite (Ill) exsolution (reflected light), with the
presence of quartz (Qtz) and stilpnomelane (Est).

Venule and millimeter to centimetric fractures filled mainly by quartz, magnetite and seldom
sulfides, cracks filled by quartz and rock fragments and faults are possibly associated with
hydrothermal and/or diagenesis processes. An important feature observed are the spherulites, which
are circular structures constituted by a nucleus of opaque minerals, surrounded by colorless chert,
surrounded by a layer of jasper. This feature was interpreted by Meirelles (1986), Macambira (1992)

and Macambira (2003) as a possible microfossil.

In the jaspilite thin section, the quartz has very fine granulometry, ranging from crypto to
microcrystalline. In the oxide layer, a predominance of primary hematite occurs, but magnetite crystals

of euhedral to subhedral shapes are observed partially or totally replaced by hematite (Fig. 6B).
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Isolated euhedral crystals were also observed. The crystal of martitizated magnetite present nuclei
transformed into goethite, with a colloform habit (Fig. 6C). The magnetite crystals decrease in
proportion and size toward the top of each drill hole. Rarely are crystals of anhedral pyrite and
chalcopyrite associated with fractured and brecciated zones. The breccias contain angular fragments
of jaspilite surrounded by a matrix composed of quartz. In these fragments, it is noticed that the
sedimentary layers are still preserved and in the contact with the matrix of the breccia, there is the

formation of acicular hematite (Fig. 6D).

? S Ry R e | gt I gl
Fig. 6. Jaspilite photomicrographs of the N5S-F867 probes. A. Compositional primary bandage defined by the
alternation of bands rich in hematite/magnetite and siliceous bands. B. Euhedral magnetite (Mag) crystals,
totally or partially substituted by hematite (Hem), aligned parallel to the bundle. C. Euhedral crystals of
martitizated magnetite with goethite (Goe) nuclei with a colloform habit. D. Acicular, neo-formed, supergenic
hematite-3, interpreted as having grown in void spaces. Photomicrographs in reflected light.

4.1.4. Friable Hematite (HF): is the iron ore typical of the N5S body and due to the leaching of
silica has a medium content of 66% Fe. It is highly friable and porous and its structures are partially
or totally obliterated. The coloration varies between shades of gray, sometimes yellowish associated

with aluminum contaminations (0.47% Al>Oz3) (Fig. 4E).
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4.1.5. Ore “canga” (CM): or lateritic cover, forms on the outcrops of ore in situ through the
weathering and the supergenic enrichment in iron oxide and therefore has high Fe content and
relatively low contaminants. It is an indicator of iron ore, and may even be used as ore. Its thickness

can reach more than 20m (Fig. 4F).

4.2. Geochemistry
The N5S-871 drill hole was selected to represent the geochemical variations, the physical properties
of the rock and the reflectance spectroscopy since it contains the largest number of lithotypes found in

the area. However, the result described will be the one observed in the holes in general.

The geochemical analysis was performed with the purpose of observing the composition of the
different lithotypes and the compositional variations along the holes. Initially, the analysis was directed
to the selection of chemical elements that represented the different lithotypes analyzed (Fig. 7). To
facilitate this analysis, the mean chemical element content of the 419 samples is summarized in table
1, showing the mean of the major elements, the selected trace elements and the sum of the rare-earth
elements (REE), as well as the loss of Fire (LOI) in total rock. In this analysis samples with values

below the limit of detection were eliminated.

The main chemical differences detected among the lithotypes observed in the N5S body are attested
by the larger elements, and the most contrasting compositional differences are delineated by the
percentage of oxides Fe20s, SiO2, and Al>O3, although the average values of Al.Oz between jaspilite
(JP) and the ore (HF) are very close and low (<5%) (Fig. 7). P2Os and TiO. present low average
percentages (<2.6%), but it is possible to observe a clear mean variation between the lithotypes (Table
1). The other major, minor and trace elements are only good delimiters between mafic rocks and
jaspilite and their alteration products. In this work, only the behavior of the traces Ti, Sc, and Cr will
be presented, since they are the ones that most reflect the compositional variations in the studied
samples. The behavior of P is also shown in figure 7 since it presents a marked variation and is

considered a contaminant for the ore.

4.2.1. Mafic Rock (M): present major, minor and trace element contents, including REE's, higher
than the contents found in the jaspilite, except for Fe2Os. In general, gabbro stands out for the highest
SiO2 (52.64%), Al>0Os3 (16.00%), FeO (6.13%), CaO (2.05%), MgO (6.25 %), Na2O (1.59%) and K»0O
(4.63%). Within the gabbro package, no significant variations in the percentage of major and trace
elements are observed. Some localized variations, such as increased P levels, are related to the increase

in the amount of primary apatite (Table 1; Fig. 7).
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4.2.2. Semi-weathered mafic rock (MS): the SiO2 contents are lower than the original rock, while
Al>0O3 and Fe;Oz are higher, an expected response due to the intemperic processes. In addition to these
oxides, MnO and TiO; also present an enrichment in the semi-weathered mafic rock. The other major
elements do not present a very different mean value of original rock. The average analysis of the trace
elements showed that the semi-decomposed mafic rock is more enriched in the elements Cr, Cu, Sc,
Pb and more depleted in Co, Ni, P, Zn than the mafic rock (Table 1). The sum of the REE’s presents
a lower average than the original rock, which would be unusual due to the more immobile nature of
the rare-earth elements in the alteration processes (Table 1). When analyzing the variation along the
holes separately (Appendix 4, 5 and 6, Fig. 7), it is possible to observe that the hole N5S-FH1099 does
not follow the mean, showing an increase of the concentration of the REE’s and Ti, and decrease of

the Pb on the passage from semi-weathered mafic rock to fresh rock (Appendix 5).
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Fig. 7. Scatter plots showing the geochemical variation as a function of the hole depth N5S-F871. The analyzed
elements were SiO2, Fe203, FeO, Al203, K20, MgO, Ti, P, Cr, Sc and ZREE (Rare Earth Elements).

4.2.3. Jaspilite (JP): the most important major elements are Fe>Oz and SiO. and have an average
content of 54% and 44,67%, respectively. It has relatively low average values of P (15.15ppm),
especially when compared to the ore and the ore “canga”. The same occurs with the mean value of the
elements Pb and Sc. The contents of the REEs do not present great variation, occurring punctually

(N5S-F867/89). Analyzing trace elements in iron ore is still a difficult process due to interference with
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the absorption and emission peaks of low concentration metals in a matrix extremely rich in iron
(Basilio, 2005). For Macambira (2003) the main trace elements that would be qualitatively found in
jaspilite would be Co, Pb, Cr, Ni, Cu, and Zn.

4.2.4. Friable hematite (HF): Fe>O3 contents reach up to 99%, demonstrating the process of silica
leaching and enrichment of iron oxide, in relation to jaspilite (JP - protore). In the contact of the ore
(HF) with the protore (JP) occur enrichment peaks in some elements such as MnO, Ba, Co, Pb and
REE's. Within the ore layer, richer portions of MnO, Cs, Pb and Zn occur in addition to punctual
anomalies of REEs. From the trace elements, the only one that presents a variation between the ore
(HF) and the protore (JP) is the Pb and may be associated with regions of enrichment due to

hydrothermal and/or supergenic alteration processes (Table 1).

4.2.5. Ore “canga” (CM): a decrease in the Fe,O3 content and an increase of the Al.Oz content in
relation to the ore, expected variation due to the laterization process. For the trace elements and
enrichment of P, Cr, Sc, V, Ga, Nb, Ti, Zr, and Hf can be observed, and these can be used to
differentiate ore “canga” (CM) from friable hematite (HF). The variation of the REE's during the
holes does not present significant values, however, the average value presents an enrichment in relation
to the ore (Table 1; Fig.7).

4.3. Reflectance spectroscopy

The spectral parameters obtained by the algorithms of Appendix 2 were used in the spatial analysis
of the four drill holes. Five groups of minerals were identified: iron (hydro-)oxide (hematite and
goethite), kaolinite, chlorite (composition richer in magnesium and iron rich), gibbsite and mixture of
smectite-illite (Fig. 8). The spectral characteristics of the minerals of each lithotype are described
below (Fig. 9).

4.3.1. Mafic rock (M): is characterized by the presence of chlorite and smectite-illite mixture,
identified by parameters 2335Dcl and 2200Ds/i, respectively (Fig. 9). Within this layer, the presence
of kaolinite (2200Dk) occurs and its crystallinity, obtained by parameter 2170SL, can be used to
distinguish zones with low crystallinity kaolinites associated with fault zones and fractures. These
zones were called brecciated mafic (MB), due to the presence of breccias in the samples analyzed. In
the hole N5S-F871, at 170m, a brecciated zone was described, but by reflectance spectroscopy, no clay
minerals were detected, which differs from the other brecciated regions in the other holes. According
to Beaufort et al. (2005), in oxidizing conditions, the chlorite tends to be more magnesian (clinochlore)

and the iron present is fixed in the hematite. However, this relationship was not observed in the survey
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reports studied. The acicular hematite associated with the breccia zones was found along with the iron-

rich chlorite.

4.2.2. Semi-weathered mafic rock (MS): is characterized by the presence of iron (hydro-)oxides
with the hematite-goethite (HG) composition, gibbsite and kaolinite, identified by parameters 900Dfe,
2260Dg e 2200DK, respectively (Fig. 9). The presence of these clay minerals indicates more supergenic
alteration in the mafic rocks as observed by Prado et al. (2016) for NAWS deposit.
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Fig. 8. Stacking of reflectance spectra removed from the continuum of the samples containing iron (hydro-)
oxides and phyllosilicates from the N5S deposit, including hematite (N5S-F867/150), goethite (N5S-FH1103/2),
kaolinite (N5S (N5S-FH1099/168), illite / smectite (N5S-FH1010/170), gibbsite (N5S-FH1099/14), Fe-chlorite
(N5S-FH1099/192) And Mg-chlorite (N5S-F871/182).

4.3.3. Jaspilite (JP): The distribution of the hematite-goethite obtained by the 900WIv-Fe algorithm
allowed the differentiation between the two domains: an hematitic (H) (876-890 nm) and the other
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hematitic-goethitic (HG) (> 890 nm). The increase of 900WIv-Fe may be related to fracture zones, in
which percolation of meteoric fluids occurred. In addition, the increase in the position of the 900WIv-
Fe may be related to the change in grain size and shape, orientation, package density, matrix
composition (Adams and Filice 1967; Sherman et al., 1982; Morris et al., 1985), and mixing with other
minerals with an absorption feature near 900WIv-Fe, such as magnetite (Prado et al., 2016). The
breccia jaspilite zones are characterized by the presence of kaolinite (2200Dk). Eventually, these zones
may also present an increase in the goethite composition (900WIv-Fe) and the presence of smectite-
illite (2200Ds/i).
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Fig. 9. Mineral abundance results and composition analysis using the reflectance spectroscopy data for the N5S-
F871 titer and the lithotypes found during the description of the holes. The scatter plot shows the variation of
mineral abundance as a function of depth. The color scale in the abundance iron (hydro-)oxides and chlorite
diagrams show the wavelength in nm of the absorption feature of these minerals. The color scale of the
abundance diagram of kaolinite and the smectite-illite mixture is colored according to the crystallinity of these
minerals. The intervals that have similar mineralogical characteristics were grouped in the same colored horizon.

4.3.4. Friable Hematite (HF): Presents the highest values of iron (hydro-)oxide abundance among
the studied lithotypes and has a variation of the 900Dfe algorithm between 0.36 and 0.61 (Fig. 9). In

the upper part of the ore package and in the contact with the mafic rocks there is a greater amount of
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hematite-goethite, which allowed to differentiate the HF in two domains as well. Punctually the ore

presented gibbsite (2260Dg) at the top of the package, next to a semi-decomposed mafic rock.

4.3.5. Ore “Canga” (CM): presents a variation of the abundance of iron (hydro-)oxide (900Dfe)
between 0.3 and 0.54 (Fig. 9). The values are like those found in jaspilite and ore, with the presence
of gibbsite, smectite, and kaolinite, respectively, identified by the 2260Dg, 2200Ds/i and 2200Dk
algorithms, respectively, to differentiate these lithotypes. The crystallinity of the white mica was
calculated based on the difference in depth of the absorption characteristics of 2200nm, referring to
the presence of AIOH, and the water feature at 1915nm. The increase in crystallinity is related to a
deeper feature of the water and lower depth of the AIOH feature. By the index of crystallinity of the
white micas, we have that: the muscovite varies from 4,08 to 9,37; the illite ranges from 2.0-4.08; the
illite/smectite ranges from 1.0-2.0; the smectite/illite ranges from 0.59-1.0, and the smectite is <0.59.
In the spectra obtained in this work, the crystallinity value of the white mica ranged from 0.006 to
1.255, demonstrating both the crystallinity of the micas and the proportion of micas and smectites in

the mixture, with the presence of illite/smectite, smectite/illite, and smectite.

In addition, in the higher crystallinity of the white micas one observes the presence of a feature at
2441nm (Fig. 8). The variation of this crystallinity, obtained by parameter 2200Cs/i, can provide
vectors towards the higher temperature parts of the hydrothermal system (GMEX, 2008). It is difficult
to make an exact differentiation for the crystallinity due to the influence of other argilominerals
(kaolinite and gibbsite) at the depth of the water absorption features at 1915 nm and the AIOH at 2200
nm. Although the samples with the other clay minerals have been removed, a mixture and influence
on the spectrum can still occur. It is noteworthy that the presence of gibbsite in the ore “cangas” occurs
only in the holes (hole N5S-F867), which shows higher levels of Al,O3 than in the others.

4.3.6. Validation of results: To validate the developed algorithms and to estimate the abundance
and composition of the minerals obtained by reflectance spectroscopy, the geochemistry and LOI data
were used (Fig. 10, 11, 12 and 13). A first order polynomial was used for the correlation, the error
being calculated by root mean square error (RMSE). The spectral behavior of the different rocks
analyzed was plotted according to the lithotypes studied. The color of each lithotype matches the
pattern used in the geological description. The data were correlated following the analysis made by
Prado et al. (2016). The good correlation with the geochemistry will be explained below, while those
with low correlation parameters were attributed to non-identification of spectral mixtures and/or a lack
of pure spectra (Fig. 8 and 10). This may also be due to the difference in data collection, where spectra
were obtained on the surface of the serrated and friable samples, while the XRF was obtained by
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spraying the other half of the samples. In addition, the samples used in the infrared analysis may not

be completely representative of the sample used in the XRF, which will increase the RMSE.
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Fig. 10. Correlation graph between the mineral abundance algorithm under study and the geochemical analysis
of XRF. The samples are colored according to the lithotype. A. Correlation between the abundance of iron
(hydro-)oxide (900Dfe) and Fe,O3%. B. Correlation of goethitic-hematitic distribution (900WIv-fe) and loss by
calcination (LOI) at 1000°C. C. Correlation between abundance of gibbsite (2260Dg) and Al,03%.

According to Haest et al. (2012) samples of iron (hydro-)oxide mixed with light minerals will have
their absorption pattern overestimated due to albedo, and will not show a good correlation with
geochemistry. As the processing to remove the mixed samples resulted in a few samples composed of
pure hematite spectra, the analyses were performed considering all samples, which caused an increase
in RMSE values. In addition, the graph of figure 11, showing the data of the holes of the N5S, shows
that it would not be necessary to withdraw samples containing kaolinite, since it already presents the
pattern of increase of the Fe203% corrected proportional to the increase of the algorithm 900Dfe, for
an albedo variation (N1650R).
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Fig. 11. Correlation between the albedo (N1650R) and the iron (hydro-)oxide (900Dfe) abundance algorithm
for iron (hydro-)oxide spectra, including spectra of mixtures with kaolinite. The samples are colored according
to Fe203% of the XRF analyses.

The abundance iron (hydro-)oxides (900Dfe) algorithm was compared with the Fe203%
geochemical analysis of the holes (Fig. 10A) showing an RMSE of 14.7%. It is possible to observe a
linear correlation between the iron increase in the sample with the spectral abundance, presenting a
differentiation between the lithotypes. The mafic has lower spectral abundances (0 - 0.375) and Fe;O3
(4 - 50%), while the jaspilite shows intermediate values of spectral abundance (0.1 - 0.5) and Fe203
(26 - 65%) and showed high values of spectral abundance (0.35 - 0.6) and Fe2O3 (70 - 99%).

The determination of the accuracy of the iron (hydro-)oxide composition algorithm was validated
using the calcination loss (LOI) of the samples (Fig. 10B). It is possible to observe the influence of
other minerals in the LOI, mainly in the mafic lithotypes. The ore “canga” demonstrates that the

presence of goethite increase as LOI increase.

The accuracy of the 2200Dk, 2200Ds/i and 2260Dg algorithms was related to the percentage of
Al>03 to measuring the abundance of the aluminous clay minerals: kaolinite, gibbsite and smectite-
illite mixture, respectively. It is difficult to observe a linear correlation of these parameters when
considering the clay minerals in the same lithotype, but a difference of abundance and Al>03% between
the jaspilite/ore/“canga” and the fresh/semi-weathered mafic rock is observed, as expected. Another

reason for the lack of fitting of mineral clay may be associated with the number of representative
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samples of each mineral being small, as in the case of gibbsite, which presents an RMSE of 9.52%
(Fig. 10C).

The chlorite abundance algorithm (2335Dcl) was compared with the percentage of Fe2O3 and MgO
obtained by the XRF analysis. These analogies did not present a linear correlation, which led to make
a relationship between the chlorite composition (2335WIv-cl) obtained by reflectance spectroscopy
(Fig. 12) and the chlorite classification by the microprobe (Fig. 13). The chlorite composition,
identified by the 2335WIv-ClI algorithm, can be used to distinguish the predominant ranges of ferrous
and magnesite chlorites (<2335 nm) (Fig. 12). The chemical analyses of chlorite (17 samples) indicated
composition predominantly of ripidolite (prochlorite), but containing two samples in the field of
corundophylita, one sample classified as pycnochlorite and two as diabandite (Fig. 13). In the N5S
gabbro the range of the Fe/(Fe + Mg) ratio is small (0.33-0.46), but has a wide variation in Si content
(4.95 - 7.17). In this relation, it is possible to observe in figure 12 that the composition of chlorite by
reflectance spectroscopy shows most chlorite samples as Mg-Fe, which can also be observed in figure

13, that the analyzed samples of microbands have a Mg-Fe composition, with a predominance of

magnesium.
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Fig. 12. Histogram of the chlorite composition obtained by the algorithm 2335WIv-cl. Values above 2335 nm
show a more chlorite-ferric composition, while the values below show more magnesian composition.
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Fig. 13. Classification of the chlorites of the gabions of the N5S body in relation to the content of Fe and Mg
obtained by the microprobe analysis and the silica for 28 oxygens (Hey, 1954).

4.4. Physical properties of rocks

The analysis of the histograms showed the existence of contrasting properties for each lithotype
studied (Fig. 14). The magnetic susceptibility values did not present a great variation when compared
to the ore “canga” (CM), friable hematite (HF) and jaspilite (JP) lithotypes, having a differentiation
only in the values of the mafic rocks (M and MS). In general, the data obtained showed values with a
marked variation in the analyzed range, that is, samples with values of 0.38x107SI up to the maximum
of 151.67x103SI, with an average of 6.20x1073SI. Gabbro (M) has the highest mean magnetic
susceptibility of lithotypes with a mean of 10.83x1073SI, while semi-weathered mafic rocks (MS) have
the lowest mean values of 0.48x1073SI. In previous works carried out on Carajés iron mineralization,
the observed magnetic anomalies are directly associated with fresh jaspilite, with the mean values of
magnetic susceptibility being 234.37x107SI (Assis, 2013; Ferreira, 2014). In this work, the jaspilite
(protore, JP) presents an average susceptibility below the already mapped in N4AWS, with a value of
3.42x1073SI. This result can be attributed due to the jaspilite interval is within a zone of change. The
friable hematite (HF) has a magnetic susceptibility value with an average of 5.19x103SI. The ore
“canga” (CM) derived from the jaspilite has values with averages of 3.30x1073SI.

Differentiation through the mean values of the magnetic susceptibility was not efficient, due to the
proximity of the values, and it is necessary to analyze the numerical variation of the lithotypes, since
it still considers the local geological characteristics, such as the level of intemperic processes in tropical
climate and local characteristics (Fig. 14, Table 4). Gabbro (M) and semi-weathered mafic rock have
the following values: 0.51 - 65.37 x10-3SI and 0.21-1.15 x10-3SI, respectively.
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Fig. 14. Box plot showing the values of magnetic susceptibility, total gamma spectrometry and density count of
each lithotype and their respective histograms. In addition to, present a total histogram for each method of the
physical property of rock.

72



Although the secondary hematite exsolution is observed in ilmenite in petrography, the anomalous
magnetic susceptibility values for the mafic rocks are correlated with the proportion of unaltered
magnetite, since that the percentage of ilmenite would not be enough to generate a response (Fig. 5.D).
For the studied jaspilite, which are altered, with the martitizated magnetite, this variation has values
between 0.38-27.03 x1073SI. The variation of the iron ore (HF) susceptibility values is large (0.3-
151.67 x103SI), but most the samples have low values (0.3-10 x107SI), with high values (> 100x10"
331) found only in the N5S-F871 hole in the ore boundary with the jaspilite. The ore “canga” has a
variation of 0.38-26.17 x103SI and is mostly poor in magnetite, consisting essentially of hematite and

goethite. Due to the low number of samples with high values the mean is low (Table 4).

In addition to figure 14, the data obtained using the gamma spectrometer range for the studied
lithotypes are shown in table 4, with the mean and range described. The values of the three channels

of the radioelements, potassium, uranium and thorium, are arranged in cpm (counts per minute).

The values observed from the potassium channel data from the gamma spectroscopy measurement
map the lithologies of the Carajas Formation and the gabbro that is intrusive in this sequence. The
average potassium values of the gabbro are 30,75cpm and the iron ore of the Carajas Formation is
1.50cpm. The variation of the potassium values in the jaspilite can be divided into two populations:
the first one with the lowest values (0-2.5 cpm) is fractured and in contact with ore, occurring some
intercalations of the ore between the jaspilite; and the second one with higher values (2.5-15.3 cpm)

are deeper and is composed of jaspilite brecciated with intervals of fractured jaspilite.

The ternary diagram with normalized potassium, uranium and thorium radioelements values were
used to compare the data sampled within the N5S body (Fig. 15). For the normalization of the diagram
we chose to divide each channel by the sum of all three, that is: K/(K+eTh+eU); eTh/(K+ eTh+eU) e;
eU/(K+eTh+eU). In general, it is possible to map a gamma signature for friable hematite and gabbro,
despite the low values of radioelements. Due to the low values, the potassium variation for gabbro
samples was associated with a compositional differentiation.

The density of gabbro (M) varies between 2.41g/cm3 and 2.88g/cm3, with an average of 2.74g/cm3,
presenting values consistent with those found by gamma-gamma. The semi-weathered mafic (MS)
presents a large variation of values between 1.88g/cm3 and 3.89g/cm3, with an average of 2.29g/cms,
This variation occurs since in this work there was no individualization of the weathered mafic rocks
that presented the original structuring of those that were totally altered. The jaspilite (JP) presents a
variation between 2.97g/cm?3 and 3.72g/cm3, with a mean of 3.4g/cm3, being this variation due to
breccias regions, or the proportion of oxides bands. The N5S friable hematite (HF) has a mean value

that is much higher than the general average of the correction and gamma-gamma, being 4.14g/cm3
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and a variation between 3.25g/cm3 and 4.91g/cm3. This higher mean can be due to the error during the
correction, which considers the humidity of the samples equivalent to half the saturation of the pores,
that is if the lithotype shows a lower saturation in situ. The corrected samples of the pentapycnometer
present an average higher than those found in the other methods (Table 2). The ore “canga” (CM)
presents values consistent with the other validation data, the average being 3.27 g/cm3 and the variation

between 2.61g/cm3 and 3.99g/cm3.

Th

Legend
® Ore Canga (CM) Semi-weathered Mafic Rock (MS)
® Friable Hematite (HF) Mafic Rock (Gabbro) (M)
+ Jaspilito (JP)

Figure 15. Ternary diagram with the normalization of K, eU, eTh obtained in N5S body reports.

The relationship of the physical properties data of the rocks shows that the density allows mapping
the lithotypes found (Fig. 16). Figure 16A shows that the ratio of the total count to the density is not
direct, that is, as the density increases there is no variation of the total count. In figure 16B, although
a small positive trend is observed in the base values of each lithotype, the magnetic susceptibility scale
is logarithmic, which shows very low values to be considered. The correlation of the values of total
count and magnetic susceptibility (Fig. 16C), do not have a direct relation, being possible only to
differentiate the mafic rocks of the other lithotypes, due to the total count, and to differentiate the
weathered mafic rocks, since these have low values of total count and magnetic susceptibility. It is not
possible to distinguish between jaspilite, friable hematite, and ore “canga” by analyzing these
properties.

The responses of the rock physical properties were presented for the N5S-F871 hole (Fig. 17),
following the methodology presented previously. It is possible to observe a correlation with all the

analyses made previously for each property studied.
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Fig. 16. Correlation diagram between the physical properties of rock, showing the behavior for each lithotype.
A. Correlation between density and total gamma spectrometry. B. Correlation between density and magnetic
susceptibility on log base. C. Correlation between magnetic susceptibility on log base and total gamma

spectrometry.
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Fig. 17. Scatter plots showing the variation of the physical properties of rock as a function of the depth of the
N5S-F871, representing the behavior for each lithotype. Following from left to right is the response of magnetic
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susceptibility, density, gamma spectrometry with the total count, potassium, uranium and thorium and their
relationships.

4.5. Aerogeophysics

4.5.1. Magnetometry: The windowed data of the analytical signal from the anomalous magnetic
field (Fig. 18A) present magnetic features and interesting structures from a prospective point of view.
Note that mineralized bodies do not have magnetism and therefore cannot be detected directly by
magnetometry (Fig. 18B; Table 4). The main reason is the nature of the ore, which is rich in hematite
and martite (magnetite change), but poor in magnetite (Fig. 7B). Due to this loss of magnetism,
oxidation, and enrichment of iron ore, there are two possibilities for the source of magnetic anomalies:
the deep-jaspilite (Ferreira, 2014), or gabbro, as the result of physical properties of magnetic

susceptibility demonstrated higher mean values for this lithotype.

The MED of the total anomalous field presents NE-SW features with a small dip, especially for SE,
also are EW features with a dip to N and NW-SE features not so well delimited, being better observed
in the gravimetric MED (Fig. 18C).

359
262
2.11
1.7

»+ 1.40
1.15
0.95
0.79
0.65
0.53
0.43

1 0.34
0.25
0.20
0.14
0.10
0.07
0.05

" 0.03

ASA

Legend

Structures MED T™MI
Thrust fault Cont_Ht
e Inferred strike-slip fault 14
Fracture
Inferred fault 20
Surface Coverage — 28
39

%%, Colluvium with hematite
Soil 55

4 4

108

Chemical Canga

¥< . OreCanga
Geological Units 151
Fm. Igarapé Cigarra n
295
413

B (abirico o
W77 Hematite in situ lateritic

Fm. Parauapebas

Fm. Carajas

T T
VTUW OTOW 0TOW

Fig. 18. Products derived from the anomalous magnetic field. A. Analytical Signal Amplitude (ASA) grid. B.
Geological map of the N5S body on the ASA grid. C. Magnetic features generated by the application of the
Multiscale Edge Detection (MED) algorithm.
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4.5.2. Gamma spectrometry: For the gamma spectrometric data was used the RGB ternary
composition image to define the response of each geological unit of the study area (Fig. 19A, B).
Normally, in iron ore prospecting, gamma spectrometric data are more commonly used to map

geological units associated with iron formations than to determine their occurrence (Flis, 2008).
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Fig. 19. Gamma spectroscopy product. A. RGB ternary composition (KeUeTh). B. Geological map of the N5S
body on the RGB ternary composition grid. C. Lithogeophysical map of the N5S body using unsupervised
classification.

A lithogeophysical map was elaborated through an unsupervised classification to facilitate the
analysis (Fig. 19C). The classification was performed for eight classes. The ore “canga” associated
with the Carajas Formation was individualized by subscribing low contents of the K, eTh, and eU
(dark blue and blue) radioelements, showing a correlation with previously mapped outcrops and
presenting regions of potassium enrichment (red) (Fig. 19B). The signature of the mafic rocks is
enriched in K, eTh and eU, being able to present regions with a decrease of K and/or eU, but it
maintains an enrichment of eTh due to its low mobility during pedogenesis (light blue, green, yellow
and white). In the NE region of the gamma-spectrometric map (Fig. 19B), there is a high K and eU

(magenta) response. As the geological map of greater detail (1: 20,000) does not cover this region, it
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is difficult to infer the source of this response and may be associated with a compositional
differentiation of the Parauapebas Formation, or a region of greater potassium alteration. In a more
regional geological map of the CPRM, a proximity to the Gorotire Formation was observed, in which
Ferreira (2014) describes the gamma-spectrometric response with high levels of K and may also be a
possibility for the response found.

4.5.3. Gravimetric Gradiometric: The positive anomalies of the Tzz component of the
aerogravimetric gradiometric data highlight the anomalous bodies of iron ore and protore (Fig. 20 A
and B), associated to the plateaus, due to the density contrast between the main lithotypes in the area
(Table 4), while negative anomalies can be associated with mafic rocks.

The lineaments generated from the application of the Multiscale Edge Detection (MED) algorithm
using the Tzz component highlight the main linear features and geological contacts. Highlighting the
synform structure marked by the distribution of the Carajas Formation. Some structural lineaments
obtained are discordant with the geological contacts and may indicate the percolation of denser fluids
in the structures (Fig. 20C). Some lineaments are consistent with structures mapped, and others with
the lineaments marked by the MED in the total anomalous magnetic field.
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Fig. 20. Products of gradiometric gravimetry. A. Grids of the Tzz component of gradiometric gravimetry. B.

Geological map of the body N5S on the grid Tzz. C. General features of the gradiometric gravimetry obtained
using the Multiscale Edge Detection (MED) algorithm.
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The analysis of the geophysical inversion model was performed using the ENE-WWS vertical
section, in accordance with the geological profile (Fig. 21). It is possible to note that most of the denser
zones remained in the surface portion of the model and the highest density contrast was approximately
1.17 g/cm?®. This value in absolute terms is equivalent to a density of 3.87 g/cm3, representing the
region where the friable hematite and jaspilite occur, which are the densest lithotypes intercepted by
the drill holes (Table 4). The model in this region could recover low values of density where mafic
rocks occur (M). In the western portion of profile, it is possible to reconcile the geological profile with
the geophysical profile, showing the semi-weathered mafic and the chemical “canga” above the
orebody. In the central-west region of the profile, the contact of the gabbro with the jaspilite and/or
the ore is observed. In the center-east region of the geophysical profile, there is a zone of lower density
that does not correspond to the geological profile. This may occur due to attenuation of the gravimetric
signal caused by flight altitude and/or a decrease in bulk density due to a larger thickness of the
weathered mafic package. With the above results, it is possible to say that the geophysical density

model is consistent with the geological model and can be used as an exploratory parameter.
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Legend N
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Fig. 21. Section AA' (N82.7°E) showing the holes done and density distribution obtained after the inversion of
the FTG data (lower panel). In the upper panel the Tzz component profile is displayed, in the middle panel can
be observed grid of the Tzz component.
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5. Data Integration and Discussion

The integration was done by two ways: the first one was to analyze the relationship between the
different methods used to compose the signature of the lithotypes of the N5S body and the second with
the objective of evaluating the compositional change of the minerals detected by the reflectance

spectroscopy in the analyzed profiles.

In figure 22 it is possible to observe the relationship between the density, the iron (hydro-)oxide
(900Dfe) algorithm and the Fe,O3% of the XFR. The density is directly related to the percentage of
iron in the less altered samples (gabbro, jaspilite and friable hematite), as well as the abundance of iron
detected by reflectance spectroscopy. Despite the increase in iron detected in the most altered rocks
(ore “canga” and semi-weathered mafic), both geochemistry and reflectance spectroscopy, the

presence of more clay minerals affects the density significantly.
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Fig. 22. Correlation between the density (g/cm?®) and Fe;O3:% of the XRF analysis. A. Samples are colored
according to the lithotype. B. Samples are colored according to the iron (hydro-)oxides (900Dfe) abundance
algorithm for each spectrum with iron (hydro-)oxides.

The variation of the studied results was performed along the holes in an integrated way and allowed
to correlate the characteristics of each lithotype and alteration zones (Fig. 23, Appendix 7, 8 and 9).
The change portions of the drill holes were designated by the suffix B (MB and JPB). The
nomenclature followed that used in the reflectance spectroscopy response. For the delimitation of the
characteristics of these zones, it was necessary to integrate all the data, since it is not clear the presence
of all the characteristics. In general, the delimitation of the alteration zones associated mainly with

kaolinite (2200DK) of low crystallinity, an increase in relation to the average percentage of SiO2, ETR's,
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Hf, Zr, Nb and a decrease in density showed the correlation with fault/fracture zones with the
percolation of meteoric fluids, presenting the intemperic processes at greater depths. The signature of

the methods for each lithotype was summarized in table 5 for a better visualization and comparison.

NSS - F871 Goe Fe I}
Om| 4
5 ' I I K u
3
{ oo s ™
: = L
4 ‘ 33].. 1 psood. . | 1ol Jrooe. _t
® = b —
s 0522
A N
A . 9]
2 S [m g
T E b m —
2 |1 Z o
= Bl Bt R O ER S DS SRR G R
=] = ]
a. < £ lom
O o 2
[=)] o (]
1097 oss
108 os0s
i om O OTOmT..  _TOmmT e
1069 -

S == = -
995.90| 5 pasq 1041
= ‘s : - — —=
e e | e TS H | gE P ] T L
=
=
t g
0 0036 061 011" 0.1380,013 0 36oMM 0,011 " 0 Toc B 0001 0,178 728 100 3 395 -1 195219 | 49 78 3741 Manal
Lorane  900Dfe  ‘Hem 2260Dg ~ 2335Dcl” " Mg 2200DK 2200Ds/i  Sme Si0, (%)  Fe,0,(%) FeO (%)  ALO, (%) Susceptibility Density Total Count "™
& Fe-(hydro-) Gibbsite  Chlorite Kaolinite Smectite/Illite B (x107SI) (g/em’) (cpm)

oxide bund

Legend
o Manual Logging [__1Semi-weathered Mafic (MS)  Integration Logging . .

— 5 2 Semi-weathered Mafic (MS
g&?&‘?"i‘fs'mwxw IN Gf;{]ttgl(l)li)‘)‘() I Ore Canga (CM) ] Mafic Rock - Gabbro (M) - ] Ore Canga (CM) :I] Altered Mafic Rock (CN(IB) :
Altitude: 683.8m l)elr{nr 230.5 m MMM Frizble Hematite (HF) [ Friable Hematite (HF) = Mafic Rock - Gabbro (M)

Eha S22 M Jaspilite (JP) [ Jaspilite (JP)

Fig. 23. Scatter plots of the reflectance spectroscopy data, geochemistry, physical properties of rocks, the
petrographic description of the N5S-F871 drill hole and the logging interpretation using all integrated data as a
function of depth. The color scale in the abundance diagrams of iron (hydro-)oxide and chlorite shows the
wavelength in nm of the absorption feature of these minerals. The color scale of the abundance diagram of
kaolinite and smectite-illite is colored according to the crystallinity of these minerals. Geochemical variation of
Si0O,, Fe 03, FeO and Al;Os elements. Variation of the physical properties of rock with the magnetic
susceptibility response, density, gamma spectrometry with the total count.

As previously mentioned, the calculate crystallinity of the smectite-illite mixture (2200Ci/i) may
indicate the temperature range of the hydrothermal fluid which altered the rock, the chlorite features
wavelength (2335WIv-cl) indicate the composition of the chlorite and the wavelength of the iron
(hydro-)oxide (900WIv-fe) features indicate zones with hematite and hematite-goethite blend
composition. Based on this, the response of the holes was arranged following the drawn profile. For
the smectite-illite mixture it is noted that the N5S-FH1103 hole has a higher crystallinity, as well as a
greater abundance of minerals with a more illite/smectite composition than the holes located to the
west of the section, probably indicating that the fluid that generated this mineral in the N5S region was

warmer and probably closer to its source west of the region (Fig. 24).
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Table 5. Signature of each lithotype and the altered zones after integration of the data performed in the probes

of the N5S body.

Lithotype Geochemistry Reflectance spectroscopy Magnetic Susceptibility Gamma spectrometry  Density
(x103s1)
Mafic rock Composition  of  SiO2 Characterized by the It presents most of the values It  presents average It presents a
(M) (52.64%), Fe203 (10.90%), presence  of  chlorite during the low testimonies, values of the potassium, variation
FeO (6.13%) and AI203 minerals (2335Dec) and with anomalous peaks. Values uranium and thorium between
(16.0%). smectite-illite mixture range from 0.51 - 65.37 x10- channel with 30,75cpm, 2.41g/cm?® and
(2200Dsli). The 3SI. 10,12cpm,  15,85cpm, 2.88g/cm3, with
composition of the chlorite respectively. And an lower values
(2335WIv-Cl) would be average total count value associated with
Mg-Fe with a of 248.74cpm. Within altered zones.
predominance of the study region this
magnesium, being only lithotype is the most
the chlorites of the hole potassium and therefore
N5S-FH1099 of a more there is a factor F
ferric composition. enhancement.
Semi- Composition ~ of  SiO2 Characterized by iron It presents values close to zero, It does not presenta clear Because it is a
weathered (12.25%), Fe203 (40.38%), (hydro-) oxides of ranging from 0.21-1.15 x10- gamma-spectrometric  product of mafic
mafic rock FeO (0.78%) and AI203 hematite-goethite  (HG) 3SI. signature varying rock alteration, it
(MS) (26.42%), lower values composition  (900DFe), according to the analyzed presents lower
when compared to the gibbsite (2260Dg) and testimony. mean  values,
original rock. kaolinite (2200DKk). with 2.29 g/cma.
Jaspilite Composition ~ of  SiO2 Characterized by the It has a mean susceptibility It presents an increase of The  fractured
Jp) (44.66%), Fe203 (54.62%), presence of iron (hydro-) lower than expected, with a potassium in the areas jaspilite varies
FeO (0.50%) and AI203 oxide (900Dfe), smectite value of 3.42x10-3Sl. This where it is compact, butit between 2.97-
(0.22%), and anomalous (2200Dsl/i) (low result can be attributed to the does not present clear 3.64g/cm3. The
peaks of enrichment occur in crystallinity mica). fact that the jaspilite interval is signature in the compact
some elements, such as within a zone of alteration. brecciated regions jaspilite varies
MnO, Ba, Co, Pb and REE's, described in the between  3.49-
in relation to the total hole petrography 3.72g/cm3. The
background, not meaning breccia jaspilite
that they are high values. varies between
2.97-3.59g/cm3,
Friable Composition ~ of  SiO2 It is characterized by the Most of the values obtained The total count and the It presents a
hematite  (1.23%), Fe203 (96.87%), higher abundance values presented a variation between radioelements can be variation of
(HF) FeO (0.41%) and AI203 of (hydro) oxide (900 Df) 0.68-42.9x10-3SI, with two considered constant 3.25-4.91g /
(0.46%) between 0.36 and 0.61. samples larger than 100x10- inside the layer and cmd, correlated
And punctually, it presents 3SI. Throughout the holes, the presents/displays values to the levels of
gibbsite (2260Dg) at the concentration of the values is of factor F low, change in the
top of the holes, next to the smaller than 5x10-3SI, with demonstrating that it layer.
semi-decomposed mafic some  anomalous peaks does not hear potassium
rock. without relation and others enrichment
related to the contact with the
mafic rock.
Ore Mean composition of SiO2 Characterized by the It presents values close to zero, It presents a variation of It presents
“Canga”  (0.57%), Fe203 (88.78%), presence of iron (hydro-) with anomalous peaks. the total count similar to values lower
(CM) FeO (0.35%) and AI203 oxide (900Dfe), gibbsite the friable hematite and than that of the
(3.59%) (2260Dg), smectite-illite fractured jaspilite, with a ore due to the
mixture (2200Dsli), lower value of the increase of
kaolinite (2200Dk) potassium channel and porosity (2,61-
greater of the thorium 3,99g/cm3)
channel.
Altered It presents an increase of They present increased It does not have a defined It does not have adefined It presents lower
zones (MB SiO2, ETRs, Hf, Zr, Nb, P in wavelength of Fe signature. signature. values than
and JPB) relation to the background of (900WIv-Fe) with more those found for

the total hole, not signifying
that they are high values, and
a decrease of Al203, MnO,
FeO and Cr.

hematite-goethite

composition, besides
kaolinite (2200Dk) and
smectite-illite mixture
(2200Dsti)

fresh rock.
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The composition of chlorite (2335Dcl) in gabbro also shows a variation in the profile, showing a
more magnesian composition to the east and more iron to the west (Fig. 25). According to Beaufort et
al. (2005), in oxidizing conditions chlorite tends to be more magnesian (clinochlore) and the iron
present is fixed in the hematite, but in the holes more to the west, it was observed to the formation of
acicular hematite in the thin sections of the breccia zones, and chlorites of the gabbro in the hole N5S-
FH1099 presented a more ferric composition. This analysis cannot be generalized to the two holes in
the east due to a decrease in the size and frequency of breccias, in addition to the absence of acicular
hematite in breccia regions.

In the gabbro of the drill hole located more to the west of the body N5S (N5S-FH1099), an
abundance of iron (hydro-)oxide (900Dfe) was detected by the reflectance spectroscopy, and that is
absent in the holes positioned in the east portion of this body (N5S-FH1103). This variation is justified
by the greater impregnation of iron (hydro-)oxide in the gabbro samples of the western portion, which
appear pink in a hand sample. Apparently, there is a limitation of the technique in the detection of
martitizated magnetite, which is present as an accessory mineral in the gabbro of all holes studied (Fig.
26). The more goethite composition at the beginning of the holes is mainly related to the supergenic
alteration. In figure 26 it is possible to observe that to the west of the section the weathering profile is

greater than in the east region.
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illite mixture in the N82.7°E profile, showing the location of the samples studied in the profile, with vertical
exaggeration of 5x.
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To corroborate the weathering profile, the response of the iron (hydro-)oxide of the reflectance

spectroscopy was compared with the variation in the hole of the geochemical elements P and Sc and

of the physical properties of gamma spectrometry of the potassium channel and factor F (Fig. 27).

Although subtle, it is possible to observe a difference of the characteristics in the region with greater

goethite composition, and the interesting one is that this variation is within the same lithotype.

The result of the integration and signature of the lithotypes was also presented in profile. The

holes on western of the profile (N5S-F867 and N5S-FH1099) present larger thicknesses and alteration
zones than the eastern holes (N5S-F871 and N5S-FH1103) (Fig. 28). When comparing visual field

description loggings and interpreted loggings after integration of reflectance, geochemistry, and

physical rock spectrometry data, it is possible to observe a greater differentiation among the lithotypes,

as well as the existence of distinct zones not previously identified in all lithotypes.
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data, the result of the integration, the chemical elements P and Sc and the properties of gamma spectrometry of
the potassium channel (K) and factor F. With emphasis on the red line, which represents the delimitation at the

beginning of the hole of the composition more goethite.
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from the interpretation of the integration of reflectance spectroscopy data, geochemistry and rock physical
properties (left) for each hole, with vertical exaggeration of 5x.

6. Conclusion
The elaboration of the geological profile from the description of the drill holes and the petrographic
characterization of the different lithotypes, provided support for the data integration and assisted in the

analysis of the results found in each phase of this study.

The analysis of the geochemical profile of the drill holes identified the elements that differentiate
each lithotype and assisted in the delimitation of the brecciated zones domains during the integration
of the data. In addition, these results agree with reflectance spectroscopy data and physical properties

of rocks (gamma spectrometry, magnetic susceptibility and density).

The algorithms obtained in the reflectance spectroscopy allow the identification of secondary
minerals such as kaolinite, smectite-illite and gibbsite, not recognized in the petrographic analysis,
demonstrating that the method is effective to characterize and evaluate the mineralogy distribution of
an iron deposit. The analysis of the parameters obtained by the algorithms allowed the differentiation
of the various lithotypes and allowed the detailing of the following zones: differentiation between
zones with predominance of hematite and zones with predominance of goethite in jaspilite and friable

hematite; identification and differentiation of zones with different chlorite compositions in gabbro; in
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the identification of the crystallinity of the smectite-illite and its distribution in the drill holes and in
the geological profile. The parameters of mineral abundance obtained in this work show that this
method can be very useful for a quickly estimation of iron content and some minerals related to the
deposit. This helps in the identification of contaminants, such as clay minerals, which facilitates ore

processing.

The physical properties, gamma spectrometry, and magnetic susceptibility did not provide
information to distinguish the altered zones during the integrated analysis, but when analyzed
individually, gamma spectrometry differentiated the geological units such as Carajas Formation and
gabbro. The best results of physical property were reached by the density, which showed the difference

between the lithotypes and variation in the zones.

The evaluation of airborne products of gradiometric gravimetry, magnetometry and gamma
spectrometry was useful to identify and characterize the N5S deposit. Airborne magnetometry presents
magnetic anomalies whose sources may be correlated with the protore or gabbro. Iron ore is composed
essentially of hematite, a non-magnetic mineral and, therefore, does not respond directly to the applied
method. Aeromagnetometry also provided data for the delimitation of in-depth and surface lineaments.
The aerogammaspectrometry is efficient in the definition of the different geological units of the region.
In the ternary images, it is possible to individualize the outcropping iron formations, from the signature
of low contents of the radioelements K, eTh and eU, the results show a high correlation with the
outcrops mapped previously. The lithogeophysical map generated for N5S allowed to conclude that it
is possible to identify the iron formations and the host rock formations through the classification not
supervised by gamma spectrometric domains. The gradiometric gravimetry was useful for the
delimitation of the Carajas Formation, besides defining the synform structure of the area and
lineaments not described in geology and aeromagnetometry. The model presented can be used both in
the initial phase of prospecting, providing information about the response pattern of the airborne

products, as well as on the continuity and progress of the mine.

The inversion of the gradiometric gravimetry data recovered dense bodies compatible with the
mineralized package and separated the iron formation of the hosting rocks, besides demonstrating an
initial integration of the aerogeophysics with the density measured in the drill holes. With the above
results, it is possible to say that the geophysical density model is consistent with the geological model

and can be used as an exploratory parameter.

The individual analysis of each technique applied in this work provided satisfactory results,
however each one has an acceptable limit of results. The integration of these data exceeds this limit,
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aiding in the characteristics of each lithotype and regions of change. The integration made it possible
to create a geochemical and geophysical signature of the lithotypes found in the N5S body holes.
Moreover, the representation of the results of the mixture of the smectite-illite, the chlorite, the iron
(hydro-) oxide and the logging of integration of the profile data allowed to differentiate regions with
different compositions and characteristics in the N5S. The crystallinity of the smectite-illite mixture
(2200Csl/i) indicated that the eastern region of the profile was warmer. The composition of chlorite
(2335Dcl) shows a more magnesian composition to the east and more ferritic to the west,
demonstrating that the Mg-chlorite composition is related to illite/smectite. The abundance of iron
(hydro-)oxide (900Dfe) presents in gabbro is relationship with iron impregnation on the rocks and not
with the presence of magnetite and hematite crystals, showing a technical limitation of the equipment.
Detection of iron (hydro-)oxide indicated that the holes on western have a large layer with the
composition hematitic-goethitic, demonstrating that the supergenic alteration is deeper in this region

than in the eastern of the profile.

The detailed differentiation between the lithotypes represents the efficiency of the integration and
application of the methods used in this work. With the association of this tools discussed, it is possible
to help decision making and direct the exploratory work, so as to make better use of human and

financial resources.
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9. Attachment

Annex 1. Nomenclature to describe the survey testimonies used by Vale S.A.

Litotipo

Descricdo

Nomenclatura usual

Sigla

Sterile lateritic cover

Mineralized lateritic cover

Friable Hematitite

Compact Hematitite

Manganese Hematitite

Aluminous Hematitite

Iron Manganese

Jaspilito

Regolith very weathered

Regolith
weathered

Mafic Rock

Sandstone

Conglomerate

Mudstone/Siltstone

partially

It occupies the top of the planes, marking the old planing horizon of the Carajas
Province, covering the regolith of the mafic rocks or associated with mature and
cemented colluvial deposits. It has a colloform structure and high porosity

Colluvionar and / or eluvionar Deposit on the outcrops of in situ ore. The
thickness can reach more than 20m. It has high Fe content and relatively low
contaminants, allowing its potential exploitation as ore. It is an indicator of the
occurrences of iron ore

Typology of iron ore that is brittle, with high porosity, and with an average
content of 66% Fe. Color black to dark gray, sometimes reddish due to change
to goethite. The inherited jaspilite bundle is partially to fully obliterated due to
leaching of jasper / chalcedony / carbonate

Typology of compact ore, generated from the cementation by goethite when
associated to lateritization processes and locally by hydrothermal fluids, when
associated to tectonic structures. It has coloration ranging from black to reddish
brown. The porosity is high and the Fe content is concentrated between 60.15
and 68.09%

Typology of ore rich in Fe and with Mn contents higher than 2%, usually
positioned at the base of the hematite bodies, probable area of accumulation of
leached Mn of the weathered horizon

Typology of ore with iron contents higher than 55% and alumina higher than
3%, usually present at the top of the iron formation

Partly weathered jaspilite enriched in manganese

Banded iron formation (BIF), with millimeter centimetric laminations between
levels of jasper / chalcedony / carbonate and magnetite / hematite. It represents
the proto ore in the region, with Fe content between 20 to 40%.

Regolith of the mafic rocks, with total loss of the original structure of the rock.
Its depth is directly related to the level of weathering

Regolith of the mafic rocks presenting relics of the original plot of the rock, but
already with deep mineralogical transformation

Basalts, gabbros and diabases little affected at all by weathering, systematically
chloritized. It presents dark green coloration, sometimes with typical volcanic
structures like tonsils filled by quartz, carbonates and chlorites and possibly by
sulphides.

Massive sedimentary rock of whitish color, constituted mainly by grains of
quartz and arkose matrix

A clastic sedimentary rock of a psamitic character, it has whitish to yellowish
coloration, constituted mainly by angular fragments to sub-rounded ones of
quartzites, jaspilito, cherts and mafic volcanic rock

Sedimentary rock of fine granulometry, consisting of layers of silt and or clay,
presenting locally mottled

Chemical Canga

Ore Canga

Friable hematite

Compact Hematite

Manganese Hematite

Aluminous Hematite

Iron Manganese

Jaspilito

Weathered Mafic

Semi-weathered Mafic

Mafic Rock

Sandstone

Conglomerate

Mudstone/Siltstone

cQ

CM

HF

HC

HMN

HAL

FMN
JP

MS

MSD

AET

CGL

AGT

96



10. Appendix

Appendix 1. Chemical analysis of chlorite.

sample % F871 FH1099

98/02 98/03 98/04 98/05 98/06 98/07 98/08 98/09 98/10 [79/01 79/02 79/03 79/04 79/05 79/06 79/07 79/08
SiO, 4169 27.02 28.26 28.70 28.01 2756 36.07 27.40 27.80 |30.02 29.74 29.17 30.19 31.65 2994 3140 30.34
TiO, 0.15 005 000 0.00 000 000 0.00 0.0 006 | 000 022 031 000 007 014 021 0.20
Al,O4 6.39 1583 15.76 14.02 16.03 1548 9.72 1536 14.96 | 14.63 1574 17.59 16.70 14.48 1496 14.17 15.18
FeO 18.92 20.14 19.77 1959 19.93 19.61 18.22 18.71 19.78 |(19.16 21.15 20.82 21.83 18.83 21.82 17.19 19.10
MnO 0.68 0.75 0.72 0.81 0.62 0.86 0.57 0.55 0.69 0.60 0.63 0.88 0.62 0.64 0.67 0.68 0.73
MgO 15.84 23.17 22.65 23.85 22.83 23.69 19.97 23.80 2275 (24.42 23.15 2254 2247 2543 2249 24389 2385
SrO 0.00 0.00 0.00 0.06 0.00 0.00 0.01 0.00 0.00 0.01 0.09 0.01 0.04 0.01 0.03 0.02 0.03
CaO 7.46 0.13 0.07 0.08 0.05 0.09 3.95 0.01 0.10 0.07 0.05 0.09 0.07 0.10 0.05 0.10 0.07
Na,O 0.31 0.00 0.01 0.01 0.04 0.01 0.18 0.04 0.00 0.00 0.01 0.02 0.01 0.02 0.02 0.04 0.00
K,O 0.16 0.02 0.01 0.02 0.01 0.03 0.08 0.04 0.02 0.05 0.07 0.02 0.03 0.09 0.05 0.12 0.08
Cl 0.08 0.00 0.01 0.00 0.03 0.03 0.02 0.03 0.01 0.11 0.15 0.00 0.02 0.10 0.36 0.03 0.09
V,0;, 0.09 0.00 0.05 0.05 0.03 0.05 0.01 0.00 0.08 0.00 0.04 0.14 0.02 0.07 0.04 0.00 0.01
OH 8.26 1287 12.69 1280 1246 12.63 11.20 14.06 13.74 (1095 8.99 8.42 8.00 8.53 9.51 11.16 10.35
Total 100.03 99.98 100.00 99.99 100.04 100.04 100.00 100.00 99.99 |100.02 100.03 99.99 100.00 100.02 100.08 100.01 100.03

Cations recalculated to 28 oxygens (PUFF)

Si 7.17 4.95 5.14 5.17 5.11 5.02 6.28 4.95 5.04 5.41 5.46 5.41 5.58 5.69 5.50 5.57 5.48
Ti 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.06 0.00 0.01 0.02 0.04 0.03
Al 0.28 0.73 0.72 0.63 0.73 0.71 0.42 0.69 0.68 0.66 0.72 0.82 0.77 0.65 0.69 0.63 0.69
Fe?" 2.26 2.56 2.50 2.46 2.53 2.48 2.21 2.35 2.49 2.40 2.70 2.68 2.80 2.35 2.79 2.12 2.40
Mn 0.08 0.10 0.09 0.10 0.08 0.11 0.07 0.07 0.09 0.08 0.08 0.11 0.08 0.08 0.09 0.08 0.09
Mg 2.62 4.07 3.96 4.13 4.00 4.15 3.34 4.13 3.96 4.22 4.09 4.01 3.99 4.39 3.97 4.24 4.14
Sr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.05 0.02 0.01 0.01 0.01 0.01 0.56 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
H 0.16 0.26 0.26 0.26 0.25 0.26 0.22 0.28 0.28 0.22 0.18 0.17 0.16 0.17 0.19 0.22 0.21
Cations 13.67 12.70 12.68 12.77 1271 1274 13.11 12.48 1257 |(13.00 13.30 13.29 13.40 13.37 13.26 12.92 13.05
Fe/(Fe+Mg) | 0.46 0.39 0.39 0.37 0.39 0.37 0.40 0.36 0.39 0.36 0.40 0.40 0.41 0.35 0.41 0.33 0.37
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Appendix 2. Algorithms extracted from the spectral data (band radius, absorption depth, minimum wavelength,
etc.) of each absorption feature.

Parameter Funntion TSG Core algorithm

600-740SL Identify Fe (hydro-)oxides PFIT: Continuum slope ranging between 600 and 740 nm

900Dfe Identify and quantify Fe PFIT: Depth of the continuum removed spectrum calculated using a sixth-degree

(hydro-)oxides polynomial from 735 to 1290 nm, with focus ranging between 830 and 1020 nm

900WIlv-fe Differentiate hematite-goethite PFIT: Wavelength of the continuum removed spectrum calculated using an eighth-degree
polynomial 735 to 1290 nm, with focus ranging between 830 and 1020 nm

N1650R Albedo PROFILE: Mean reflectance at 1650 + 100 nm

2164Dk Identify kaolinite PFIT: Depth of the continuum removed spectrum calculated using a sixth-degree
polynomial from 2152 to 2180 nm, with focus ranging between 2160 and 2170 nm

2200Dk Identify and quantify kaolinite PFIT: Depth of the continuum removed spectrum calculated using an eighth-degree
polynomial from 2130 to 2245 nm, with focus ranging between 2200 and 2215 nm

2170SL Kaolinite crystallinity index ARITH: (R2180/2166)

2170Ck Kaolinite crystallinity ARITH: (2170SL+2200Dk)

1450Dg Identify gibbsite PFIT: Depth of the continuum removed spectrum calculated using an eleventh-degree
polynomial from 1350 to 1710 nm, with focus ranging between 1430 and 1467 nm

2260Dg Identify and quantify gibbsite PFIT: Depth of the continuum removed spectrum calculated using a sixth-degree
polynomial from 2115 to 2475 nm, with focus ranging between 2240 and 2300 nm

2251Dcl Identify chlorite PFIT: Depth of the continuum removed spectrum calculated using a sixth-degree
polynomial from 2236 to 2268 nm, with focus ranging between 2243 and 2258 nm

2335Dcl Identify and quantify chlorite PFIT: Depth of the continuum removed spectrum calculated using a seventh-degree
polynomial from 2280 to 2408 nm, with focus ranging between 2328 and 2360 nm

2335Wlv-cl Chlorite composition PFIT: Wavelength of the continuum removed spectrum calculated using a sixth-degree
polynomial 2272 to 2381 nm, com with focus ranging between 2310 and 2370 nm

1500SL Identify Fe2+ ARITH: (R1650/R1350)

1915Ds/i Identify smectite-illite PFIT: Depth of the continuum removed spectrum calculated using an eighth-degree
polynomial from 1830 to 2140 nm, with focus ranging between 1890 and 1950 nm

2200Ds/i Identify and quantify smectite- PFIT: Depth of the continuum removed spectrum calculated using a third-degree

illite polynomial from 2150 to 2238 nm, with focus ranging between 2198 and 2220 nm
2200Csli Smectite-illite crystallinity ARITH: (2200Ds/i)/(1915Ds/i)
2200WIv-s/i Smectite-illite composition PFIT: Wavelength of the continuum removed spectrum calculated using a third-degree

polynomial 2150 to 2238 nm, with focus ranging between 2198 and 2220 nm
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Appendix 3. Spectral products applied in this study to extract abundance and mineral composition data from
N5S Body testimonies.

Name

Detected minerals

Base algorithm

Filters/Masks

Correlation trend

Abudance of Fe
(hydro-)oxides

Hematite-goethite
distribution

Abundance kaolinite

Kaolinite crystallinity

Abundance gibbsite

Abundance chlorite

Chlorite composition

Abundance smectite-

illite

Smectite-illite
crystallinity

Hematite, goethite

Hematite, goethite ratio

Kaolinite

Kaolinite

Gibbsite

Chlorite

Chlorite

Smectite, illite

Smectite, illite

900DFe

9000WIv-Fe

2200Dk

2170Ck

2260Dg

2335Dcl

2335WIv-Cl

2200Ds/i

2200Cs/i

900Dfe>0.025
600-740SL>1.979
2200Dk>0.1
600-740SL>1.979

2200Dk>0.0129
2164Dk>0.00112
Gibbsite abudance= 0
2200Dk>0.0129
2164Dk>0.00112
2260Dg<0.012
Gibbsite abudance= 0
2260Dg>0.012
1450Dg>0.0143
2335Dcl>0.0159
2251Dcl>0.005
2260Dg<0.012
Gibbsite abundance =0
2335Dcl>0.0159
2251Dcl>0.005
2260Dg<0.012
Gibbsite abundance =0
2200Ds/i>0.00112
1915Ds/i>0.0241
2200Dk<0.018
2260Dg<0.012

Kaolinite,
abundance =0

gibbsite

2200Ds/i>0.00112
1915Ds/i>0.0241
2200Dk<0.018
2260Dg<0.012

Kaolinite,
abundance =0

gibbsite

% Fe;03; = 205.26 x (900DFe) — 7.735
Accuracy: 14.7% Fe,03

% Al,O3 = 88.253 x (2200Dk) + 7.723
Accuracy: 6.14% Al,05

% Al,0;= 310.84 x (2260Dg) + 4.659
Accuracy: 9.52% Al,O5

% Fe,03=-31.291 x (2335Dcl) + 6.772
Accuracy: 12.37% Fe,0O3

% MnO = -1.137 x (2335Dcl) + 6.159
Accuracy: 1.26% MnO

% Al,O3= 66.54 x (2200Ds/i) + 11.391
Accuracy: 5.39% Al,O,
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Appendix 4. Scatter plots showing the geochemical variation as a function of the depth of the N5S-F867 hole.
The analyzed elements are SiO,, Fe;03, FeO, Al,Os, K20, MgO, Ti, P, Cr, Sc and ZREE (rare earth elements).
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Appendix 5. Scatter plots showing the geochemical variation as a function of the depth of the N5S-FH1099

hole. The analyzed elements are SiO,, Fe;Os, FeO, Al.Os, KO, MgO, Ti, P, Cr, Sc and XREE (rare earth
elements).
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Appendix 6. Scatter plots showing the geochemical variation as a function of the depth of the N5S-FH1103
hole. The analyzed elements are SiO,, Fe.0s;, FeO, Al;O3, K20, MgO, Ti, P, Cr, Sc and XREE (rare earth
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Appendix 7. Scatter plots of reflectance spectrometry data, geochemistry, physical properties of rocks, the
petrographic description of the N5S-F867 hole and the interpretation of logging using all depth-integrated data.
The color scale in the abundance diagrams of iron (hydro-)oxide and chlorite shows the wavelength in nm of
the absorption feature of these minerals. The color scale of the abundance diagram of kaolinite and smectite-
illite is colored according to the crystallinity of these minerals. Geochemical variation of SiO», Fe,Os, FeO and
Al,Os elements. Variation of the physical properties of rock with the magnetic susceptibility response, density,
gamma spectrometry with the total count.
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Appendix 8. Scatter plots of the reflectance spectrometry data, geochemistry, physical properties of rocks, the
petrographic description of the N5S-FH1099 hole and the interpretation of logging using all the integrated data
as a function of depth. The color scale in the abundance diagrams of iron (hydro-)oxide and chlorite shows the
wavelength in nm of the absorption feature of these minerals. The color scale of the abundance diagram of
kaolinite and smectite-illite is colored according to the crystallinity of these minerals. Geochemical variation of
Si0,, Fe 03, FeO and AlbOs; elements. Variation of the physical properties of rock with the magnetic
susceptibility response, density, gamma spectrometry with the total count.
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Appendix 9. Scatter plots of reflectance spectrometry data, geochemistry, physical properties of rocks, the
petrographic description of the N5S-FH1103 hole and the interpretation of logging using all integrated data as
a function of depth. The color scale in the abundance diagrams of iron (hydro-)oxide and chlorite shows the
wavelength in nm of the absorption feature of these minerals. The color scale of the abundance diagram of
kaolinite and smectite-illite is colored according to the crystallinity of these minerals. Geochemical variation of
SiO,, Fe,0O3, FeO and Al,Os; elements. Variation of the physical properties of rock with the magnetic
susceptibility response, density, gamma spectrometry with the total count.
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Appendix 10. Variation of the hematite-goethite composition in the N5S-F867 hole and correlation with the
geological data, the result of the integration, the chemical elements P and Sc and the properties of gamma
spectrometry of the potassium channel (K) and factor F. With emphasis on the delimitation at the beginning of
the hole of the more goethitc composition.
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Appendix 11. Variation of the hematite-goethite composition in the N5S-FH1099 hole and correlation with the
geological data, the result of the integration, the chemical elements P and Sc and the properties of gamma
spectrometry of the potassium channel (K) and factor F. With emphasis on the delimitation at the beginning of
the hole of the more goethitic composition.

103



N5S - FH1103 | Goe Legend

0m

B

©%00nd -"f'v
§

Coordenates:

597094.4E 9326059.3N
Altitude: 726.1 m
Azimuth: 0.0

Dip: -90.0

Depth: 202.5 m

" "
st

"oy’

Manual Logging

- Ore Canga (CM)

- Friable Hematite (HF)
B aspilite (OP)

:l Semi-weathered Mafic (MS)
Mafic Rock - Gabbro (M)

000 tgenn, ",
ibuition (900Wlv-fe)

Depth
1(}0 .
¢

Hematite-Goethite distr

Integration Logging

I:] Ore Canga (CM)

[ Friable Hematite (HF)
I:] Jaspilite (JP)

:l Semi-weathered Mafic (MS)
- Altered Mafic Rock (MB)
[ Mafic Rock - Gabbro (M)

Manual Integration (036 0.613 0 337 " Usks 06 647 05 sLi
Logging Logging ~ 900Dfe Hem P (ppm) Sc(ppm) K (cpm) F factor

Fe-(hydro-) (K*U/Th)
oxide abundance

Appendix 12. Variation of the hematite-goethite composition in the N5S-FH1103 hole and correlation with the
geological data, the result of integration, the chemical elements P and Sc and the properties of gamma
spectrometry of the potassium channel (K) and factor F, With emphasis on the delimitation at the beginning of
the hole of the more goethitic composition.
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CAPITULO Il - DISCUSSAO

Diferentes respostas sdo observadas entre os dados coletados no corpo N5S e N4WS. Para a
espectrometria de reflectdncia a principal diferenca seria a composicdo mineralédgica das regides
brechadas e das vénulas das regides citadas. O corpo N4WS apresenta alteracdes de contato normal,
com a formacéo de talco e carbonato, enquanto no N5S tem-se alteracdes de caracter intrusivo,
somente com a presenca de quartzo. Prado et al. (2016) subdividiu os litotipos em dominios de
acordo com a composicao mineraldgica obtida pela espectrometria de reflectancia, sendo seguida
a metodologia neste trabalho. Uma relacdo observada no N4WS seria que as regides com maiores
valores de susceptibilidade magnética (0,75SI) estdo relacionadas com o dominio de presenca de
carbonato e talco, porém a espectroscopia de reflectancia ndo mostra um aumento de abundéncia
de (hidro-)éxido e ferro nessas regies, como proposto por Lobato et al (2005b) e Rosiere et al
(2006) para zonas brechadas. Nos dominios de hematita (H) e hematita-goethita (HG) os valores
de susceptibilidade sdo baixos tanto no N4WS, quanto no N5S demonstrando a alteracdo dos
"porphirotopes” de magnetita em hematita e a perda da magnetizagdo. Como no N5S os furos de
sondagem ndo demonstram o dominio de talco e carbonato, os valores de susceptibilidade
magnética na regido sao baixos, podendo indicar que o fluido que atingiu o N4WS ndo atingiu o
corpo N5S ou que provavelmente os furos estudados ndo atingiram este dominio.

Outra diferenca espectrométrica e geoquimica observada entre 0 N4AWS e o N5S € a
composicdo da clorita, que é mais férrica (Mg-chamosita) no N4WS e mais magnesiana (Fe-
clinocloro) no N5S, seguindo a resposta observada no perfil, ja que o corpo N4WS se encontra
mais a oeste que o corpo N5S e muito distante.

O corpo N4WS apresenta valores médios de contagem total, potassio, uranio e tério (Tabela
1.8) maiores que do corpo N5S (Tabela I1.4), com excecdo para a rocha mafica que apresenta
valores médios de potassio mais elevados. Isto pode indicar a diferenca composicional original
entre os basaltos do N4WS e os gabros do N5S ou uma maior potassificacdo nos gabros. As analises
geoquimicas demonstraram que os teores de K>O nos basaltos do corpo N4WS variam entre 1,23
e 2,81%, e dos gabros do corpo N5S varia entre 1,13% e 8,39%, confirmando os dados obtidos na
gamespectrometria.

A densidade encontrada para a canga de minério (CM), o jaspilito (JP) e a rocha méfica (M)
dos corpos mineralizados N5S e N4WS, apresentam valores médios proximos com excegédo para
o hematitito friavel (HF) e para a mafica semi-decomposta (MS), que demonstram uma variagdo
média de valores de aproximadamente 0,3 g/cm3 maior no corpo N5S (Tabela I11.1). A diferenca

de densidade do hematitito friavel (HF) pode ser explicada pela maior lixiviagdo da silica que
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promoveu a concentracao de oxidos. Além disso, essa diferenca pode ser resultado da metodologia
aplicada para a correcdo da densidade do pentapicndmetro, uma vez que se considera um valor
médio de saturacdo (50%). Caso as rochas in situ apresentem menor saturacao dos poros por agua,
os valores obtidos de densidade serdo maiores apds a correcdo. Considerando esses fatos se conclui
que houve uma maior lixiviacao da silica ou a rocha in situ apresenta menor saturacdo dos poros
no corpo N5S. No grupo das rochas méaficas semi-decompostas (MS) ndo houve a diferenciagdo
entre os niveis de alteragdo, devido a isto, ocorre a varia¢do da densidade conforme o nimero de
amostras mais decompostas, ou seja, quanto maior o nimero de amostras muito decompostas,
menor a média da densidade. Seguindo esta analise conclui-se que as rochas maficas semi-
decompostas do corpo N4WS se encontram mais intemperizadas e a presenca de talco descrita por

Prado et al. (2016) corrobora para essa interpretacéo.

Tabela 111.1. Densidade média dos litotipos dos corpos N4WS e N5S.

Litotipo  Densidade média  Densidade média

N4WS (g/cm3) N5S (g/cmd)
CM 3,17 3,27
HF 3,84 4,14
JP 3,40 3,40
MS 2,03 2,29
M 2,70 2,74
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A elaboracdo do perfil geoldgico a partir da descricdo dos testemunhos de sondagem e da
petrografia dos diferentes litotipos, forneceu subsidios para a integracédo dos dados e auxiliou na
andlise dos resultados encontrados em cada fase deste estudo.

A analise do perfil geoquimico dos furos de sondagem identificou os elementos que
diferenciam cada litotipo e auxiliou na delimitagdo dos dominios de zonas brechadas durante a
integracdo dos dados. Além disso, esses resultados estdo de acordo com os dados
espectrorradiométricos e de propriedades fisicas de rochas (gamaespectrometria, susceptibilidade
magnética, densidade).

Os algoritmos obtidos na espectrometria de reflectancia possibilitam a identificacdo de
minerais secundarios tais como caolinita, esmectita-illita e gibbsita, ndo reconhecidos na anélise
petrografica demonstrando que o método é eficaz para caracterizar e avaliar a distribuicdo da
mineralogia de um depdsito de ferro. A analise dos parametros obtidos pelos algoritmos
possibilitou a diferenciacdo dos diversos litotipos e permitiu o detalhamento das seguintes zonas:
diferenciacdo entre as zonas com predominio de hematita e zonas com predominio de goethita no
jaspilito e hematitito friavel; identificacdo e diferenciacdo de zonas com diferentes composicGes
de clorita nos gabros; na identificacdo da cristalinidade da esmectita-illita e sua distribuicdo nos
furos de sondagem e no perfil geoldgico. Os pardmetros de abundancia mineral obtidos neste
trabalho mostram que este método pode ser de grande utilidade para uma estimativa rapida do
conteudo de ferro e de alguns minerais relacionados ao deposito. Isto auxilia na identificacdo de
contaminantes, como argilominerais, o que facilita o beneficiamento do minério.

As propriedades fisicas, gamaespectrometria e susceptibilidade magnética, ndo forneceram
muitas informacdes para a analise integrada, apresentando apenas resultados individuais
satisfatorios para o corpo N5S. A gamaespectrometria foi importante para diferenciar as unidades
geoldgicas, como a Formacdo Carajas e o gabro. A baixa susceptibilidade magnética foi
comprovada na petrografia como resultado da alteracdo da magnetita e sua desmagnetizacdo. O
melhor dado de propriedade fisica de rocha analisado foi o da densidade que demonstrou diferenca
entre os litotipos e variagdo nas zonas alteracdo, auxiliando tanto na integracéo de dados quanto na
inversdo geofisica.

A avaliagdo sumaria dos produtos aéreos de gravimetria gradiométrica, magnetometria e
gamaespectrometria janelados foi util para identificar e caracterizar o depdsito N5S. A
aerogravimetria gradiométrica se mostrou (til para a delimitacdo da Formacdo Carajés, além de

definir a estrutura sinformal da area e lineamentos ndo descritos na geologia e na

109



aeromagnetometria. A magnetometria aérea apresenta anomalias magnéticas coincidentes com o
protominério. O minério de ferro € composto essencialmente por hematita, mineral ndo magnético
e, portanto, ndo responde de forma efetiva ao método aplicado. As feicdes magnéticas observadas
sdo associadas ao jaspilito, sendo a magnetometria uma ferramenta apropriada para a prospecgéo
indireta do minério de ferro. A aeromagnetometria também forneceu dados para a delimitacdo de
lineamentos em profundidade e superficiais. A aerogamaespectrometria se mostrou uma
ferramenta eficiente na definigdo da das diferentes unidades geoldgicas da regido. Nas imagens
ternarias foi possivel individualizar as formagdes ferriferas aflorantes, a partir da assinatura de
baixos teores dos radioelementos K, eTh e eU, e os resultados mostram uma alta correlagdo com
os afloramentos mapeados anteriormente. O mapa litogeofisico gerado para N5S permitiu concluir
que é possivel identificar as formacGes ferriferas e as encaixantes através da classificagdo nao
supervisionada por dominios gamaespectrométricos. O modelo apresentado pode ser utilizado
tanto na fase inicial de prospeccédo, fornecendo informacdes acerca do padrdo de resposta dos
produtos aéreos, como também na continuidade e avanco da mina.

A inversdo dos dados de FTG recuperou corpos densos compativeis com o pacote mineralizado
e individualizou a formacdo ferrifera das encaixantes, além de demonstrar uma integrago inicial
da aerogeofisica com a densidade medida nos furos de sondagem. Com os resultados acima é
possivel dizer que o modelo geofisico de densidade se apresenta condizente com o modelo
geoldgico, podendo ser utilizado como parametro exploratério.

A andlise individual de cada técnica aplicada nesta dissertacdo proporcionou resultados
satisfatorios, porém cada uma possui um limite aceitavel de resultados. A integracao desses dados
ultrapassa esse limite, auxiliando nas caracteristicas de cada litotipo e regides de alteracdo
hidrotermal e de anomalias interessantes. A integracdo possibilitou criar uma assinatura
geoquimica e geofisica dos litotipos encontrados nos furos do corpo N5S. Com a associa¢do das
ferramentas discutidas neste trabalho, acredita-se que seja possivel auxiliar a tomada de decisao e
direcionar os trabalhos exploratorios, para o melhor aproveitamento dos recursos humanos e
financeiros.

A representacdo dos resultados da mistura da esmectita-illita, da clorita, do (hidro-)oxido de
ferro e do logging de integragéo dos dados em perfil possibilitou diferenciar regides com diferentes
composicdes e caracteristicas no N5S. A cristalinidade da mistura da esmectita-illita (2200Cs/i)
indicou que a regido leste do perfil estava mais aquecida e provavelmente mais proxima de sua
fonte. A composicéo da clorita (2335Dcl) mostra uma composi¢ao mais magnesiana a leste e mais
férrica a oeste, demonstrando que a composicao Mg-clorita esta relacionada com a illita/esmectita.

A abundéncia de (hidro-)6xido de ferro (900Dfe) apresenta nos gabros uma relagdo maior com a
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impregnacdo do ferro nas rochas, do que com a presenca de grdos de magnetita e hematita,
mostrando uma limitacao técnica do aparelho. A deteccdo de (hidro-)oxido de ferro indicou que 0s
furos a oeste possuem uma maior impregnacdo de (hidro-)oxido ferro, provavelmente
demonstrando que o perfil de alteracdo supergénica é mais profundo nesta regido do que a leste do
perfil. A composicdo mais goethitica esta relacionada principalmente com a alteracao supergénica.
Os furos a oeste do perfil (N5S-F867 e N5S-FH1099) apresentam espessuras e quantidades de
zonas de alteracdo maiores do que os furos a leste (N5S-F871 e N5S-FH1103) (Figura 11.4). A
diferenciacdo detalhada entre os litotipos representa a eficiéncia da integracdo e aplicacdo dos
métodos utilizados nesse trabalho.

As diferentes respostas entre os dados coletados no corpo N5S e N4WS corroboraram com as
observacdes feitas nos perfis do corpo N5S. A diferenca de composi¢do mineraldgica obtida na
espectrometria de reflectancia das regides brechadas e das vénulas das regides citados, mostram
que o corpo N4WS apresenta alteragdes com a formacdo de talco e carbonato, enquanto no N5S
tem-se somente a presenca de quartzo. A correlacdo dos valores de susceptibilidade magnética com
os dominios com presenca de carbonato e talco no corpo N4WS, sem aumento da abundéancia de
(hidro-)oxido de ferro (Prado et al., 2016). No N5S os furos de sondagem ndo demonstram o
dominio de carbonato e talco, isto pode indicar que o processo de alteracdo que afetou o corpo
N4WS ndo atingiu o corpo N5S ou que os furos estudados nao atingirama profundidade necessaria
para interceptar este dominio. Outra diferenca espectrométrica e geoquimica observada € a
composicdo da clorita, que é mais férrica (Mg-chamosita) no N4WS e mais magnesiana (Fe-
clinocloro) no N5S. Os valores médios de contagem total, potassio, urénio e torio maiores no corpo

N4WS indicam a diferenca composicional original entre os basaltos do N4WS e os gabros do N5S.
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Apéndice VI.1. Resultados da abundancia mineral e analise de composi¢do utilizando os dados de
espectrometria de refletancia para o testemunho N5S-F867 e os litotipos encontrados durante a descrigdo
dos furos. O scatter plot mostra a variacdo da abundancia mineral em funcéo da profundidade. A escala de
cores nos diagramas de abundéncia (hidro-)éxidos de ferro, clorita e mistura esmectita-illita mostra o
comprimento de onda em nm da fei¢do de absorgdo desses minerais. A escala de cores do diagrama de
abundancia da caolinita e da mistura esmectita-illita € colorido de acordo com a cristalinidade destes
minerais. Os intervalos que tem caracteristicas mineraldgicas similares foram agrupados no mesmo
horizonte colorido.
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Apéndice VI.2. Resultados da abundancia mineral e analise de composicdo utilizando os dados de
espectrometria de refletancia para o testemunho N5S-FH1099 e os litotipos encontrados durante a descri¢do
dos furos. O scatter plot mostra a variagdo da abundancia mineral em funcdo da profundidade. A escala de
cores nos diagramas de abundéancia (hidro-)éxidos de ferro, clorita e mistura esmectita-illita mostra o
comprimento de onda em nm da feicdo de absorcdo desses minerais. A escala de cores do diagrama de
abundancia da caolinita e da mistura esmectita-illita é colorido de acordo com a cristalinidade destes
minerais. Os intervalos que tem caracteristicas mineraldgicas similares foram agrupados no mesmo
horizonte colorido.
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Apéndice VI.3. Resultados da abundancia mineral e analise de composi¢do utilizando os dados de
espectrometria de refletancia para o testemunho N5S-FH1103 e os litotipos encontrados durante a descri¢éo
dos furos. O scatter plot mostra a variacdo da abundancia mineral em funcéo da profundidade. A escala de
cores nos diagramas de abundéncia (hidro-)éxidos de ferro, clorita e mistura esmectita-illita mostra o
comprimento de onda em nm da fei¢do de absorgdo desses minerais. A escala de cores do diagrama de
abundancia da caolinita e da mistura esmectita-illita € colorido de acordo com a cristalinidade destes
minerais. Os intervalos que tem caracteristicas mineral6gicas similares foram agrupados no mesmo

horizonte colorido.
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Apéndice VI.4. Scatter plots apresentando a variacdo das propriedades fisicas de rocha em fungédo da
profundidade do testemunho N5S-F867, representando 0 comportamento para cada litotipo. Seguindo da
esquerda para a direita tem-se a resposta da susceptibilidade magnética, densidade, gamaespectrometria
com contagem total, potéssio, urénio e tdrio e suas relagdes.
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Apéndice VI.5. Scatter plots apresentando a variacdo das propriedades fisicas de rocha em fun¢do da
profundidade do testemunho N5S-FH1099, representando o comportamento para cada litotipo. Seguindo
da esquerda para a direita tem-se a resposta da susceptibilidade magnética, densidade, gamaespectrometria
com contagem total, potéssio, urénio e tdrio e suas relagdes.

126



202.5m -1 " '1_5'3.2 19 49 78 371 06 647 18 189 67 237 -3 1353 01 14 3 2 o5 s
Susceptgblllty Density Total Count K (cpm) U (cpm) Th (cpm) Th/K U/Th U/K F factor (K*U/Th)
(x107S1) (g/em’) (cpm)
Coordenates: Azimuth: 0.0 Lithotypes - Friable Hematite (HF) Semi-weathered Mafic (MS)
Legend 597094.4E  9326059.3N Dip: -90.0 - Ore C ™ N (
NS5S - FH110§| Altitude: 726.1 m Depth: 202.5 m st - Jaspilite (JP) : Mafic Rock - Gabbro (M)

Apéndice VI.6. Scatter plots apresentando a variacdo das propriedades fisicas de rocha em fun¢do da
profundidade do testemunho N5S-FH1103, representando o comportamento para cada litotipo. Seguindo
da esquerda para a direita tem-se a resposta da susceptibilidade magnética, densidade, gamaespectrometria
com contagem total, potéssio, uranio e tério e suas relagdes.
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Apéndice VI.7. Tabela resumida de integracdo com observacdes, valores e variagdes da espectroscopia de reflectdncia, geoquimica, propriedades fisicas de rocha e petrografia
dos furos N5S-F867, N5S-F871, N5S-FH1099 e N5S-FH1103.

Amostra

Depth | RX | Espectroscopia

Picos das
razdes
U/K Th/K

CT

*kkk

Picos de
fator F

Suscep.
Mag.

*kkk

F867/01

0,00

OxFe+Smc 80,90

F867/02

2,00

OxFe+Smc 103,4

F867/03

4,00

0,38

Dens.

*kkk

Geoquimica*

Microscopia

Mineralogia

Texturas e Estruturas

Observacdes

- 3,03

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

Densidade é muito boa para
diferenciar os litotipos

2,61

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

125,7

1,48

2,73

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

*Enriquecimento Al203
*Diminuicdo do

F867/04

6,00

OxFe+Smc 123,7

0,94

2,66

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

i

*Enriquecimento em Al203

*Diminuigio do [FEE0E

F867/05

8,00

141,6

F867/06

10,00

0,51

2,71

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

*Enriquecimento em Al203
*Diminuicéo do

125,6

0,80

3,16

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e
*Enriquecimento em Al203
*Diminuicdo do

F867/07

12,00

134,5

F867/08

14,00

OxFe+Smc

F867/09

16,00

F867/10

18,00

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

* Enriquecimento em Al203

*Diminuigio do [FEE0E

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e
* Enriquecimento em Al203
*Diminuicdo do

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, T, Zr, Hf e

*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e
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*Enriquecimento em P, Cr,

F867/11 | 20,00 OxFe+Smc Sc, V, Ga, Nb, T, Zr, Hf e
*Enriquecimento em P, Cr,

F867/12 | 22,00 Sc, V, Ga, Nb, T, Zr, Hf e

F867/13 [ 24,00

F867/14 | 26,00

F867/15 | 28,00

F867/16 | 30,00

F867/17 | 32,00

F867/18 | 34,00

F867/19 | 36,00

F867/20 | 38,00

F867/21 | 40,00

F867/22 | 42,00

F867/23 | 44,00

F867/24 | 46,00

F867/25 | 48,00

F867/26 | 50,00

F867/27 | 52,00

F867/28 | 54,00

F867/29 | 56,00

F867/30 | 58,00
*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

F867/31 | 60,00 Brle 237 1% Em"iquecimento em Si02,
Al203, Mgo
*Diminuicéo do 2R
*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, Tl, Zr, Hf e

F867/32 | 62,00 0,22 1,92 )

* Enriquecimento em SiO2,
Al203, Mgo

*Diminuicéo do [FEE0E
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*Enriquecimento em P, Cr,
Sc, V, Ga, Nb, T, Zr, Hf e

F867/33 | 64,00 121 026|194 | Enfiquecimento em SiO2
AI203, MgO,
*Diminuicdo do

F867/34 | 66,00 87.9 182

F867/35 | 68,00 103 0,90

F867/36 | 70.00 103.1 158

F867/37 | 72.00 107.9 1.26

F867/38 | 74.00 100,5 116

F867/39 | 76.00 108,3 0,38

F867/40 | 78,00 847 0,80

F867/41 | 80,00 106,5 0,90

F867/42 | 82,00 99,3 1,01

F867/43 | 84,00 1090 [ |os8

F867/44 | 86,00 953 1,05

F867/45 | 88,00 1032 0,85

F867/46 | 90,00 1005 1,03

F867/47 | 92.00 126,4 0,70

F867/48 | 94,00 86,9 121

F867/49 | 96,00 96,4 0,96

F867/50 | 98.00 10,7 0,90

F867/51 | 100,00 127 0.97

F867/52 | 102,00 101,9 0,78

F867/53 | 104,00 102,2 1,03

F867/54 | 106,00 113.8 0,90

F867/55 | 108,00 1013 1.04

F867/56 | 110,00 97.1 0,97

F867/57 | 112,00 1224 1,16

F867/58 | 114,00 100,6 1,84 ZSE””q“ec'memo emRbe

F867/59 | 116,00 105,1 1,05 ESE””q“eC'me”to emRbe

F867/60 | 118,00 96,4 091 ESE””q“eC'me”to emRbe

F867/61 | 120,00 111,6 0,76 ZSE””q“ec'memo emRbe

F867/62 | 122,00 102,1 1,15 ZSE””q“ec'memo emRbe

F867/63 | 124,00 131,9 112 og Miduectmento em Rbe

F867/64 | 126,00 1277 1,19 Cniauecimento em Rb e

F867/65 | 128,00 1082 1,15 ESE””q“ec'me”to emRbe

F867/66 | 130,00 955 0,81 ESE””q“ec'me”to emRbe
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* Enriquecimento em Rb e
Cs

** Enriquecimento em Rb e
Cs
*Aumento de NMAG

Com a mudanga do minério
para o protominério had um
aumento da SiO; e uma
diminui¢do do

** Enriquecimento em Rb e
Cs

*Anomalia de Ga, Nb, TI,
Zr, Hf, Pb, Lu, Yb, Tm, Er.

Quartzo cripto-microcristalino,
hematita primaria, magnetita
matitizada e jaspe

Bandas de jaspe e dxidos com
contato brusco e retilineo, com
presenca de falhas descontinuas
e fraturas descontinuas
preenchidas por jaspe e quartzo.

Jaspilito fraturado

* Enriquecimento em Rb e
Cs

Jaspilito fraturado

* Enriquecimento em Rb e
Cs

Jaspilito fraturado

* Enriquecimento em Rb e
Cs

*Anomalia de [FEI0H

*Diminuicéo da SiO,

Jaspilito fraturado

Jaspilito fraturado

Jaspilito fraturado

*Anomalia de MRQ

Jaspilito fraturado

0,73

Jaspilito fraturado

0,45 2,97

Jaspilito fraturado

1,06

*Anomalia de [EEI0N

*Diminuicéo da SiO,

1,62

Jaspilito fraturado

2,34

Jaspilito fraturado

1,78

Jaspilito fraturado

1,53

Jaspilito fraturado;
Esferulitos e outras feicdes
preservadas

Quartzo cripto-microcristalino,
hematita primaria, magnetita
matitizada, pirrotita, jaspe

Bandamente ondulado, com
presenca de fraturas preenchidas
por quartzo e feicOes de
sobrecarga com adelgacamento
da camada de 6xido e inicio de
"boudinagem"

Jaspilito compacto;
60% de bandas de jaspe, 30%
bandas de oxidos e 10% chert

Jaspilito compacto

Jaspilito compacto;
com falhas e dobras de carga

Quartzo microcristalino,
"porthrotopes" de magnetita
matitizada, hematita primaria,
jaspe

Bandamento constante,
levemente ondulado com
estruturas do tipo flame pontuais

Jaspilito compacto;

laminado, com fraturas
centimetricas preenchidas por
hematita

F867/67 | 132,00
F867/68 | 134,00
F867/69 | 136,00
F867/70 | 138,00
F867/71 | 140,00
F867/72 | 142,00
F867/73 | 144,00
F867/74 | 146,00
F867/75 | 148,00
F867/76 | 150,00
F867/77 | 152,00
F867/78 | 154,00
F867/79 | 156,00
F867/80 | 158,00
F867/81 | 160,00
F867/82 | 162,00
F867/83 | 164,00
F867/84 | 166,00
F867/85 | 168,00
F867/86 | 170,00
F867/87 | 172,00
F867/88 | 174,00
F867/89 | 176,00

Jaspilito compacto

*Anomalia dos

Quartzo, hematita primaria,

Bandamento constante e

Jaspilito compacto;
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170,6

(Sm-Luy+ Y

"porthrotopes" de magnetita
matitizada, feldspato (muito
pouco), jaspe, goethita e

hematita acicular secundaria

levemente ondulado, com fei¢oes
de sobrecarga. Vénulas de
"porthrotopes" de magnetita
matitizada cortando o
bandamento e também fraturas
preenchidas por quartzo

brechado e intemperizado

1732

Jaspilito fragmentado

167,7

Jaspilito fragmentado

147,2

Hematita primaria, jaspe,
quartzo, "porthirotopes" de
magnetita matitizada

Bandamento constante e
levemente ondulado, com fei¢oes
de sobrecarga, com presenca de
magnetita matitizada no contato
entre o jaspe e 0 6xido e
esferulitos. VVénulas de
"porthrotopes" de magnetita
matitizada cortando o
bandamento e também fraturas
preenchidas por quartzo e jaspe

Jaspilito compacto; laminado

181,1

Hematita primaria, jaspe,
quartzo, "porthirotopes" de
magnetita matitizada, goethita

Bandamento constante e
levemente ondulado, com feicoes
de sobrecarga, com presenca de
magnetita matitizada no contato
entre o jaspe e 0 6xido e
esferulitos. Vénulas de
"porthrotopes" de magnetita
matitizada cortando o
bandamento e também fraturas
preenchidas por quartzo e jaspe

Jaspilito compacto; bandado

167,1

Jaspilito fragmentado

1532

* Enriquecimento em MO,
Sio2

*Diminuicgo do [FEE0E
*Enriquecimento em Ba e
Co

Hematita priméria, hematita
acicular secundaria, jaspe,
quartzo, "porthirotopes" de
magnetita matitizada

Bandamento constante e
brechado, fraturado e cisalhado.
Brechas preenchidas por quartzo.

Jaspilito compacto; brechado e
intemperizado

1825

* Enriquecimento em MRO,
Sio2

*Diminuicgo do [FEE0E
*Enriquecimento em Ba e
Co

Jaspilito compacto; brechado e
intemperizado

F867/90 | 178,00
F867/91 | 180,00
F867/92 | 182,00
F867/93 | 184,00
F867/94 | 186,00
F867/95 | 188,00
F867/96 | 190,00
F867/97 | 192,00
F867/98 | 194,00
F867/99 | 196,00

169,8

* Enriquecimento em MRO
*Enriquecimento em Ba e
Co

Jaspilito compacto; brechado e
intemperizado

186,1

*Enriquecimento em Co

Jaspilito fragmentado

*Enriquecimento em Co

Hematita primaria, jaspe, quartzo
policristalino, "porthirotopes" de
magnetita matitizada, calcopirita,
pirita

Bandamento constante e
levemente ondulado, com feicoes
de sobrecarga. Vénulas de
"porthrotopes"” de magnetita
matitizada cortando o
bandamento e também fraturas

Jaspilito compacto
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F867/100 | 198,00

F867/101 | 200,00

* Os elementos quimicos citados apenas representam pontos com valores andmalos em relacéo ao background do furo total, ndo significando que séo valores altos.
** | aminas petrograficas feitas em 2011 com o intuito de verificar a mineralogia e as microestruturas.

167,9

2,83

preenchidas por quartzo

165,3

1,04

*Enriguecimento em Co

Jaspilito compacto

*Enriquecimento em Co

Jaspilito compacto; brechado e

intemperizado

*** | dminas petrograficas feitas em 2016 para validar os minerais da espectroscopia e para conferir anomalias geoquimicas.

**** Tabela com os valores de susceptibilidade magnética, densidade e contagem total (CT) equivalente a cada cor representada nas planilhas.

Suscep. Mag. Densidade CT
<1 <2 <100
01-05 2-25 100-150
05-10 2.5-3 150-200

Nota: OxFe= (Hidro-)éxido de ferro; Gib= Gibbsita; Kao= caolinita; Cl= clorita; Smc= esmectita (mica de baixa cristalinidade); Smc/ill= mistura de esmectita e illita
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*Valores um pouco
maiores de Al203,
porém <5%

O P apresenta maiores

valores na parte superior do

furo, principalmente na
canga

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

Concentragdo maior de U e

Th provavelmente devido
ao contato

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

*Valores um pouco
maiores de Al203,
porém <5%

F871/01 | 0,00
F871/02 | 2,00
F871/03 | 4,00
F871/04 | 6,00
F871/05 | 8,00
F871/06 | 10,00
F871/07 | 12,00
F871/08 | 14,00
F871/09 | 16,00
F871/10 | 18,00
F871/11 | 20,00
F871/12 | 22,00
F871/13 | 24,00
F871/14 | 26,00
F871/15 | 28,00
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*Anomalia de Ce

F871/16 | 30,00
F871/17 | 32,00
F871/18 | 34,00
F871/19 | 36,00
F871/20 | 38,00
F871/21 | 40,00
F871/22 | 42,00
F871/23 | 44,00
F871/24 | 46,00
F871/25 | 48,00
F871/26 | 50,00
F871/27_| 52,00
F871/28 | 54,00
F871/29 | 56,00
F871/30 | 58,00
F871/31 | 60,00
F871/32 | 62,00
F871/33 | 64,00
F871/34 | 66,00
F871/35 | 68,00
F871/36 | 70,00
F871/37 | 72,00
F871/38 | 74,00
F871/39 | 76,00
F871/40 | 78,00
F871/41 | 80,00
F871/42 | 82,00
F871/43 | 84,00
F871/44 | 86,00
F871/45 | 88,00
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*Anomalia de Co

*Anomalia de MG

F871/46 | 90,00

F871/47 | 92,00

F871/48 | 94,00

F871/49 | 96,00

F871/50 | 98,00

F871/51 | 102,00
F871/52 | 108,00
F871/53 | 109,00
F871/54 | 110,00
F871/55 | 112,00
F871/56 | 114,00
F871/57 | 116,00
F871/58 | 118,00
F871/59 | 120,00
F871/60 | 122,00
F871/61 | 124,00
F871/62 | 126,00
F871/63 | 128,00
F871/64 | 130,00
F871/65 | 131,00
F871/66 | 132,00
F871/67 | 133,00
F871/68 | 134,00
F871/69 | 136,00
F871/70 | 138,00
F871/71 | 140,00
F871/72 | 142,00
F871/73 | 144,00
F871/74 | 146,00
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F871/75 | 146,60
F871/76 | 148,00
F871/77 | 150,00
F871/78 | 152,00 | MS
F871/79 | 154,00 | MS
F871/80 | 156,00
F871/81 | 158,00
F871/82 | 160,00
F871/83 | 162,00
F871/84 | 164,00
F871/85 | 166,00
F871/86 | 168,00
F871/87 | 170,00
F871/88 | 172,00
F871/89 | 174,00
F871/90 | 176,00
F871/91 | 178,00

OxFe+Kao+Gib+Cl+Smc

*Anomalia de [MIAG e

Naéo foi possivel ter uma boa
visualizacéo da lamina

Esse pico na geoquimica e

na suscep. mag. esta
correlacionado com a
mudanga de litotipo e o
processo de lixiviacdo?

*Anomalia de Ni e Zn

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.
Presenca de fraturas preenchidas
por quartzo.

* Enriquecimento em

* Enriquecimento em

* Enriquecimento em

* Enriquecimento em

88, MgO, P, v

*Diminuicéo de Si02

Quartzo, plagioclasio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, k-feldspato,
magnetita matitizada e hematita
sofrendo exosolucéo para
illmenita

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.
Presenca de fraturas preenchidas
por quartzo.

uma zona de muita
brechacéo

* Enriquecimento em

&8 Mg0 . P, v

*Diminuicéo de Si0O2

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para clorita, k-
feldspato, magnetita matitizada e
hematita sofrendo exosolugédo
para illmenita, zircdo

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

uma zona de muita
brechacéo

* Enriquecimento em
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F871/92

180,00

2,76

* Enriquecimento em

F871/119

181,50

2,77

* Enriquecimento em

F871/93

182,00

2,76

* Enriquecimento em

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, k-feldspato,
magnetita matitizada e hematita
sofrendo exosolucéo para
illmenita

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.
Presenca de fraturas preenchidas
por quartzo.

F871/94

184,00

2,77

* Enriquecimento em

F871/95

186,00

2,75

* Enriquecimento em

F871/96

188,00

2,76

* Enriquecimento em

F871/97

190,00

2,77

* Enriquecimento em

F871/98

191,00

2,65

* Enriquecimento em

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, apatita, magnetita
matitizada e hematita sofrendo
exosolugdo para illmenita e
calcopirita

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.
Presenca de fraturas preenchidas
por quartzo.

F871/99

192,00

2,78

* Enriquecimento em

F871/100

194,00

2,73

* Enriquecimento em

0. r < EIR

Quartzo, plagioclasio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

F871/101

196,00

2,73

* Enriquecimento em P
e EIR

Quartzo, plagioclasio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

F871/102

198,00

2,74

F871/103

198,55

2,74

*Anomalia de E88

F871/104

200,00

2,77

F871/105

202,00

2,69

F871/106

204,00

2,18
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F871/107

206,00

F871/108

208,00

F871/109

210,00

F871/110

Y I

212,00 Cl+Smc

F871/111

214,00

<

F871/112

216,00

F871/113

218,00

F871/114

220,00

F871/115

222,00

F871/116

224,00

F871/121

I A <

228,50

F871/120

230,50 Cl+Smc

<

2,74
1,13 2,83 | * Anomalia de [l
0,99 2,72 | * Anomalia de FE@
1,00 2,75
Quartzo, plagioclésio alterado Mineralogia totalmente alterada,
para mica branca e epidoto, porém ainda preserva textura
1,06 2,75 piroxénio alterado para intergranular a subofitica.
hornblenda e esta se alterando Presenca de vénulas preenchidas
para clorita, k-feldspato, apatita por quartzo e adularia.
2,76
2,75 | * Anomalia de [IE
2,74
0,98 2,75
0,73 2,66
1,16 2,78
1,15 2,74

* Os elementos quimicos citados apenas representam pontos com valores andmalos em relagdo ao background do furo total, ndo significando que sé&o valores altos.
** Laminas petrograficas feitas em 2011 com o intuito de verificar a mineralogia e as micro estruturas.
*** | aminas petrograficas feitas em 2016 para validar os minerais da espectroscopia e para conferir anomalias geoquimicas.
**** Tabela com os valores de susceptibilidade magnética, densidade e contagem total (CT) equivalente a cada cor representada nas planilhas.

Suscep. Mag. | Densidade CT

<1 <2 <100
01-05 2-25 100-150
05-10 2.5-3 150-200

Nota: OxFe= (Hidro-)oxido de ferro; Gib= Gibbsita; Kao= caolinita; Cl= clorita; Smc= esmectita (mica de baixa cristalinidade); Smc/ill= mistura de esmectita e illita
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cT Picos das Picos de Suscep. Dens Microscopia
Amostra | Depth | RX | Espectroscopia s | TAZOES fator F Mag. osn | GEOQUIMica™ Observacoes
U/K Th/K EEEES Mineralogia Texturas e Estruturas
A esmectita e a gibbsita
presentes nos comegos dos
F1099/01 | 0,00 OxFe 109,3 2,53 3,05 furos ¢ de alteracéio
supergénica
F1099/02 | 2,00 OxFe 1129 1,52 3,19
F1099/03 | 4,00 OxFe+Smc 132 6,71 3,39
F1099/04 | 6,00 OxFe+Smc 114,7 1,79 3,13
F1099/05 | 8,00 OxFe+Smc 1121 511 3,29
F1099/06 | 10,00 103,2 0,32 2,12
F1099/07 | 12,00 128,8 0,28 2,17
F1099/08 | 14,00 106,1 0,61 331
F1099/09 | 16,00 121,2 0,33 1,90
F1099/10 | 18,00 91 0,21 1,88
F1099/11 | 20,00 116,5 0,26 1,99
F1099/12 | 22,00 98,3 0,32 2,06
*Enriquecimento em
F1099/13 | 24,00 OxFe+Gib+Kao 133,3 0,27 2,15 Si02, MnO
*Diminuicdo Al203
* Enriquecimento em
F1099/14 | 26,00 MS 107,7 0,36 2,35 MnO
*Diminuicdo Al203
* Enriquecimento em
F1000/15 [2800 |MS 1126 081 |222 |MaQ.V. Co, Tl Pb,
*Diminuicdo Al203
F1099/16 | 30,00 MS 114,4 0,55 1,93
F1099/17 | 32,00 MS 111,5 0,34 2,16
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F1009/18 | 34,00 1166 037 | 204
F1099/19 | 36,00 1152 054 |219 B’;Agzmza::a,\‘fle .
F1099/20 | 38,00 1203 023 |210 S:OEZ””q“e"ime”mem
F1099/21 | 40,00 98,4 049 225 S:‘OEznriquecimentoem
F1009/22 | 42,00 1145 S:oEz'j”qu"’e‘:ime”to em
F1009/23 | 44,00 104,9
F1099/24 | 46,00 1189
F1009/25 | 48,00 1285
F1009/26 | 50,00 1209
F1099/27 |52,00 1103
F1009/28 | 54,00 94,3
F1099/29 | 56,00 1211
F1099/30 | 58,00 1174
F1099/31 | 60,00 1237
F1099/32 | 62,00 1095
F1009/33 | 64,00 1053
F1099/34 | 66,00 1207
F1009/35 | 68,00 1215
F1099/36 | 70,00 1054
F1009/37 | 72,00 1255
F1009/38 | 74,00 1041
F1099/39 | 76,00 1101
F1009/40 | 78,00 1111
F1099/41 | 80,00 99,5
F1009/42 | 82,00 1147
F1099/43 | 84,00 101
F1099/44 | 86,00 1167
F1009/45 | 88,00 1149
F1099/46 | 90,00 1189
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*Anomalia de Cs

F1099/47 | 92,00
F1099/48 | 94,00

F1099/49 | 96,00

F1099/50 | 98,00

F1099/51 | 102,00
F1099/52 | 108,00
F1099/53 | 109,00
F1099/54 | 110,00
F1099/55 | 112,00
F1099/56 | 114,00
F1099/57 | 116,00
F1099/58 | 118,00
F1099/59 | 120,00
F1099/60 | 122,00
F1099/61 | 124,00
F1099/62 | 126,00
F1099/63 | 128,00
F1099/64 | 130,00
F1099/65 | 131,00
F1099/66 | 132,00
F1099/67 | 133,00
F1099/68 | 134,00
F1099/69 | 136,00
F1099/70 | 138,00
F1099/71 | 140,00
F1099/72 | 142,00
F1099/74 | 146,00
F1099/75 | 148,00
F1099/76 | 150,00
F1099/77 | 152,00
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* Enriquecimento em

F1099/78 | 154,00 |M
F1099/79 | 156,00 |M
F1099/80 | 158,00 |M
F1099/81 |160,00 |M
F1099/82 | 162,00 |M
F1099/83 |164,00 |M
F1099/84 |166,00 |M
F1099/85 [168,00 |M
F1099/86 |170,00 | M
F1099/87 |172,00 |M
F1099/88 [17400 |M
F1099/89 [176,00 |M
F1099/90 |178,00 |M
F1099/91 |180,00 | M
F1099/92 [182,00 |M
F1099/93 |184,00 |M

1,28 2,73
Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para - .
247 269 * Enriquecimento em | hornblenda e esta se alterando er!erak_)gla totalmente alterads,
: : para clorita, apatita, magnetita porém ainda preserva textura
- ; intergranular a subofitica.
matitizada e hematita sofrendo
exosolucdo para illmenita e
espinélio
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,80 2,73 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,81 2,69 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita
0,99 2,73
0,91 2,70
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,55 2,73 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita
1,00 2,67
1,23 2,68
Quartzo, plagioclasio alterado
para mica branca e epidoto,
piroxénio alterado para clorita, Mineralogia totalmente alterada,
0,89 2,70 ﬁpat'@’ magnetita matltlzadg € porém ainda preserva textura Regido brechada
ematita sofrando exosolugéo : ;.
. - - : intergranular a subofitica.
para illmenita, hematita acicular
secundaria sofrendo alteragdo
para goethita, e estiplomelano
1,00 2,71
3,63 2,67
6,24 2,62 *Anomalia de Tl
0,54 2,52
0,82 2,66
Quartzo, plagioclésio alterado
*Anomalia de ‘P, para mica branca e epidoto, Mineralogia totalmente alterada,
1,04 2,68 | Nb, TI, Zr, Hf e piroxénio alterado para porém ainda preserva textura

*Diminui¢do MgO

hornblenda e esta se alterando
para clorita

intergranular a subofitica.
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F1099/94 |186,00 |M

F1099/95 [188,00 |M

F1099/96 | 190,00 M

F1099/97

192,00 |M

OxFe+Kao+CIl+Smc/Ill

Quartzo, plagioclésio alterado
para mica branca e epidoto,

Mineralogia totalmente alterada,

2155 0,99 2,64 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
1,55 2,72
Quartzo, plagioclésio alterado
para mica branca, piroxénio
alterado para hornblenda e esta se | Mineralogia totalmente alterada,
233,8 1,03 2,77 *Anomalia de 8@ alterando para clorita, apatita, porém ainda preserva textura
magnetita matitizada e hematita intergranular a subofitica.
sofrendo exosolugéo para
illmenita
Quartzo, plagioclésio alterado
para mica blrancg N epldotqa Mineralogia totalmente alterada,
235,1 1,29 2,88 *Anomalia de E88 piroxénio alterado para epidoto e porém ainda preserva textura

clorita, magnetita matitizada e
hematita sofrendo exosolugao
para illmenita

intergranular a subofitica.

* Os elementos quimicos citados apenas representam pontos com valores anémalos em relagdo ao background do furo total, ndo significando que sdo valores altos.

** Laminas petrograficas feitas em 2011 com o intuito de verificar a mineralogia e as micro estruturas.

*** Laminas petrograficas feitas em 2016 para validar os minerais da espectroscopia e para conferir anomalias geoquimicas.
**** Tabela com os valores de susceptibilidade magnética, densidade e contagem total (CT) equivalente a cada cor representada nas planilhas.

Suscep. Mag. Densidade cT
<1 <2 <100
01-05 2-2.5 100-150
05-10 2.5-3 150-200
3-35 200-250
0-50

Nota: OxFe= (Hidro-)6xido de ferro; Gib= Gibbsita; Kao= caolinita; Cl= clorita; Smc= esmectita (mica de baixa cristalinidade); Smc/ill= mistura de esmectita e illita
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*Enriquecimento em P

A densidade varia com a
porcentagem de ferro

*Enriquecimento em

*Enriquecimento em

*Enriquecimento em
p

*Enriquecimento em
P e Al203

*Diminuicio [FEE0E

F01103/01 | 0,00

F01103/02 | 2,00

F01103/03 | 4,00

F01103/04 | 6,00

F01103/05 | 8,00

F01103/06 | 10,00
F01103/07 | 12,00
F01103/08 | 14,00
F01103/09 | 16,00
F01103/10 | 18,00
F01103/11 | 20,00
F01103/12 | 22,00
F01103/13 | 24,00
F01103/14 | 26,00
F01103/15 | 28,00
F01103/16 | 30,00
F01103/17 | 32,00
F01103/18 | 34,00

* Enriquecimento em

Variagdo original da rocha
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* Enriquecimento em

Variagdo original da rocha

* Enriquecimento em

Variagdo original da rocha

Variagdo original da rocha

Variagdo original da rocha

Variagdo original da rocha

*Anomalia dos

Variagao original da rocha

Variagdo original da rocha

*Anomalia dos

Variagdo original da rocha

*Aumento dos

Variagéo original da rocha

*Diminuicédo do

Possivel erro analitico

F01103/19 36,00 OxFe 132,4 491
F01103/20 38,00 OxFe 128,8 6,81
F01103/21 40,00 OxFe 156,5 3,22
F01103/22 42,00 OxFe 137 3,82
F01103/23 44,00 OxFe 143,2 4,92
F01103/24 | 46,00 OxFe 163,3 5,02
F01103/25 48,00 OxFe 145,6 0,70
F01103/26 50,00 OxFe 132,3 1,69
F01103/27 52,00 OxFe 132,6 1,11
F01103/28 54,00 OxFe 141,5 0,65
F01103/29 56,00 OxFe 148 1,53
F01103/30 58,00 OxFe 143,7 1,18
F01103/31 60,00 OxFe 150,1 1,37
F01103/32 62,00 OxFe 131,4 1,78
F01103/33 64,00 OxFe 146,9 091
F01103/34 66,00 OxFe 153,2 1,07
F01103/35 68,00 OxFe 131,9 1,07
F01103/36 70,00 OxFe 141,6 1,50
F01103/37 72,00 OxFe 159,3 1,35
F01103/38 74,00 OxFe 135,9 1,46
F01103/39 76,00 OxFe 145 -:
F01103/40 78,00 OxFe 146,6

F01103/41 80,00 OxFe 158,6

F01103/42 82,00 OxFe 157,1

F01103/43 84,00 OxFe 146

F01103/44 86,00 OxFe 149

F01103/45 88,00 OxFe 1443

F01103/46 90,00 OxFe 134,8
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*Anomalia de [l
Sr, Cr, Co, Ni
*Valores mais baixos
nos demais elementos
analisados

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, apatita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

As illitas da esmectita
aparecem com maior

cristalinidade no furo 1103,
mais a leste no corpo N5S

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, apatita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

*Anomalia de MAG,
Co, Zn, Ga
*Valores mais baixos
nos demais elementos
analisados

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, apatita, k-feldspato,
Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

*Anomalia de P, Ba,
Rb, Sc, Nb, Zr, Hf e

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para
hornblenda e esta se alterando
para clorita, apatita, k-feldspato

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

F01103/47 92,00

F01103/48 94,00

F01103/49 96,00

F01103/50 | 98,00

F01103/51 102,00
F01103/52 108,00
F01103/53 109,00
F01103/54 110,00
F01103/55 112,00
F01103/56 114,00
F01103/57 116,00
F01103/58 118,00
F01103/59 120,00
F01103/60 122,00
F01103/61 124,00
F01103/62 126,00
F01103/63 128,00
F01103/64 130,00
F01103/65 131,00

Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para

Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.
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hornblenda e esta se alterando
para clorita, apatita, k-feldspato

4,85 2,74
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
1,62 2,76 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
9,19 2,77

2,78

7,34

Quartzo, plagioclésio alterado
para mica branca e epidoto,

Mineralogia totalmente alterada,

F01103/66 132,00
F01103/67 133,00
F01103/68 134,00
F01103/69 136,00
F01103/70 138,00
F01103/71 140,00
F01103/72 142,00
F01103/73 144,00
F01103/74 146,00
F01103/75 148,00
F01103/76 150,00
F01103/77 152,00
F01103/78 154,00

2,77 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
2,77 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
2,73
Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para . - A anomalia de P esta
Mineralogia totalmente alterada, .
276 *Anomalia de P hornblenda e esta se alterando orém ainda preserva textura relacionada com o aumento
! para clorita, apatita, k-feldspato, P P - do tamanho e quantidade de
. L - intergranular a subofitica. .
magnetita matitizada e hematita apatita
sofrendo exosolugéo para
illmenita
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
2,76 *Anomalia de P piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
2,76
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
2,75 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
2,76
. . Quartzg, plagioclasio glterado Mineralogia totalmente alterada,
Anomalia de Ba, Rb, | para mica branca e epidoto, A
2,74 porém ainda preserva textura

Cs, Sc

piroxénio alterado para
hornblenda e esta se alterando

intergranular a subofitica.
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F01103/79 156,00
F01103/80 158,00
F01103/81 160,00
F01103/82 162,00
F01103/83 164,00
F01103/84 166,00
F01103/85 168,00
F01103/86 170,00
F01103/87 172,00
F01103/88 174,00
F01103/89 176,00
F01103/90 178,00
F01103/91 180,00
F01103/92 182,00
F01103/93 184,00
F01103/94 186,00
F01103/95 188,00

para clorita, apatita, k-feldspato,
Mineralogia totalmente alterada,
porém ainda preserva textura
intergranular a subofitica.

Quartzo, plagioclésio alterado
para mica branca e epidoto,

Mineralogia totalmente alterada,

8,78 2,81 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
0,97 2,81
0,93 2,80
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,76 2,82 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
0,61 2,83
0,72 2,82
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,51 2,82 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
0,64 2,82
0,71 2,73
Quartzo, plagioclésio alterado
*Anomalia de §i02 e | Paramica branca e epidoto,
piroxénio alterado para . . -
Mineralogia totalmente alterada, | Apresenta assimilagéo de
. - hornblenda e esta se alterando A
1,03 2,70 Valores mais baixos - - porém ainda preserva textura alguma rocha durante a
nos demais elementos | P2r2 clquta, ap_a_tlta, k-feldspa_to, intergranular a subofitica intrusdo
: magnetita matitizada e hematita '
analisados =
sofrendo exosolugéo para
illmenita
0,66 2,71
Quartzo, plagioclésio alterado . .
para mica branca e epidoto, Mlqeralggla totalmente alterada,
S porém ainda preserva textura
0,71 2,74 piroxénio alterado para ! -
intergranular a subofitica.
hornblenda e esta se alterando Fraturas preenchidas por clorita
para clorita, apatita, k-feldspato P P
0,59 2,72
Quartzo, plagioclasio alterado Mineralogia totalmente alterada,
0,67 2,82 para mica branca e epidoto, porém ainda preserva textura

piroxénio alterado para

intergranular a subofitica.
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F01103/96 | 190,00
F01103/97 | 191,00
F01103/98 | 192,00
F01103/99 | 194,00
F01103/100 | 196,00
F01103/101 | 198,00
F01103/102 | 200,00
F01103/103_| 202,00

hornblenda e esta se alterando
para clorita, apatita, k-feldspato

0,52 2,82
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,53 2,78 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
0,54 2,82
Quartzo, plagioclésio alterado
para mica branca e epidoto,
piroxénio alterado para . .
romblnds st s | M7 ot
’ ! para clorita, apatita, k-feldspato, intergranular a subofitica
magnetita matitizada e hematita '
sofrendo exosolugéo para
illmenita
0,59 2,80
0,76 2,82
Quartzo, plagioclésio alterado
para mica branca e epidoto, Mineralogia totalmente alterada,
0,67 2,81 piroxénio alterado para porém ainda preserva textura
hornblenda e esta se alterando intergranular a subofitica.
para clorita, apatita, k-feldspato
1,13 2,83

* Os elementos quimicos citados apenas representam pontos com valores andmalos em relagéo ao background do furo total, ndo significando que séo valores altos.
** L aminas petrograficas feitas em 2011 com o intuito de verificar a mineralogia e as micro estruturas.

*** | aminas petrograficas feitas em 2016 para validar os minerais da espectroscopia e para conferir anomalias geoquimicas.

**** Tabela com os valores de susceptibilidade magnética, densidade e contagem total (CT) equivalente a cada cor representada nas planilhas.

Suscep. Mag. Densidade CT
<1 <2 <100
01-05 2-2.5 100-150
05-10 2.5-3 150-200

Nota: OxFe= (Hidro-)éxido de ferro; Gib= Gibbsita; Kao= caolinita; Cl= clorita; Smc= esmectita (mica de baixa cristalinidade); Smc/ill= mistura de esmectita e illita

150



