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ABSTRACT
Ledo-Santos, M.H., 2014, Interpretation, magnetic data 3D inversion and measured magnetic
susceptibility 3D modeling, applied to exploration geophysics of iron oxide - copper - gold (IOCG)

deposits — Carajas Mineral Province, Brazil: Doctorate thesis, Universidade de Brasilia.

This thesis comprises the use of airborne magnetic data and magnetic susceptibility
measurements to aid mineral prospecting of iron oxide-copper-gold (IOCG) mineralization within
Furnas Southeast deposit, Carajas Mineral Province, Brazil. The susceptibility study allowed the
characterization of the calcic-sodic-potassic-magnetite hydrothermal alteration magnetic signatures
(biotite-garnet-grunerite-magnetite paragenesis).

The qualitative, semi-quantitative and quantitative interpretations of airborne magnetic data
were used in this work aiming to obtain the best possible three-dimensional model (from 3D
modeling / inversion) of the magnetic sources, responsible for the measured magnetic signature. A
3D spatial distribution model of the magnetic susceptibility measured on drill cores was also
obtained. The aim of the thesis was to define a geophysical-geological prospective model of the iron
oxide-copper-gold (IOCG) mineralization. Two ways were used on this purpose: by using 3D
modeling / inversion of the measured local magnetic field (indirect method) and by 3D
susceptibility measurements modeling (direct method). The results of the two approaches were
presented and discussed throughout the thesis.

In strong magnetization environments, it is sometimes difficult to accurately interpret its
sources due to the complex role played by induced field, remanent magnetizations and the
demagnetization effects. Moreover, in low magnetic latitudes the remanence effect is even more
pronounced and the inducing magnetic field is weaker. Carajas region I0CG type deposits are such
a case.

The results of the research are described in the thesis body with an introduction of priory
geological information and three papers dealing with: the magnetic interpretation (Paper 1) to
achieve a 3D inverse model (Paper 2) and a 3D forward model (Paper 3). The purpose is to focus on
the main prospecting stages, since the beginning of a greenfield exploration to brownfield and
advanced exploration projects using magnetic data.

With respect to the prospecting stages, the approach of the first paper would be that of
interpreting magnetic data in greenfield exploration. Following, the second paper describes an
approach to reliably recover the distribution of effective magnetic susceptibility using inversion of
magnetic data. It can be applied in either greenfield and brownfield exploration. The third paper

presents an approach to model the magnetic mineralized zone based on geologic data available from
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drill hole cores and on petrophysical measurements taken on core samples. This is the kind of
knowledge normally available on advanced exploration project phases.

The results show that the 3D modeling of measured susceptibility data seems to gives a
better magnetic source definition and delineation. However, this can only be achieved through
systematic, expensive and time consuming measurements and geological interpretation. This
approach deals with a huge amount of petrophysical and geological data. On the other hand, the
inverse magnetic modeling can be a less time consuming tool with the use of equivalent source and
amplitude inversion techniques to reach a good tracking of the magnetic sources.

The proposal of this research was to deal with different approaches on the use of high-
density magnetic survey and magnetic physical property measurements on deep drill holes to
achieve a better understanding of the Furnas Southeast deposit and identify massive magnetite from

hydrothermal alterations associated with the high-grade ore.

Key words: iron oxide - copper - gold (IOCG) deposits, mineral exploration, magnetic
susceptibility, 3D magnetic amplitude inversion, 3D geophysical-geological modeling, Carajas

Mineral Province - Brazil.
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RESUMO
Ledo-Santos, M.H., 2014, Interpretacdo, inversdo 3D de dados magnéticos e modelagem 3D da
susceptibilidade magnética medida, aplicadas a prospeccdo geofisica de depdsitos de Oxidos de
ferro - cobre - ouro (I0CG iron oxide-copper-gold) — Provincia Mineral de Carajas, Brasil: Tese de

Doutorado, Universidade de Brasilia.

Esta Tese compreende o uso de dados magnéticos aéreos e medidas de susceptibilidade
magnética para auxiliar na prospec¢do de mineralizac6es de 0xidos de ferro-cobre-ouro (iron oxide-
copper-gold I0CG) no depdsito Furnas Sudeste, Provincia Mineral de Carajas, Brasil. O estudo da
susceptibilidade permitiu a caracterizacdo das assinaturas magnéticas da alteracdo hidrotermal
calco-sddico-potassica-magnetitica (paragénese biotita-granada-grunerita-magnetita).

As interpretacbes qualitativa, semi-quantitativa e quantitativa de dados magnéticos foram
utilizadas neste trabalho para a obtencdo do melhor modelo tridimensional (por modelagem /
inversdo 3D) das fontes magnéticas responsaveis pela assinatura medida. Também foi obtido o
modelo 3D referente a distribuicdo espacial das susceptibilidades magnéticas medidas em amostras
dos testemunhos de furos de sonda. O objetivo da Tese foi definir um modelo geofisico-geoldgico
prospectivo da mineralizagdo de 6xidos de ferro-cobre-ouro. Para isso, foram usados dois caminhos:
um com a modelagem / inversdao 3D dos dados magnéticos medidos no local (método indireto) e
outro pela modelagem espacial das susceptibilidades magnéticas medidas (método direto). Os
resultados das duas aproximacdes estdo apresentados e encontram-se largamente discutidos.

Em ambientes com forte magnetizacdo, as vezes é dificil interpretar com precisdo suas
fontes devido ao complexo papel desempenhado pelo campo induzido, magnetiza¢do remanescente
e os efeitos de desmagnetizacdo. Além disso, em baixas latitudes magnéticas o efeito de remanéncia
é ainda mais pronunciado e o campo magnético induzido é mais fraco. Este é o caso dos depdsitos
tipo IOCG da regido de Carajas.

Os resultados da pesquisa estdo descritos no corpo da Tese com a introdugéo da informacéo
geoldgica e em trés artigos que tratam da: interpretacdo magnética (Artigo 1) para se alcangar um
modelo inverso 3D (Artigo 2) e um modelo direto 3D (Artigo 3). O escopo é focar nos principais
estagios da prospeccdo com o uso de dados magnéticos, desde o inicio da exploracdo greenfield até
a exploracgdo brownfield e projetos de avaliacdo de depositos.

No que diz respeito as etapas de prospeccdo, a abordagem do primeiro artigo seria a
interpretacdo de dados magnéticos em exploracdo greenfield. Na sequéncia, o segundo artigo
descreve uma abordagem para se recuperar de forma confidvel a efetiva distribuicdo de

susceptibilidade com o uso de dados magnéticos. Este enfoque pode ser aplicado tanto na
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exploracdo greenfield quanto na brownfield. O terceiro artigo lida com uma abordagem para
modelar a zona mineralizada magnética com base em dados geoldgicos de testemunhos de furos de
sonda disponiveis e em medidas petrofisicas realizadas em amostras de testemunhos. Este é o tipo
de conhecimento normalmente disponivel em fases avancadas de projetos de exploracao.

Os resultados mostram que a modelagem 3D dos dados de susceptibilidade medidos permite
uma melhor definicdo e delimitacdo da fonte magnética. Entretanto, isso sé pode ser alcangado por
meio de descricdes geoldgicas detalhadas e medidas de susceptibilidade sistematicas, com um
grande custo e consumo de tempo. Este enfoque lida com uma grande quantidade de dados
petrofisicos e geoldgicos. Por outro lado, a modelagem de dados magnéticos por inversdo pode ser
uma ferramenta que consome menos tempo, com o uso das técnicas da camada equivalente e da
inversdo da amplitude para atingir um bom rastreamento das fontes magnéticas.

A proposta desta pesquisa foi tratar com diferentes abordagens o uso de levantamentos
magnéticos de alta densidade de dados e medidas de propriedades fisicas magnéticas ao longo de
testemunhos de sondagem, para conseguir um melhor entendimento do depésito Furnas Sudeste e

identificar magnetita macica de alterac6es hidrotermais associadas com minério de alto teor.

Palavras chave: depositos de oxidos de ferro - cobre - ouro (IOCG), exploracdo mineral,
susceptibilidade magnética, inversdo 3D dados de amplitude magnética, modelagem geofisico-

geoldgica 3D, Provincia Mineral de Carajas - Brasil.
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SIGLAS E ABREVIACOES

2D Duas dimens6es / Two-dimensions

3D Trés dimensdes / Three-dimensions

AMP Amplitude magnética / Magnetic amplitude

Au Ouro / Gold

BD Bacaja Domain

BIF Formacao ferrifera bandada / Banded Iron Formation

°C Graus Centigrados / Degrees Celsius

CAPES Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior, Ministério da Educagéo do
Brasil

CD Carajas Domain

CGEM Center for Gravity, Electrical, & Magnetic Studies — Colorado School of Mines

Cm Centimetro / Centimeter

CMT Campo Magnético Total

CPRM Servigo Geoldgico do Brasil / Brazilian Geological Service

CSM Colorado School of Mines

Cu Cobre / Copper

CVRD Companhia Vale do Rio Doce

DB Dominio Bacaja

DC Dominio Carajas

Demag Desmagnetizagdo / Demagnetization

DNPM Departamento Nacional de Producdo Mineral / Brazilian Department of Mineral Production

DOCEGEO Rio Doce Geologia e Mineragdo S.A.

DRM Dominio Rio Maria

DZ Derivada Vertical / Vertical Derivative

E Leste / East

EFC Estrada de Ferro Carajas / Carajas Railroad

EGP Elementos do Grupo da Platina

Fe Ferro/ Iron

FFT Transformada Rapida de Fourier / Fast Fourier Transform

G Gramas / Grams

Ga Bilhdes de anos / Giga years

GMRC Gravity and Magnetics Research Consortium — Colorado School of Mines

Gr. Greenwich

HQ Diametro da broca do furo de sonda com 96,4 mm / Diameter drill bits with 96.4 mm

IAG Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas da Universidade de Sao Paulo

IAS Inclinacdo do Sinal Analitico / Tilt Derivative or Inclination of Analytic Signal

ICP-MS Espectrometria de massa com plasma indutivamente acoplado / Inductively coupled plasma
mass spectrometry

IG Instituto de Geociéncias da Universidade de Brasilia

IGc Instituto de Geociéncias da Universidade de Sdo Paulo

IGRF Campo Geomagnético Internacional de Referéncia / International Geomagnetic Reference
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CAPITULO 1

INTRODUCAO
1.1- CARACTERIZAQAO DOS PROBLEMAS

A interpretacdo de dados geofisicos e geoldgicos para a geracdo de alvos em ambientes
computacionais tem superado muito a capacidade do cérebro humano para analisar
quantitativamente grande volume de dados referenciados espacialmente. Entretanto, o cérebro
humano ainda é superior para computar, com seu grande nimero de unidades de célculo (neurdnios)
e interconexdes (sinapses), que levam a um melhor desempenho do que computadores
convencionais (Zaknich, 2003).

Os principais desafios encontrados neste projeto de pesquisa foram divididos em geoldgicos,
geofisicos e prospectivos (Figura 1.1). Sistemas de forte alteracdo hidrotermal modificam as
propriedades fisicas das rochas em depositos IOCG. A espessa zona de intemperismo encontrada na
regido amazonica dificulta o mapeamento geoldgico e a localizacdo de ocorréncias minerais. Além
do intemperismo o terreno acidentado também deve ser levado em consideragdo na inversdo e

modelagem de dados geofisicos.

Desafios
Geoldgicos Geofisicos
Alteracdo hidrotermal Baixa latitude magnética
modifica as E—
propriedades fisicas Remanéncia
Intemperismo Desmagnetizacao
Terreno acidentado Magnetizagao total
. Explorar as assinaturas do
Prospectivos "
campo magnético total
Uso do método magnético e —
— — Modelo Indireto
Extensdao do minério
- Propriedades magnéticas da fonte
Exploracao mineral
v
Avaliacao de depositos Modelo Direto

Figura 1.1. Desafios geolégicos, geofisicos e prospectivos encontrados no projeto de pesquisa.
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Existem diversas técnicas matemaéticas e estatisticas disponiveis para processamento,
inversdo e modelagem de dados geofisicos magnéticos. Entretanto, fazer o uso efetivo destas
técnicas € um desafio. A correta aplicacdo das técnicas disponiveis estd correlacionada a
informacdes aprioristicas, essencial para o sucesso em termos de objetivos exploracionistas.

A interpretacdo em mapas, se¢des e perfis utiliza diversas técnicas e produtos transformados
que ajudam na localizagdo e na estimativa das profundidades das fontes causadores das assinaturas
magnéticas observaveis. Modelagens em duas dimensfes ajudam a dar forma a estas fontes
magnéticas. Para solucionar estes problemas, foram utilizados dados de levantamentos magnéticos
aerotransportados de alta resolucéo para calculo dos produtos com algoritmos especializados.

Em ambientes de campos magnéticos andmalos fortes, localizados em baixas latitudes, as
vezes fica dificil fazer uma interpretacdo quantitativa precisa e geologicamente valida,
especialmente com modelos tridimensionais em termos das assinaturas magnéticas mapeadas,
devido ao complexo papel desempenhado pelo campo magnético resultante. O estudo das
magnetizacOes atual (induzida) e pretérita (remanescente) e dos efeitos da desmagnetizacdo ajuda a
entender as mudancas na direcdo de magnetizacdo do corpo e das diferentes assinaturas que
aparecem relacionadas a um mesmo conjunto de fontes que formam um corpo mineralizado. Estas
dificuldades estdo bem retratadas em ambientes como o constituido pela mineralizacdo em 6xidos
de ferro e sulfetos de cobre tipo IOCG como o encontrado no depdsito Furnas.

Para solucionar este problema, foram utilizados processos de otimizacdo, de camada
equivalente e algoritmos de inversdao 3D da amplitude da anomalia magnética de dados aéreos de
alta resolucdo.

As medidas de susceptibilidade magnética, realizadas em testemunhos de furos de sonda
podem ser utilizadas como informacdo a priori para diferenciar os litotipos e as zonas de alteracao
hidrotermal em mineralizagdes IOCG. O volume de dados adquiridos nesta aproximagao torna esta
uma atividade complexa, que se ndo for complementada por um entendimento das limitagdes dos
equipamentos, dos corretos controles de qualidade, de analises estatisticas, ndo permite que se
chegue a uma interpretagdo e modelagem confiavel. No caso em foco os dados utilizados para
contornar estes problemas foram: medidas de susceptibilidade magnética tomadas com critério e
sob estrito controle de qualidade; descricdo geoldgica e das alteragcBes hidrotermais; medidas
complementares de densidade; e resultados de analises geoquimicas para ferro, cobre e ouro nos

testemunhos dos furos de sonda.
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1.2 - ESTADO DA ARTE

A prospeccdo mineral envolve a aplicacdo de uma variedade de técnicas geocientificas para
a descoberta de um depdsito. A integracdo dos resultados de métodos e técnicas da geofisica com a
geologia é uma ferramenta poderosa para 0 sucesso de seus usos na exploracdo mineral. Neste
trabalho, dados sobre o comportamento da intensidade do campo magnético total (CMT ou TMI)
foram empregados desde a geracao de temas transformados (filtragens no dominio de Fourier), até a
modelagem e inversdo dos dados aéreos em 2D e 3D. Além disso, foi realizada a analise de medidas
de susceptibilidade e da geologia dos litotipos que formam tanto a mineralizacdo na zona de
alteracdo hidrotermal como em suas encaixantes. Todos estes métodos e técnicas aplicados mostram
0 estado da arte do conhecimento nestas areas aqui desenvolvidas com foco na pesquisa mineral.
Tudo foi apoiado em hardware (equipamentos de informatica, equipamentos geofisicos —
susceptibilimetros manuais e de laboratorio); em softwares (algoritmos); e em dados magnéticos
(levantamentos geofisicos); que sdo o que existe de mais moderno na tecnologia disponivel no

mercado atual.

1.3 - FOCO DOS RESULTADOS

O conhecimento de como as propriedades fisicas e de magnetismo de rocha variavam, e de
assinaturas especificas ligadas a mineralizacdo e suas encaixantes tiveram papel fundamental para
se entender o comportamento da magnetizacdo do corpo. Os estudos feitos ajudaram inclusive na
definicdo de modelos prospectivos para o corpo de minério no depdsito Furnas Sudeste, na
Provincia Mineral de Carajés, Par4, Brasil.

Ultimamente, o uso da modelagem de dados geofisicos assistida por técnicas de
minimizacdo controlada de erros (inversdo) em duas e trés dimensdes constitui instrumento
eficiente para ajudar o geocientista em aumentar a chance de fazer uma melhor interpretacéo e
identificar zonas mineralizadas. O uso destas técnicas, correlacionadas com a geologia, geogquimica,
geologia estrutural e outras informag6es geocientificas, ampliam o éxito na pesquisa por minério.

Todas estas aproximacGes foram usadas na tentativa de produzir modelos bi e
tridimensionais do corpo de minério. Conseguiu-se assim, obté-lo via a interpretacéo e inversdo dos
dados magnéticos de alta resolugdo disponiveis, e via a modelagem espacial dos resultados das
medidas de susceptibilidade magnética feitas em testemunhos de sondagens disponiveis.

Todo o conjunto de informagdes geoldgicas obtidos nos estudos de campo e das amostras de
testemunhos de sondagens foi utilizado como suporte as aproximacdes geofisicas usadas —
modelagem de dados magnéticos e modelagem de dados espacialmente distribuidos das
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susceptibilidades magnéticas. Isto foi possivel pela excelente cobertura de dados geocientificos
geradas sobre o lineamento Cinzento na regido de Carajs em suas diversas fases de estudo.

Este trabalho enfoca justamente modos de se chegar a este modelo pelos dois caminhos
mencionados, de forma a simplificar e acrescentar muito mais informac6es sobre o modelo gerado.
Pode servir de guia em estudos sobre alvos semelhantes ndo sé no Brasil mais em outros lugares do
mundo em ambientes metalogenéticos similares.

O escopo da tese foi o de explorar as potencialidades advindas das medicdes da intensidade
do campo magnético terrestre, com a aplicacio do método com foco na prospeccdo da
mineralizacdo de dxidos de ferro-cobre-ouro IOCG. Os trés artigos preparados e que constituem o
corpo da tese em questdo (submetidos para publicacdo) tém objetivos especificos, que se

complementam para atingir o0 escopo descrito acima, como resultado final.

1.4- METODOLOGIA

Foram utilizados diversos métodos e técnicas durante as vérias fases do projeto de pesquisa.
Estas fases podem ser divididas em quatro etapas que se complementam com o objetivo de definir
uma metodologia final de pesquisa. Todas as etapas tiveram o acompanhamento e orientagdo do
Professor Roberto Alexandre Vitéria de Moraes da Universidade de Brasilia. Uma grande parte da
base de dados foi cedida pela Vale S.A., a outra parte dos dados foi coletada e analisada pelo
trabalho de pesquisa nos testemunhos em campo e no laboratorio da Universidade de Sdo Paulo.

Na primeira etapa foi realizada a compilacdo bibliografica; a caracterizacdo e a
sistematizacdo da base de dados geofisico-geoldgica; e o estudo da geologia regional, da geologia
do depdsito e da mineralizagdo IOCG. A base bibliografica foi obtida na internet, de resumos
expandidos de congressos, publicacGes em revistas, trabalhos académicos, e relatérios internos do
Projeto Furnas da Vale S.A..

Na segunda etapa foram utilizados diversos algoritmos computacionais com técnicas e
métodos de processamento de dados magnetométricos aéreos, como o controle de qualidade dos
dados; interpolacbes para a geracdo de malhas regulares; testes de eficacia deste processo;
homogeneizacdo da representacdo espacial destes dados com técnicas de decorrugacdo, de modo a
conseguir a melhor imagem do campo magnético local para o dep6sito em estudo.

Posteriormente, foram geradas as transformacgdes lineares com temas para ajudar na
interpretacdo qualitativa da imagem do campo magneético obtido. Finalmente, foram realizadas
interpretagcdes semiquantitativas e quantitativas em duas dimensdes para definir o melhor ajuste
entre o dado e o corpo resultante com o uso de informagdes empiricas a priori. Diversos programas

de Sistemas de Informacdes Geograficas, processamento, estimativa de profundidade e modelagem
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2D de dados foi utilizada. Este trabalho contou com a orientacdo dos Professores Dr. Roberto
Alexandre Vitoria de Moraes da Universidade de Brasilia e Dr. Misac Nabighian da Colorado
School of Mines.

Na terceira etapa, foram utilizados algoritmos computacionais com capacidade de inverséo
do campo magnético para estruturas tridimensionais complexas do depdsito Furnas Sudeste, com a
selecdo dos pardmetros de otimizacdo e delimitacdo da profundidade de suas fontes geradoras.
Como resultado, foi recuperado de forma eficaz 0 modelo tridimensional do corpo magnético. A
interpretacdo do modelo magnético final foi correlacionada com os dados geoldgicos e estruturais
em Sistemas de Informacdes Geogréficas 2D e 3D. Os algoritmos utilizados foram desenvolvidos
pelo Center for Gravity, Electrical & Magnetic Studies, Colorado School of Mines. Esta pesquisa
foi realizada na Colorado School of Mines, localizada em Golden, Colorado, Estados Unidos, como
doutorado sanduiche com periodo de um ano, suporte do Gravity and Magnetics Research
Consortium (GMRC) e orientagdo do Professor Dr. Yaoguo Li. Esta etapa teve apoio financeiro da
Vale S.A. e concessdo de bolsa sanduiche da Fundacdo CAPES, Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior, Ministério da Educacao do Brasil.

Na quarta etapa foi utilizada a propriedade da susceptibilidade magnética para realizar
medidas sistematicas e continuas ao longo da maioria dos testemunhos de sondagens existentes na
area. Posteriormente foi realizada a analise estatistica dos dados para caracterizar a assinatura
magnética dos litotipos e das alteracBes hidrotermais e a associacdo da mineralizacdo com a
magnetita. Finalmente, os dados foram integrados em um programa para a geracdo de logs dos furos
de sonda, para a modelagem do corpo com alta susceptibilidade em trés dimensdes, e para estudar o
comportamento magnético do corpo.

Os dados de susceptibilidade magnética, geologia e analises geoquimicas de ferro, cobre e
ouro, foram levantados pelo Projeto Furnas da Vale S.A.. Os testes de medidas com métodos e
susceptibilimetros diferentes foram realizados pela equipe deste projeto de pesquisa. Também
foram realizadas analises de susceptibilidade e do grau de anisotropia no Laboratorio de
Anisotropias Magnéticas e de Magnetismo de Rocha, do Instituto de Geociéncias, da Universidade
de Sdo Paulo. As amostras e espécimes foram coletados e analisados pela equipe do projeto de
pesquisa. Esta pesquisa contou com a orientacdo do Professor Dr. Roberto Alexandre Vitoria de
Moraes da Universidade de Brasilia e da Professora Dra. Maria Irene Bartolomeu Raposo da
Universidade de Séo Paulo. Este trabalho também teve a participacdo dos gedlogos Otavio Rosendo
e Arthur Cardoso na descricdo e revisdo do texto da geologia; e do técnico Joaquim Feijo na
amostragem e analises petrofisicas, todos da empresa Vale S.A..
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O uso das diversas metodologias tanto de forma isolada como complementares constituem
ferramentas que podem ser utilizadas diretamente nas diferentes fases da pesquisa mineral de
depdsitos associados a minerais ferromagnéticos. Essas metodologias sdo Uteis tanto para resolver
questdes relacionadas a depdsitos de minerais magnéticos, como também outros tipos de depdsitos

com a mineralizagdo de interesse associada a minerais magnéticos.

1.5 - RESULTADOS ATINGIDOS

e Consolidagdo do banco de dados geoldgico e geofisico;

e Geologia regional e do depdsito;

e Geracdo dos Sistemas de Informacbes Geogréficas (SIG) 2D/3D;

e Especificacdes, controle de qualidade, processamento e geracdo de imagens transformadas
dos dados de levantamentos geofisicos de magnetometria aérea de alta resolucéo;

e Interpretacdo qualitativa, semiquantitativa e quantitativa do campo magnético para definir a
fonte magnética, e obter o melhor ajuste entre o sinal obtido e a forma do corpo;

e Selecdo dos parametros de otimizacéo para a inversdo dos dados;

e Inversdo da amplitude magnética com o uso de camada equivalente para a geracdo do
modelo 3D do deposito Furnas Sudeste;

e Meétodo para levantamentos de medidas de susceptibilidade magnética;

e Selecdo, descricdo e preparacdo de amostras para analises petrofisicas;

e Medidas de susceptibilidade magnética sistematicas nos testemunhos de furos de sonda e em
laboratério, para a geracdo de um modelo 3D de susceptibilidade;

e Caracterizacdo das assinaturas de susceptibilidade magnética dos litotipos e das zonas de
alteracdo hidrotermal,

e Interpretagdo do modelo magnético e integracdo com os dados geoldgicos e estruturais, para

definir as assinaturas prospectivas para depdsitos do tipo I0CG.
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1.7 - DIAGRAMA DOS TRABALHOS DESENVOLVIDOS NA TESE
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CAPITULO 2

GEOLOGIA REGIONAL
Neste capitulo é abordado o arcaboucgo conceitual geoldgico referente a Provincia Mineral
de Carajas com destaque para o Supergrupo Itacaitnas, no qual o depdsito Furnas esta inserido.
Com base no contexto geotectdnico, a Provincia de Carajas estd localizada no Escudo do
Brasil Central e inserida na porc¢do sudeste da Provincia Amazonas Central, limitada pela Provincia
Transamazonica (Maroni-Itacailinas), a norte, e pela Faixa Araguaia, a leste, conforme mostra a
Figura 2.1 (Santos et al., 2000).

Oceano Atlantico
VENEZUELA

COLOMBIA

BRASIL

500Km

Provincia Mineral
de Carajéas

AC

Oceano Pacifico

LEGENDA
Carajas - Imataca Transamazonico Tapajos - Parima Amazonas Central
Craton do (3.10 - 2.53 Ga) (2.25- 2.0 Ga) (2.10 - 1.87 Ga) (1.88 - 1.70 Ga)
Amazonas - Rio Negro Rondbnia - Juruena K'Mudku Sunsas
(1.86 - 1.52 Ga) (1.75-1.52 Ga) (ca 1.20 Ga) (1.25-0.99 Ga)
Outras Craton do Cinturao de Cinturao Orogénico | Fanerozoico
Unidades Sao Francisco Dobramento Araguaia dos Andes | Indiferenciado
N Limite do bloco
(A’ Bloco Araguacema ——r—

(descontinuidade tectonica, segundo Hasui et al. 1993).

Figura 2.1. Compartimentacao tectdnica do Craton Amazénico (Modificado de Santos et al., 2000).
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A litoestratigrafia proposta para a Provincia Mineral de Carajas (Figura 2.2) é definida por
diversas unidades pré-cambrianas e agrupadas por suas caracteristicas em: embasamento cristalino
mesoarqueano, denominados Complexos Xingu (granitoides de associacdo TTG - tonalito-
trondhjemito-granodiorito) e Pium (rochas granuliticas); e sequéncias metavulcanossedimentares do
tipo greenstone belt. Além dessas, foram distinguidos os granitos neoarqueanos denominados Suite
Plaqué (rochas graniticas); e as sequéncias metassedimentares e metavulcanossedimentares
neoarqueanas, as quais constituem o Supergrupo Itacailnas. Outra unidade definida foram os
granitoides anorogénicos, representados por plutons graniticos com idades relacionadas ao
proterozoico inferior/médio. Estas intrusGes cortam todas as unidades do Supergrupo ltacailnas,
bem como as rochas da Formagio Aguas Claras. Finalmente, foram definidas as unidades das
coberturas fanerozoicas, correlacionaveis ao Grupo Serra Grande (DOCEGEO, 1988; Araujo e
Maia, 1991; Barros e Barbey, 1998; Vasquez et al., 2008).

O depésito Furnas Sudeste esta inserido no contexto de rochas metavulcanossedimentares do
Supergrupo ltacaitinas (2.76 Ga; Wirth et al., 1986), rochas sedimentares da Formagdo Aguas
Claras, granito anorogénico Cigano (1,8 Ga) e coberturas fanerozoicas (Figura 2.2). Na por¢éao
noroeste do depdsito Furnas, fora da area de estudo, ocorrem rochas granitdides do embasamento
que foram informalmente denominadas de Granito Furnas. Este granito possui caracteristicas
petroldgicas similares aos granitoides do facies hornblenda-biotita monzogranito do Stock Granitico
Geladinho, com idade de 2.688 + 11 Ma (Pb-Pb por evaporacdo de zircdo; Barbosa et al., 2001).

Do ponto de vista metalogenético, essa provincia mineral constitui uma das mais bem
estudadas regides do Craton Amazénico que engloba importantes depdsitos de Fe, Cu, Au, Ni, Mn e
elementos do grupo da platina (EGP).
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Figura 2.2. (a) Mapa geologico da Provincia Mineral de Carajas com a localizacéo do depdsito Furnas e dos principais
depositos de Fe, Cu-Au, Mn, Ni e elementos do grupo da Pt (EGP). (b) Mapa da Provincia Carajas com o Dominio
Carajas (DC) e o Dominio Rio Maria (DRM). O Dominio Bacaja (DB) esta localizado a norte do Dominio Carajas. (c)
Mapa do Brasil com a localizacdo da Provincia Carajas (em preto) e o Craton Amazénico (em cinza) (Modificado de
DOCEGEOQ, 1988; Araujo e Maia, 1991; Barros e Barbey, 1998; Vasquez et al., 2008; e Xavier et. al., 2012).

11

Capitulo 2 — Geologia Regional



Universidade de Brasilia — Instituto de Geociéncias — Tese de Doutorado — Marcelo Henrique Le&do Santos

2.1 - ESTRATIGRAFIA

A Provincia Mineral de Carajas € alvo de intenso debate que se reflete nas inumeras colunas
estratigraficas que foram e sdo propostas, a medida que novos dados sdo obtidos. A sintese do
conhecimento regional acumulado nas décadas de 60 e 70 levou Hirata et al. (1982) a proporem
uma coluna estratigrafica informal para a regido.

De modo a facilitar o entendimento da evolucdo geoldgica da regido e uniformizar a
nomenclatura para as unidades definidas, foi proposta uma coluna litoestratigrafica pela equipe do
Distrito Amazénia da DOCEGEO, elaborada a partir dos dados acumulados pela empresa desde
1974, somados aos resultados de trabalhos desenvolvidos por outras empresas e instituigfes de
pesquisas (DOCEGEO, 1988), conforme Tabela 2.1.

Tabela 2.1. Coluna estratigrafica da Provincia de Carajas (Modificada de DOCEGEO, 1988; Villas e Santos, 2001).

Cinturdo de Cisalhamento Itacailinas
Idade

EON (Ga) Complexos, Supergrupos | Grupos (Gr) ou Rochas Intrusivas
ou Unidades Formacdes (Fm)
PROTEROZOICO | 18 | Granitostipo-A Cigano. ojuos Breves. Young Salabo. et
26 Fm. Aguas Claras/
Gr Rio Fresco
2,7 Sills e diques basicos, metagabros

Suite Plaqué, Old Salobo, Itacailnas, Estrela,

25-27 i "
Granitos neoarqueanos Planalto, Pedra Branca, Igarapé Gelado, etc

Gr Buritirama

ARQUEANO s Gr lgarapé Bahia
upergrupo
2,76 pergrup Gr Grao Paré
Itacaiunas -

Gr lg, Pojuca
Gr Ig. Salobo

2,76 Complexo Luanga Intrusdo acamadada méfica-ultraméfica

2,8—3,0 | Complexo Xingu Granitdides mesoarqueanos
3,0 Complexo Pium (Granulitos)

Trabalhos como os de Lindenmayer (1990), Araujo e Maia (1991), Costa et al. (1993),
Barros (1997), Barros et al. (1995), e Pinheiro e Holdsworth (1995), deram atencdo ao
entendimento do quadro geoldgico regional da Serra dos Carajas.

Na década passada e trabalhos mais recentes tém dado énfase a evolugédo
tectonoestratigrafica, petrogénese, metalogénese e, principalmente, a geocronologia das rochas da
Provincia Mineral de Carajas (p.e. Pinheiro e Holdsworth, 2000; Althoff et al., 2000; Pidgeon et al.
2000; Leite, 2001; Barros et al., 2001; Macambira et al., 2001; Barbosa et al., 2001; Villas e Santos,
2001; Tallarico et al., 2005; Monteiro et al., 2008; Feio, 2011; Moreto et al., 2012; Xavier et al.

2012; entre outros).
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2.2 - UNIDADES LITOLOGICAS
As principais unidades litoestratigraficas que ocorrem na regido da area em estudo e
arredores estdo sintetizadas adiante e podem ser observadas no mapa geologico regional

apresentado na Figura 2.2.

2.2.1 - Embasamento — Complexos Xingu e Pium

O termo Complexo Xingu foi sugerido originalmente por Silva et al. (1974), com referéncia
as rochas infracrustais encontradas em praticamente todo o Craton Amazoénico. O Complexo Xingu
é formado principalmente por gnaisses bandados/foliados de composi¢do tonalitica a granodioritica,
além de anfibolitos e migmatitos. Essas rochas foram datadas em 2.856 + 2 Ma por Machado et al.
(1991), através do método U-Pb, em zircdes provenientes de gnaisses. Outras datacdes também
realizadas por Machado et al. (1991), tem idade 2.519 = 5 Ma em anfibolito (U-Pb em titanitas),
2.859 £ 2 Ma e 2.860 + 2 Ma em leucosomas graniticos (U-Pb em zircBes) e 2.851 + 2 Ma em
gnaisses félsicos (U-Pb em zircBes). Avelar et al. (1999) dataram ortognaisses granodioriticos em
2.974 £ 15 Ma (Pb-Pb em zircbes). A derivacdo dessas rochas tem sido atribuida em parte ao
retrabalho de granitoides dos terrenos granito - greenstone (vide abaixo), particularmente as rochas
anfiboliticas e migmatiticas (Araujo et al., 1988; Costa et al., 1995).

Trabalhos mais recentes tém individualizado os granitdides mesoarqueanos. O granitoide
Rio Verde teve sua primeira datacdo realizada por Sardinha et al. (2004) em leucomonzogranitos
com 2.928 £ 1 Ma (Pb-Pb em zirces), posteriormente Feio (2011) datou throndjemito em 2.923 +
15 Ma (Pb-Pb em zircdes). O granito Serra Dourada foi datado por Moreto et al. (2011a) em 2.860
+ 22 Ma (U-Pb em zircdes) e por Feio (2011) em 2.831 + 6 Ma (U-Pb em zirces). O granito Canaé
dos Carajas foi datado por Feio (2011) em 2.959 + 6 Ma (U-Pb em zircGes). O tonalito Bacaba foi
datado por Moreto et al. (2011a) em 3.001 £+ 3,6 Ma e 3.004 £ 9 Ma (U-Pb em zircGes). O granito
Sequeirinho foi datado por Moreto et al. (2011a) em 3.010 + 21 Ma (U-Pb em zircdes).

O Complexo Pium compreende rochas granuliticas de composic¢des variadas: ortoderivadas,
tipo charnockitos/enderbitos; e paraderivadas, tais como gnaisses kinzigiticos (Costa e Hasui,
1996). Aradjo e Maia (1991) admitem que, em geral, as rochas deste complexo estdo em contato
concordante com os gnaisses do Complexo Xingu, e sdo marcados por importantes zonas de
cisalhamento ducteis. Rodrigues et al. (1992), com base no método Pb-Pb em rocha total, obtiveram
idades para essa unidade de 3.050 + 114 Ma. Pidgeon et al. (2000) obtiveram duas idades pelo
método U-Pb (SHRIMP), uma de 3.002 + 14 Ma (cristalizacdo do protolito igneo do granulito),
valores estes quase correspondentes aquela obtida por Rodrigues et al. (1992), e uma outra mais

nova, de 2.859 + 9 Ma, que deve corresponder ao metamorfismo de facies granulito. Localmente,
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ocorrem rochas basicas e ultrabésicas estratificadas (Hirata et al., 1982), expostas em lentes
orientadas na direcao E-W, principalmente na borda Sul do Sistema Transcorrente Carajés.

2.2.2 - Granitos neoarqueanos - Suite Plaqué

A Suite Plaqué, definida por Araudjo et al. (1988), corresponde ao grupo de granitoides
aflorantes em lentes com direcdo geral E-W, concordantes com as rochas do Complexo Xingu
(Araujo et al., 1991). Esta unidade tem idade com base no método Pb-Pb em torno de 2.727 + 29
Ma (Avelar, 1996) e 2.736 £ 24 Ma (Avelar et al., 1999). Um exemplo desse tipo de granito é o
Granito Planalto (2.747 £ 2 Ma, Pb-Pb em zircdo; Huhn et al., 1999) que aflora nas adjacéncias da
Serra do Rabo. Este granito também foi datado por Feio (2011) com idade 2.733 + 2 Ma, Pb-Pb em
zircao.

Diversos trabalhos tém individualizado os granitos neooarqueanos. O granito Old Salobo,
localizado nas adjacéncias da area do lgarapé Salobo (Lindnmayer e Fyfe, 1991; Lindenmayer et
al., 1994) tem idade em torno de 2.573 + 3 Ma (U-Pb em zircdo; Machado et al., 1991). O granito
Itacaiinas com rochas daciticas a rioliticas foi datado em 2.525 Ma £ 38 (Pb-Pb em zircdo; Souza et
al., 1996), 2.645 Ma = 9 e 2.654 Ma = 9 (SHRIMP U-Pb em zircdo; Tallarico, 2003). O granito
Rancho Alegre (Pinheiro, 1997) foi datado em 2.743 Ma (U-Pb zircéo; Sardinha et al., 2001). O
stock granitico Geladinho foi datado em 2.688 + 11 Ma (Pb-Pb por evaporacdo de zircdo; Barbosa
et al., 2001), este granito também denominado Igarapé Gelado foi datado por Barbosa (2004) em
2.731 Ma % 26 (Pb-Pb em zircdo). O Complexo granitico Estrela (Barros, 1997) que aflora na
porcao leste da regido de Carajas, foi datado por Rb-Sr em 2.527 + 34 Ma (Barros et al, 1992),
posteriormente foi datado em 2.763 + 7 Ma, por Pb-Pb em zircéo (Barros et al, 2004), 2.734 + 4 Ma
por Pb-Pb em zircdo de biotita-hornblenda granito e 2.765 + 39 Ma, por U-Pb em zircdo de
throndjemito (Sardinha et al, 2004). O diorito Cristalino foi datado por Huhn et al. (1999) em 2.738
+ 6 Ma por Pb-Pb em zirc&o. A Suite Pedra Branca foi datada em 2.750 £ 5 Ma por U-Pb em zircéo
(Feio, 2011). O granito granofirico do Sossego foi datado por Moreto et al. (2011b) em 2.740 + 26
Ma por U-Pb em zirc&o.

Anteriormente, muitos desses granitos e granitdides meso a neoarqueanos estavam
indiferenciados no Complexo Xingu, a partir de estudos detalhados de suas relagdes de contato e de
suas idades, passaram a ser individualizados e ganharam nomes e posi¢oes estratigraficas proprias.

Os stocks graniticos do Geladinho subdividem-se em dez facies petrogréaficas: hornblenda
tonalitos, biotita-hornblenda granodioritos, hornblenda-biotita granodioritos, biotita granodioritos,
hornblenda monzogranitos, biotita-hornblenda monzogranitos, hornblenda-biotita monzogranitos,

biotita monzogranitos, leuco monzogranitos, leuco sienogranitos e veios pegmatdides (Barbosa,
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2004). O granitdide de facies hornblenda-biotita monzogranito se assemelha com as rochas
graniticas do depdsito Furnas, que foi denominado informalmente como Granito Furnas. O Granito
Furnas aflora nas adjacéncias do deposito, compreendem rochas de composicdo monzogranitica,
coloracdo cinza, granulacdo fina a média, constituida por quartzo, plagioclasio, microclina e
biotita/clorita. Localmente, ocorrem varia¢cdes para facies pegmatoides quartzo-feldspaticas e de

texturas granofiricas.

2.2.3 - Sequéncias vulcanicas e sedimentares - Supergrupo Itacailnas

O Supergrupo Itacaitnas estd em contato discordante com os gnaisses do Complexo Xingu.
Este supergrupo engloba todas as sequéncias de rochas supracrustais da Provincia Mineral de
Carajas, que diferem em grau metamdrfico e composicao das sequéncias de Greenstone-Belts do
Supergrupo Andorinhas. Desse modo, foram agrupados, da base para o topo, os Grupos Igarapé

Salobo, Igarapé Pojuca, Grao-Para, lgarapé Bahia e Buritirama.

Grupo lgarapé Salobo

E considerado como basal por conter as rochas de mais alto grau metamarfico. Compreende
uma faixa deformada, de dire¢do WNW, composto por anfibolitos datados em 2.555 + 3 Ma (U-Pb
em zircdes), anfibolitos foliados datados em 2.761 + 3 Ma e 2.497 £ 5 Ma (U-Pb em titanitas),
formacdes ferriferas datadas em 2.551 + 2 Ma (U-Pb em monazitas), metagrauvacas, Xistos e
quartzitos (Machado et al., 1991). Veios graniticos também foram datados por Machado et al.
(1991) em 2.732 Ma (Pb-Pb em zircOes) e 2.581 + 5 Ma e 2.584 + 5 Ma (U-Pb em titanitas).

Estas rochas foram descritas inicialmente como metamorficas no depdésito de Cu-Au do
Salobo (Lindenmayer, 1990), posteriormente foram reinterpretadas como provenientes de processos
de alteracdo hidrotermal em rochas supracrustais do Supergrupo Itacaiinas que acompanharam a

deposicéo dos sulfetos de cobre (Lindenmayer e Teixeira, 1999).

Grupo lgarapé Pojuca

O Grupo lgarapé Pojuca tem ampla distribuicdo nas bordas do "Sinclinério Carajés",
abrange sequéncias de rochas metavulcanossedimentares, de facies xisto-verde a anfibolito,
orientadas segundo direcdo geral WNW-ESE com mergulhos que variam entre 50° NE a 60° SW. A
secdo tipo foi definida na area que abriga os depdsitos de Cu-Zn e Cu-Au-Mo e descrita por
DOCEGEO (1988) como rochas metavulcanicas basicas a intermediarias (muitas vezes com
alteracdo hidrotermal para cordierita-antofilita, anfibolios, silica, biotita), anfibolitos, gnaisses,

cherts, formacdes ferriferas bandadas e xistos de composi¢des diversas. Foi caracterizada a
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Formagdo Corpo Quatro, que abriga depdsito homénimo e caracteriza-se por dois grupamentos
litoldgicos principais: rochas bandadas e rochas com fragmentos. As rochas bandadas correspondem
a sedimentos quimicos com sulfetos (pirrotita, calcopirita, esfalerita), niveis descontinuos de chert
e/ou formacao ferrifera bandada facies 6xido, bem como varios niveis de sulfeto macico. As rochas
com fragmentos apresentam disseminacgdes de pirrotita, calcopirita e, eventualmente, esfalerita.

Anfibolitos do Grupo Igarapé Pojuca foram datados por Machado et al. (1991) em torno de
2.732 + 2 Ma pelo método U-Pb em zirc6es. Pimentel et al (2003) dataram metaandesitos em 2.719
+ 80 Ma (Sm-Nd em rocha total).

As mineralizagdes de Cu-Zn sdo consideradas singenéticas e relacionadas a facies sulfeto
das formacoes ferriferas bandadas, enquanto que a mineralizacdo de Cu-Au-Mo esta provavelmente

relacionada a sistemas porfiros (Biagini, 1990).

Grupo Grao-Para

O Grupo Gréo Para (Beisiegel et al., 1973) é profundamente importante no contexto da
Provincia Mineral de Carajas, por incluir as jazidas de ferro de alto teor. E formado por trés
unidades da base para o topo: Formacdo Parauapebas (DOCEGEO, 1988), Formacdo Carajas
(Beisiegel et al., 1973) e a Sequéncia Paleovulcanica Superior (Beisiegel et al., 1973; DOCEGEDO,
1988 ou Upper Metasedimentary Sequence, Gibbs et al., 1986).

A Formacao Parauapebas € constituida por basaltos e basaltos andesiticos datados em 2.687
+ 54 Ma (Rb-Sr em rocha total; Gibbs et al., 1986), riolitos e shoshonitos, cortados por corpos
quartzo-dioriticos (Gibbs et al., 1986; Teixeira e Eggler, 1994), metamorfisados na facies Xisto-
verde e pouco deformados. No topo da Formacdo Parauapebas dominam rochas vulcénicas félsicas
datadas em 2.758 + 39 Ma (U-Pb em zircbes; Wirth et al., 1986), riolitos datados em 2.759 + 2 Ma
(U-Pb em zircdes, Machado et al. 1991), metariolitos porfiriticos datados em 2.760 + 11 Ma
(SHRIMP U-Pb em zircéo; Trendall et al. 1998) e traquiandesitos. Estes dados indicam sincronismo
entre a Formacéo Parauapebas e a deposicdo dos Grupos Salobo e Pojuca.

A Formacdo Carajas abriga as formacoes ferriferas bandadas facies 0xido e carbonato, que
representam o protominério dos depdsitos de ferro supergénicos. Teixeira e Eggler (1994)
observaram que existem dolomitos na base da formag&o em contato gradacional com as formacgoes
ferriferas. Sua idade minima é determinada por um sill méfico datado de 2.740 = 8 Ma. (U-Pb,
zircdo, Trendall et al., 1998).

A Formagcéo Paleovulcanica Superior compreende rochas vulcénicas, metagrauvacas, siltitos

tufaceos, filitos, arenitos, com derrames basalticos, tufos e arenitos tufaceos (Gibbs et al., 1986).
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Grupo lgarapé Bahia

O Grupo lgarapé Bahia, de ocorréncia restrita a area da mina inativa de ouro do mesmo
nome, € considerado por DOCEGEO (1988), como sobreposto as rochas do Grupo Gréo Para.
Compreende uma sequéncia de rochas metavulcanossedimentares de baixo grau metamorfico, que
contém mineralizagdo primaria de Cu, associado a Au, Mo e Ag, e mineralizacdo secundaria de Au
em gossans. Tem direcdo aproximada NNW, mergulham cerca de 70° ENE no Corpo
Acampamento Sul, que afloram em uma janela estrutural. Este grupo é dominado por rochas
metassedimentares (pelitos e ritmitos) e metavulcanoclasticas (félsicas a maficas), que se intercalam
com metavulcéanicas e intrusivas méficas (DOCEGEO, 1988). Brechas hidrotermais sdao bem
caracterizadas nas zonas de minério, que sdo preferencialmente hospedadas na interface de rochas
vulcanicas com rochas piroclasticas/ritmitos do pacote.

DatacBes geocronoldgicas feitas por Ferreira Filho (1985) indicam idades de 2.577 + 72 Ma
(Rb-Sr) em grandfiros basicos e 2.270 + 50 Ma (Rb-Sr) em rochas piroclésticas silicosas, admitidas
como idade minima para a sequéncia metavulcanossedimentar. Mougeot et al. (1996), utilizaram os
métodos Rb-Sr, Sm-Nd, U-Pb e Pb-Pb para realizar analises em sulfetos (calcopirita, pirita, galena e
molibdenita) em diversas zonas mineralizadas da Regido de Carajds e estabeleceram para a
mineralizacdo de Cu e Au do Igarapé Bahia a idade minima de 2.850 + 65 Ma, 0 que caracteriza
uma mineralizacdo primaria arqueana. ldades isotopicas (Galarza, 2002; Galarza e Macambira,
2002a) obtidas em rochas metavulcanicas méficas (2.745 + 1 Ma, Pb-Pb em zircdo) e em rochas
metapiroclasticas (2.747 £ 1 Ma, Pb-Pb em zircdo) mostraram definitivamente o sincronismo com
as rochas do Supergrupo Itacaitinas. Tallarico et al. (2005) também dataram rochas metavulcanicas
maficas que confirmaram idades similares de 2.748 + 34 Ma (SHRIMP U-Pb em zircéo).

A intrusdo méfica-ultraméafica acamadada do Luanga (2.763 + 6 Ma., Machado et al., 1991)
e o sill de gabro do deposito de Cu-Au Gameleira (2.757 + 81 Ma., Pimentel et al., 2003) atestam

também a ocorréncia de magmatismo basaltico naquela época.

Grupo Buritirama

E representado por um pacote de metassedimentos clasticos e quimicos de direcio N55°W,
que aflora na serra homénima na porcdo norte da Provincia Mineral de Carajas. Este grupo €
composto, da base para o0 topo, por quartzitos bandados, quartzitos micaceos e xistos variados; e

contém importantes reservas de manganés.
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2.2.4 - Formagéo Aguas Claras

Essa formacgdo foi sugerida por Araujo et al., (1988) e descrita por Nogueira (1995),
anteriormente correlacionada por DOCEGEO (1988) ao Grupo Rio Fresco. Compreende rochas
sedimentares marinhas a fluviais cortadas por sills e diques de rochas méficas (Soares et al., 1994).
Encontra-se de forma discordante sobre as rochas do Supergrupo Itacailnas.

Na base, é constituida, predominantemente, por siltitos e argilitos laminados de cor cinza a
avermelhado. Nas faixas onde ocorre maior deformacdo, as rochas sdo transformadas em
metassiltitos, metapelitos e quartzo-mica-xistos. As estruturas primarias mais comuns preservadas
sdo laminagOes plano-paralelas, estratificacdo cruzada de baixo angulo tipo hummocky e estruturas
de fluidizag&o e carga.

Para o topo, ocorrem metarenitos e metarcdseos de coloracdo branca, granulacdo média a
grossa, com grdos sub-angulosos mal selecionados e apresentam, localmente, hematita, clorita e
sericita na matriz. Intercalam-se nestes arenitos, lentes de microconglomerados. As camadas tém
formato lenticularizado. Neste pacote predominam estruturas do tipo de acamamento gradacional,
estratificacGes cruzadas tabular e acanalada de pequeno porte e marcas de ondas ligeiramente
assimétricas. As rochas metassedimentares estdo dispostas segundo direcdo NW-SE com mergulhos
suaves, com média de 20° para NE, as quais, nas proximidades de falhas, podem chegar a
mergulhos de médio a alto angulo.

A deformacdo das rochas da Formacdo Aguas Claras possui caréter rptil e esta limitada as
zonas de falhas direcionais, como a Falha Carajas. E marcante o arranjo tectdnico da formacao
segundo horsts e grabens. O depdsito de Au-Cu de Aguas Claras encontra-se relacionado a esse
comportamento ruptil nos arenitos do Membro Superior (Soares et al., 1994).

Trendall et al. (1998) dataram arenitos com zircdo proveniente de rochas vulcénicas
sindeposicionais em 2.681 + 5 Ma (SHRIMP U-Pb em zircdes); e Dias et al. (1996) dataram diques

de gabro que cortam o pacote sedimentar em 2.645 + 12 Ma (U-Pb em zircdes).

2.2.5 - Diques e Sills maficos

Sdo metagabros, metadioritos e metadiabasios abundantes na regido. Sabe-se que existem
varias fases de magmatismo mafico, mas a sua divisdo é muito difusa. Tém idades desde arqueanas
(gabros de 2,7 Ga no depdsito de Aguas Claras), passam a proterozoicas (dioritos do Igarapé Aquiri,
com cerca 1,9 Ga, Hirata et al. 1982) a até brasilianas (diques encontrados na area do Salobo,
Lindenmayer, 1990). Variam também na sua forma, desde corpos tabulares expressivos, como 0
gabro Santa Inés, até pequenos diques (DOCEGEO, 1988).
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Mougeot et al. (1996) dataram metagabros em 2.708 = 37 Ma (U-Pb em zircdes); Galarza e
Macambira (2002b) dataram rochas intrusivas maficas em 2.705 £+ 2 Ma (Pb-Pb em zircGes); e
Pimentel et al. (2003) dataram metagabros e rochas metavulcanicas cogenéticas em 2.757 + 81 Ma
(Sm-Nd em rocha total).

2.2.6 - Granitos anorogénicos

Diversos plutons de granitos anorogénicos ocorrem na regido, com idades relacionadas ao
proterozoico inferior/médio. Essas intrusdes cortam todas as unidades do Supergrupo Itacailnas,
bem como as rochas da Formagdo Aguas Claras. Datagdes geocronoldgicas, realizadas em zirces
pelo método (U-Pb), estabeleceram idades em torno de 1.880 Ma. (Gibbs et al., 1986; Machado et
al., 1991 e Macambira e Lafon, 1995). Possivelmente, essas intrusdes estdo associadas ao evento
plutbnico-vulcanico Uatumad, que recobre extensas por¢cdes do Craton Amazdnico com rochas
extrusivas félsicas. Destacam-se, pelas proximidades geograficas com a area estudada, o Granito
Central Carajas com idade de 1.820 + 49 Ma obtida pelo método U-Pb em zircdo (Wirth et al.
1986), e 1.880 + 2 Ma obtida pelo método U-Pb em zircdo; Granito Cigano com idade 1.883 + 2 Ma
em zircdo U-Pb; Granito Pojuca com idade 1.874 + 2 Ma em zircdo U-Pb (Machado et al. 1988;
Machado et al. 1991); Granito Breves com idade com idade 1.879 £ 6 Ma em zircdo U-Pb SHRIMP
(Tallarico et al. 2004) e Granito Young Salobo com idade com idade 1.880 £ 80 Ma (Rb-Sr em

rocha total; Cordani, 1981); além de outros menores ainda pouco conhecidos.

2.2.7 - Coberturas fanerozoicas

Coberturas fanerozoicas sdo registradas como as unidades mais jovens que afloram na
porcdo norte da regido de Carajas e constituem sequéncias sedimentares correlacionaveis ao Grupo
Serra Grande (Caputo e Lima, 1984).

2.3- MODELO TECTONOESTRATIGRAFICO

A regido da Serra dos Carajas, inicialmente, foi compreendida como uma bacia que
comportava um pacote de rochas vulcanossedimentares sob a forma de um grande sinclinério ou
sinclinal (Beisiegel et al., 1973; Hirata et al., 1982; DOCEGEO 1988).

A bacia tem forma sigmoidal alongada segundo a direcédo geral da foliacdo ESE, que denota
um comportamento dominantemente transcorrente-sinistral. Deslocamentos de até 30 km séo
registrados ao longo da Falha Carajas, que corta toda a bacia e sdo indicativos das falhas
transcorrentes WNW-ESE. As falhas de diregdo NE-SW, como a falha McCandless, representam

outra importante direcao de estruturas, no ambito da Provincia Mineral de Carajas.
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O modelo proposto por Pinheiro (1997), e Holdsworth e Pinheiro (2000), sugere que a
evolucdo tectdnica de Carajas foi iniciada com o estabelecimento de uma zona de cisalhamento
ductil arqueana, de direcdo E-W (Zona de Cisalhamento Itacailnas), responsavel pelo
aparecimento, nas rochas do embasamento (Complexos Pium e Xingu), de uma fabrica milonitica
de alta temperatura (facies anfibolito médio a alto), gerada por transpressao sinistral.

Posteriormente, se instalou sobre 0 embasamento as rochas do Grupo Igarapé Pojuca, que
foram deformadas por transpressdo e, sobre estas, os litotipos do Grupo Grdo Pard (2,7 Ga).
Discordantes sobre essas rochas, foram depositados os sedimentos da Formag&o Aguas Claras.

Seguiu-se, um evento transtensional dextral, responsavel pela subsidéncia dessas rochas no
interior da Bacia de Carajas, a Sul, e ao longo do Sistema Transcorrente Cinzento, a Norte, que
gerou uma geometria sigmoidal alongada com tendéncia E-W, fortemente controlada pela
geometria das zonas de cisalhamento pretéritas. A Falha Carajas marca o limite de subsidéncia e
deslocamento dextral transtensivo da Estrutura de Carajas, a qual foi invadida por um enxame de
diques e sills maficos por volta de 2,6 Ga. Um episodio de transpressao sinistral entre 2,6 Ga e 2,0
Ga, reativou a Falha Carajas, 0 que provocou a deformacdo das rochas situadas no interior da
Estrutura Carajas e, no contexto do Sistema Transcorrente Cinzento, deu origem as estruturas
sidewall ripout do Salobo e duplex do Cururu.

Um altimo episédio deformacional, controlado por uma extensdo E-W a NE-SW, ocorrida
durante o Proterozoico Inferior e o inicio do Mesoproterozoico, no Craton Amazodnico, deu origem
a fraturas e falhas regionais de direcdo N-S e permitiu a intrusdo de platons graniticos (Granitos
Carajés, Cigano, etc) e, possivelmente, novos diques méficos. Localmente, em virtude da reativacdo
de falhas maiores pretéritas, ocorreu a formacdo de pequenas bacias, onde foram depositados 0s
sedimentos da Formacéo Gorotire.

O modelo descrito acima que destaca um evento transtensional dextral relacionado ao
Sistema de Cisalhamento Cinzento, representa a principal fei¢cdo identificada no contexto do alvo

Furnas, sobre a qual estéo condicionadas as rochas do deposito.
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3.1- ABSTRACT

Magnetic signatures are often used to interpret physical properties of massive magnetite
from strong hydrothermal alteration in iron oxide—copper—gold deposits (IOCG). In areas with
strong magnetization, the presence of remanence and self-demagnetization can yield a total
magnetization orientation which differs significantly from the direction of the inducing field and
which can easily lead to an erroneous interpretation. Qualitative, semi-quantitative and quantitative
analysis can help to understand the behavior of the magnetic anomaly, give support to accomplish a
best approach to interpretation, in obtaining a good correlation with geological data and assisting
future three-dimensional (3D) modeling. Several linear transformations can be useful to a
successful interpretation of the magnetic data. This can be enhanced by correct magnetic profiles
interpretations to allow a better understanding of body geometry. Depth estimations provided by
this approach are a powerful tool to define the body position in subsurface. Finally, the estimation
of magnetic properties as priori information to two-dimensional (2D) parametric modeling can
achieve good results. We demonstrate that the application of all these tools in the Furnas Southeast
Fe oxide—Cu—Au deposit located at low magnetic latitude in Carajas Mineral Province, Brazil, can
reliably define the structures of magnetite hydrothermal alterations associated with the high and low
grade ores.

3.2- INTRODUCTION
Airborne magnetic surveys are frequently used in the exploration for copper sulfides and
gold ores in IOCG deposits because of their association with magnetite, thus providing a cost-
effective systematic structural mapping and interpretation for these magnetic sources.
Magnetic data interpretation can be done both qualitatively and quantitatively using some of

the techniques shown in Figure 3.1.
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Figure 3.1. Flowchart of qualitative, semi-quantitative and quantitative methods used in interpreting magnetic data.

The qualitative interpretation can be done by visual inspection of the images and profiles in
maps and cross-sections, in some of the many linear transformations available. This allows for the
definition of domains and lineaments related to the local magnetic field configuration. In the present
study, we focused on using the measured TMI (Total Magnetic Field Intensity) data to understand
the spatial distribution of the magnetic sources and how can they be grouped spatially (magnetic

fabric) which then points to the different regions where the magnetic material is distributed. Further
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information can be obtained on the underlain rock volumes themselves, on the brittle, and on ductile
structures imposed on them.

Several methods and techniques were used to aid the qualitative interpretation of magnetic
data. One group of methods uses direct (TMI) or residual magnetic field (RMI) data to perform
various filtering operations in frequency domain (e.g. reduction to the pole, pseudo-gravity, upward
continuation and vertical derivatives). Another group of methods use spatial derivatives of various
orders depending on the high spatial noise frequency present in the magnetic data (e.g. analytic
signal, analytic signal vector inclination (tilt derivative), total and horizontal field gradients,
magnetic amplitude, terracing).

These were followed by semi-quantitative methods, starting first with a technique to
determine the depth to the top of magnetic sources by studying the amplitude versus wave number
relation from 2D radially averaged power spectrum analysis. These results can then be
complimented by using depth estimates using Euler deconvolution techniques. These methods can
be applied either to the whole survey area or to selected areas with individual magnetic signatures.

The presence of remanent magnetization and self-demagnetization effects certainly pose
many problems thus complicating the interpretation of magnetic sources. In addition, the fact that
the inducing field intensity is much smaller at low magnetic latitudes than at higher magnetic
latitudes further exacerbates the problem.

The final step attempts, using all previously gained information, is a quantitative
interpretation by using two-dimensional (2D) parametric or structural modeling which can be
extended to a 3D physical model representation (intrinsic magnetic susceptibility modeling).

The main objective of this paper is to apply the above mentioned magnetic data analysis
procedures to study an iron oxide—copper—gold mineralization (I0OCG) using a set of high-resolution

airborne magnetic data at the Furnas copper-gold deposit.

Location of the study area

The Carajas Mineral Province is located in the state of Para in northern Brazil approximately
1,100 km from Brasilia (Figure 3.2). The province is located at low latitude with magnetic
inclination -7.3°. The Carajas Mineral Province is bounded to the west by the Xingu River and to
the east by the Araguaia-Tocantins River. The Gradals and Bacajd Mountain Ranges by the

province to the south and north, respectively (Hirata et al., 1982).
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Carajas railroad and Tucurui power plant.

The infrastructure of the region is privileged because of the easy electricity supply from the
Tucurui Hydroelectric Power Plant, which is 275 km to the north. The Carajés Railroad (Estrada de
Ferro Carajas — EFC) with approximately 892 km in extension can be used to transportation and
provides access to the Port of Madeira in S0 Luis — Maranhdo. The study area can be accessed
from the state capital, Belém, through the state highways PA-475 and PA-150 to Marab4 and then
through highway PA-150 to the city of Eldorado dos Carajas and PA-275 to the cities of
Parauapebas and Carajas (Figure 3.2).

The Carajas Mineral Province has adequate infrastructure in place to support mineral
extraction. The Furnas deposit is located approximately 35 km from the Parauapebas city, 45 km
from the Carajas Airport, 60 km from the Carajas city and 10 km north of the Carajas Railroad.

Iron oxide-copper-gold (IOCG) deposits

Carajas is known as an economically important metallogenic province where numerous
types of mineral deposits are found. In addition to the IOCG mineralization, there are deposits types
of banded iron formations, lateritic gold, lateritic manganese, mafic-ultramafic layered intrusions
hosting platinum group elements, nickel laterite and nickel sulfide deposits. In terms of
geotectonics, the Carajas Province is located in the Central Brazilian Shield within the southeastern
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portion of the Central Amazonian Province, which is bordered by the Transamazonian Province
(Maroni-Itacaitnas) to the north and Araguaia Belt to the east (Santos et al., 2000).

Hitzman et al. (1992) originally defined IOCG deposits as a unique type after the discovery
and study of the Olympic Dam in the Gawler Craton in southern Australia (Oreskes and Einaudi
1990, 1992). IOCG deposits may contain only copper or gold, and others may be rich in iron oxides
with phosphorus as an accessory (e.g., Kiruna) or with rare earth elements (e.g., Bayan Obo;
Nykénen, 2008). The IOCG deposits can also be divided in three main types: magnetite group (e.g.
Salobo, Sossego, Candelaria), hematite group (e.g. Olympic Dam, Prominent Hill, Manto Verde)
and magnetite + hematite group (e.g. Sue Dianne, North Portia, Rakkurijérvi).

Williams et al. (2005) addresses a broad discussion on IOCG geology, space-time
distribution, and possible modes of origin. From an economic perspective, the most significant
IOCG deposits are those in Chile and Peru in the coastal batholithic belt (Jurassic-Cretaceous
extended continental margin arc); in Australia within the Gawler craton and Cloncurry districts (late
Paleoproterozoic to Mesoproterozoic debated intracratonic or distal subduction-related settings);
and in Brazil in the Carajas province (Archean, Amazon craton). Williams et al. (2005), do not
classify the Kiruna-type iron oxide-apatite ores and iron skarns as IOCG deposits even though they
share some features with IOCG deposits. Monteiro et al. (2008) described the spatial and temporal
zoning of hydrothermal alteration and mineralization in the Sossego I0CG deposit. Xavier et al.
2012 summarize the Iron Oxide Copper-Gold Systems of the Carajas Mineral Province. Groves et
al. (2010) described IOCG deposits through Earth history, the implications for origin and
lithospheric setting, and distinction from other epigenetic iron oxide deposits.

Although definitions vary somewhat, in this study, IOCG is used as a term to describe
deposits with hydrothermal alteration and mineralization that have significant amounts of
magnetite, copper and gold. The main features can be summarized as follows (Nykénen et al.,
2008):

Q) proximity to cratonic areas;

(i) controlled by structures, faults and lineament intersections;

(i)  presence of granitic intrusions, particularly those that may be enriched in either
compatible and incompatible elements;

(iv)  occurrence of anomalous magnetic signatures related to the concentration of magnetite
in the deposit;

(v) occurrence of radiometric signatures with high values in the uranium channel;

(vi)  anomalous presence of copper, gold and iron; and

(vii)  association of incompatible elements with the mineralization.
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Table 3.1 summarizes the predictive variables and respective geophysical methods that are

used in prospecting for IOCG deposits.

Table 3.1. Evidence of IOCG deposits and geophysical methods applied to mineral exploration.

Evidence Geophysical Method
Sequences rich in iron oxides Magnetic

Main and secondary structures in large deep crustal faults Magnetic

Lineament density and zones of structural opening Magnetic

Strong hydrothermal alteration with magnetite Magnetic

Presence of uranium Gamma spectrometry
Potassic alteration areas Gamma spectrometry
High density because of the presence of sulfides and magnetite Gravimetry

High chargeability and low resistivity — disseminated ore Induced polarization (IP)

Electromagnetic conductors — massive ore or interconnected sulfides and magnetite Electromagnetic (EM)

3.3- GEOLOGICAL SETTING

The Furnas Copper Deposit is located in the Carajas Mineral Province, along the regional
Cinzento transcurrent shear zone striking WNW-ESE. Metavolcano-sedimentary rocks correlated to
the Grdo Para Group, of the 2.76 Ga Itacaiinas Supergroup (Wirth et al., 1986), and sedimentary
rocks correlated to the Aguas Claras Formation host the deposit. The shear zone defines a contact
between amphibole schist to the north (hanging wall) and aluminous schist to the south (footwall)
of the Itacaitnas Supergroup (Figure 3.3), interrupted by the intrusion of the 1.8 Ga Cigano Granite
to the east. The region is metamorphosed from greenschist to amphibolite facies (CVRD, 2006).

The deposit is poorly exposed with a wide laterite cover (thickness of about 60 m). The
copper-gold mineralization is hosted in biotite-garnet-grunerite-magnetite hydrothermal alteration
assemblages, with moderate to strong foliation. The mineralization itself is contained in massive
magnetite, silicification, sodic-calcic, and potassic alteration as can be easily seen on the geological
cross section through the high and low-grade orebodies (Figure 3.3). The alteration zone is

associated with a late-stage chalcopyrite and bornite veinlets and breccias.
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Figure 3.3. Geological section of Furnas Southeast deposit (Modified from Vale, 2012).

The Cu-Au mineralization is concentrated in right stepping, NW striking, dilational

structures along the WNW striking dextral shear zone. These structures produced elongated ore

shoots during episodic hydrothermal fluid flow events that caused brittle slip and brecciation.

The results of a representative drill hole log within the hydrothermal alteration zones (Figure

3.4) show:
(i)
(ii)
(iii)
(iv)
(V)

measured magnetic susceptibility on drill cores (in SI x 107%),
iron geochemistry (in percentage),

copper mineralization (in percentage),

gold mineralization (in grams per ton), and

density (in grams per cubic centimeters);

which well summarizes the behavior of the mineralized hydrothermal alteration zones.

The mineralized magnetite hydrothermal alteration zone is well defined between 316 to 385
m depth by high magnetic susceptibility values (from 200 x 107 SI to 900 x 10~ SI), high density
values (around 3.4 g/cm®to 3.8 g/cm?®), high iron content (around 25 % to 40%), high copper grade
(from 0.6 % to 5%), and high gold grade (from 2 g/t to 4.5 g/t).

In general, the high copper-gold grades have strong association with high magnetic

susceptibility values that are correlated with high total-field magnetic anomalies. Therefore,

magnetic survey is one of the most effective geophysical tools for exploration in this area. In

particular, the magnetic anomalies help define the Furnas deposit’s geophysical signature.
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3.4- MAGNETIC DATA

The magnetic data was acquired using a sensor mounted on a helicopter, and in a draped
survey with a nominal terrain clearance of 80 m above ground. The survey was carried out in 2012.
Survey line spacing was 200 m and the line direction was held at N30°E (Figure 3.5a). Tie line
spacing was 5,000 m and the direction was N60°W. The sample rating was 0.1 s and the average
sample spacing was 3 m. The ambient field has an inclination of -7.3°, a declination of -20.1°, and a
field strength of 25,300 nT.

A subset of the TMI data over the southeast portion of the deposit is shown in Figure 3.5.
The corrugation effect seen in raw data (Figure 3.5b) required a great amount of compensation,

correction and decorrugation to obtain the final corrected total magnetic field data (Figure 3.6a).

2000

0 1 0 000
TOTAL MAGNETIC INTENSITY TMI (nT) TOTAL MAGNETIC INTENSITY TMI (nT)
24705 24856 25008 25159 25311 25462 25721 24620 24794 24967 25140 25313 25486 25783

A 0 500 1000 FLIGHT LINES MAP A 0 500 1000 RAW DATA
N (meters) Selected Profiles N (meters)
(@) (b)

Figure 3.5. The observed total-field magnetic data of the Furnas Southeast deposit. (a) Flight lines are shown in black
traces and selected profiles for interpretation are shown in gray. (b) The raw total-field magnetic data of the Furnas

Southeast deposit. Units in nT.

The observed profiles over each flight line are shown in Figure 3.6b. As can be seen, the
TMI data shows an anomalous target in the NW-SE direction. This anomaly exhibits an interesting
feature: it changes its behavior along its length. At its NW end it resembles a typical middle
northern magnetic latitude anomaly: big positive values at its southern portion and big negative
values at its northern portion. In contrast, its SE end resembles the magnetic signature typical for

magnetic equatorial regions, marked by negative values at its central portion and with positive
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values at both the southern and northern portions (Figure 3.6b). In order to compare the different
qualitative interpretation techniques two profiles were selected perpendicular over each zone
(Figure 3.5a) and the two obtained profiles are shown in Figure 3.7. The profile (A — A")

corresponds to the geological section of Figure 3.3.

N
o
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Figure 3.6. The observed total-field magnetic data of the Furnas Southeast deposit. (a) The total-field magnetic anomaly
of the Furnas Southeast deposit after all corrections. (b) Total magnetic intensity profiles are shown over each flight

line. Units in nT.
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Figure 3.7. The magnetic total-field data over the two profiles shown in Figure 3.5a. Units in nT.

3.5- METHODS
Before attempting to interpret magnetic field data, one must be aware of the main physical
property, its interactions past and present with the Earth geomagnetic field and the physics behind
this processes. The main magnetic property, the magnetization is a vectorial quantity related to the
main inducing magnetic field as:

—

M=y, -H (1),
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where: M is the induced magnetization (A/m); ﬁ is the inducing magnetic field (A/m); and y,, is

the magnetic susceptibility, a tensorial quantity but normally expressed by a single constant (non-
dimensional). The susceptibility is the relevant physical property and is responsible for magnetic
induced field anomalies in the material near the Earth surface. More important, in the case of
geologic material it is usually related closely to the most common Earth magnetic rock-forming
mineral, the magnetite. As such, magnetization is not an intrinsic rock physical property, but it is
produced by magnetite concentrations that can either be dispersed in a rock volume or located in
specific rock structure, such as the brittle ones (faults).

With these considerations in mind, it becomes more comfortable and reliable to extract the
best possible information out of the magnetic field data (after it is properly reduced to represent the
portion of the magnetic field to be analyzed).

To achieve the desired goal, which was to delineate spatially the target ore, a series of linear
transformations on TMI data in the Fourier domain were performed. Following the procedure
scheduled earlier for this purpose, the qualitative interpretation started with a brief analysis of the
TMI data.

The observed gradient pointed out is the magnetite rich orebody, the target of this research.
Since the studied area is located at low magnetic latitude the correct expected magnetic signature is
the one seen on the southern portion of the area (see Figure 3.6b). The changing signature behavior
on the northern part is probably a clear example of remanence.

With that, the remanent magnetization becomes more relevant in characterizing the magnetic
signatures in the deposit. The resultant (induced plus remanent) magnetic anomaly resembles those
that could be found on similar geological environment at middle latitudes in the northern
hemisphere. This behavior was well shown on the petrophysical measurements carried out as part of
these studies. It indicated that the magnetization direction may be changing within the orebody with
high anisotropy.

Finally, with all information gained from the analysis, we carried out qualitative
interpretation and quantitative interpretation using two-dimensional (2D) parametric and structural
modeling, supposing a dipping dike-like body. It confirmed the presence of remanent magnetization
and demagnetization effects observable on studying the magnetic field signatures of the TMI

images.
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3.6 - QUALITATIVE INTERPRETATION

The following linear and nonlinear transformations were used to qualitatively interpret the
TMI data.

Reduction to the Pole (RTP)

A magnetic anomaly depends on the inclination and declination of the body’s magnetization,
the inclination and declination of the local earth’s magnetic field, and the orientation of the body
with respect to magnetic north. To simplify anomaly shape, Baranov (1957) and Baranov and
Naudy (1964) proposed a mathematical approach known as reduction to the pole. This method
transforms the observed magnetic anomaly into the anomaly that would have been measured if the
magnetization and ambient field were both vertical — as if the measurements were made at the
magnetic pole. The RTP operator however becomes unstable at lower magnetic latitudes because of
a singularity that appears when the azimuth of the body and the magnetic inclination both approach
zero. If not properly accounted for the obtained RTP data shows a strong striation in the direction of
magnetic declination. To calculate RTP at low latitudes we used an in-house code based on
modified series expansion of the RTP operator which tries to stabilize using an upward/downward
continuation process (Figure 3.8). A slightly different version of this approach was developed by
Mendonca and Silva, 1993.
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Figure 3.8. Image and profiles of reduction to the pole. Units in nT.
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Terracing

Terracing operates iteratively on magnetic data to generate areas of constant field amplitude
that are divided by sharp frontiers (Figure 3.9). Terracing is computed by moving a window over
the data and calculating the curvature at the center of the window (Cordell and MacCafferty, 1989;
Philips, 1992). The inflection points of the curvature are located approximately over the edges of
the targets. The technique iteratively increases the slopes of the first horizontal derivatives around
the inflection point until they become vertical. The resulting map is similar to a terraced landscape,
hence the name applied to this technique. Magnetic data is generally converted to pseudo-gravity
before using terracing (Baranov, 1957). We applied this transformation with an in-house code, to
Furnas Southeast deposit reduction to the pole (RTP) data (Figure 3.9).
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Figure 3.9. Image and profiles of terracing. Units in nT.
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Magnetic Amplitude Anomaly

The best approach in processing the data was provided by the calculation of the amplitude of
the anomalous magnetic field as a direct indicator of target orebody and mineralized zones. Given
the influence on the magnetic data by remanent magnetization and self-demagnetization, we chose
to use the magnetic amplitude calculation, which is minimally dependent on the magnetization
direction (Shearer 2005; Li et al. 2010; CGEM, 2012; Ledo-Santos et al, 2014). This can be
considered the anomalous magnetic field intensity, also denoted Magnetic Magnitude Anomaly
(MMA).

As Nabighian (1972) has shown, the amplitude of the analytic signal in 2D, which is the
total gradient, is independent on the magnetization direction. This property also holds true for the
amplitude of the anomalous magnetic vector in 2D. In 3D, this invariant property does not strictly
hold true, but both quantities are only weakly dependent on the magnetization direction (e.g.,
Stavrev and Gerovska, 2000; Haney et al., 2003).

The amplitude data is defined as

B, = \/ng + Bc%y + Ba%z' 2),

where Bay, Bay, and By, are the three components of the anomalous magnetic vector in the x-, y-, and
z-directions, respectively. The amplitude data conserve the low-wavenumber content and thus retain
the signal due to deep magnetic bodies.

The challenge is the need to calculate the three anomalous magnetic components. In our
current study, this operation is difficult to undertake because of the low survey magnetic latitude.
The commonly used wavenumber-domain approach encounters the similar low-latitude instability
problems as in the reduction to the pole (RTP) calculation, albeit to a lesser degree.

To overcome the difficulty of low-latitude instability, we chose to use the equivalent source
technique (Dampney, 1969). Also, to accommodate the rugged observation surface, we used a 3D
equivalent layer consisting of susceptibility values that can be either negative or positive. We
constructed an equivalent source from the total-field anomaly (Figure 3.5b) using an algorithm
similar to that in Li and Oldenburg (1996) but without any bound constraints on the susceptibility.
The equivalent source layer is located immediately below the lowest topographic point and consists
of cubes of 50 m size.

Once the equivalent source is obtained, we used it to calculate the three orthogonal
components of the magnetic anomaly and obtain the magnetic amplitude data by equation 2 with a
code developed by Shearer (2005; Figure 3.10).
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The main purpose was to reduce the asymmetry in total-field magnetic anomaly due to the
oblique directions of magnetization and background field, so that the magnetic anomaly is centered
over the source bodies. However, RTP operation suffers from two major challenges, namely, the
unknown magnetization direction and the instability at low magnetic latitudes. The amplitude data,
on the other hand, achieve the same objective approximately but do not rely on the magnetization
direction and suffers much less from the low latitude instability (Figure 3.10).

(A) SW 2150 m NE (A")

nT (B) SW 1800m NE (B')

0 1000 2000

Magnetic Amplitude (nT)
51 98 121 148 179 211 241 288 349 442 534 1109

A 0 500 1000
e =———|

N (meters)

Figure 3.10. Images and profiles of magnetic amplitude calculation. Units in nT.
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Upward continuation

Magnetic data measured on a given plane can be transformed to data measured at a higher or
lower elevation, thus either attenuating or emphasizing shorter wavelength anomalies (Kellogg,
1953). Thus the upward continuation operator behaves as a low-pass filter as shown on the upward
continuation data of 100 m, 250 m, 500 m, 750 m, 1000 m and 1500 m (Figures 3.11a to 3.11f,
respectively). These results show the attenuation of high spatial frequency on the TMI data which

helps the understanding of the regional magnetic background.
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Figure 3.11. Images and profiles of Upward Continuation. (a) 100 m, (b) 250 m, (c) 500 m, (d) 750 m, (¢) 1000 m and
() 1500 m.
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Derivative based filters

The first and second order partial derivatives of TMI data in X, Y and Z directions can be

combined in various ways for further analysis of magnetic data. Many modern methods for edge

detection and depth to source estimation rely on horizontal and vertical derivatives. Cordell and
Grauch (1982, 1985) used crests of the magnitude of the horizontal gradient of the pseudo-gravity
field (the total horizontal gradient) as an approximate tool for locating the edges of magnetic bodies.

In practice, this approach can also be applied to the reduced-to-the-pole magnetic field (Figure

3.12a).

Similarly, vertical derivatives help to enhance the location and edges of the magnetic body

in the area of the highest magnetic gradient on the NW part and low magnetic areas in the SE

(Figure 3.12b).
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Figure 3.12. (a) Total horizontal gradient of the anomalous magnetic field; (b) vertical derivative. Units in nT/m.
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Total Gradient (Analytic Signal)

The total gradient (analytic signal) is another popular method for locating the edges of
magnetic bodies. For magnetic profile data, the horizontal and vertical derivatives fit naturally into
the real and imaginary parts of a complex analytic signal (Nabighian, 1972, 1974, 1984; Craig,
1996). In 2D (Nabighian, 1972), the amplitude of the analytic signal is the same as the total gradient
and is independent of the direction of magnetization. In 3D, Roest et al. (1992) introduced the total
gradient of magnetic data as an extension to the 2D case. Unlike the 2D case, the total gradient in
3D is weakly dependent on the direction of magnetization (Haney et al., 2003). It is worth noting
that what is now commonly called analytic signal should correctly be called the total gradient. The
calculated amplitude of analytic signal in 2D or the total gradient (Figure 3.13) and the total
gradient in 3D (also called amplitude of analytic signal in 3D; Figure 3.14) show clearly the

location of magnetic sources.
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Figure 3.13. Image and profile of Total Gradient Figure 3.14. Image and profile of total gradient in 3D.
(Analytic Signal). Units in nT/m. Units in nT/m.
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Tilt Derivative or Analytic Signal Vector Inclination

The tilt derivative, also called inclination of analytic signal, is helpful for delineating

shallow and deep sources of various structures and lineaments (Figure 3.15). The tilt angle is

determined by the ratio of the first vertical derivative of the potential field to the total horizontal
gradient of the field (Miller and Singh, 1994).
The expected anomaly of inclination of analytic signal over a vertical dyke at equatorial

magnetic latitudes is a high-low-high response whereas the shape of the anomaly at Furnas

Southeast deposit resembles those at intermediate latitude (Verduzco et al., 2004).

The main purpose of this transformation is that it expresses the amplitude of the TMI

vertical spatial derivative, weighted by the amplitude of the horizontal gradient (positive part) in a

bandwidth of —n/2 to +n/2 thus providing an excellent tool for the magnetic fabric relief studies

(magnetic structures).

@)

(A) SW 2150 m

1800 m

rad (B) SW

Tilt Derivative or Inclination of AS (rad)
-1.570 -1.194 -0.818 -0.443 -0.067 0.308 0.684 1.060 1.435

e | |
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N (meters)

500

1000

(b)

(A) SwW 2150 m NE (A
1.00
0.00
1.00 —
rad (B) SW 1800 m NE (B’

Tilt Derivative or Inclination of AS (rad)
-1.558 -1.181 -0.804 -0.427 -0.050 0.328 0.657 0.987 1.317

A 0 500 1000

N (meters)

Figure 3.15. Image and profile of tilt derivative or inclination of analytic signal, (a) gray color distribution, (b)

pseudocolour distribution. Units in radian.
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Qualitative Interpretation

Using the data provided above the qualitative interpretation was performed by visual
inspection of the images and profiles in maps and cross-sections, based on the many
transformations available. The magnetic domains and lineaments related to the local magnetic field
configuration were delineated by eye and by hand (Figures 3.16a and 3.16b). The magnetic relief is
dominated by a high amplitude anomaly outlined by a red polygon with its axis indicated with a
dashed black thick line. The main magnetic structures of the area have a NW-SE direction (Figure
3.16b).

i i TG 3D i ; Magnetic amplitude
Magnetic Domains 2o Magnetic Interpretation - High
A 0 500 1000 0.046 0.173 0.290 0.457 1.115 0 500 1000 r~a’ 0 Medium
e — Magnetic = Low
(a) N (meters) (b) N (meters) Structures N Very Low

Figure 3.16. (a) Magnetic domains outline over the total gradient in 3D image. (b) Qualitative interpretation with

magnetic domains and structures. Units in nT.
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3.7 - SEMI-QUANTITATIVE INTERPRETATION

Power Spectrum

The radially averaged power spectrum is the average of all possible directional power
spectra for a given radius. It can be summarized as the direction-autonomous average spectrum. The
radially averaged power spectrum supplies an appropriate means to visualize and confront
information contained in 2-D spectra in 1-D. The radially averaged power spectrum is calculated
using the Fast Fourier Transform (FFT) of an input matrix and it does not account for corner values
outside averaging radius (Matlab, 2014). The power spectrum was performed over the area of the
maps to estimate the depth of the magnetic sources. The power spectrum of Furnas deposit shows
the shallow sources from 0 m to 200 m, the intermediate sources from 200 m to 500 m, and the deep

sources up to 800 m (Figure 3.17).
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Figure 3.17. Radially averaged power spectrum with depth estimates of shallow, intermediate and deep sources.
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Euler Deconvolution

The source depth can be estimated at the edge location using advanced depth determination
techniques that use both the vertical and horizontal derivatives. Examples of techniques that
estimate the source depths are Euler deconvolution (Thomson, 1982; Reid et al., 1990;
Mushayandebvu et al., 1999; Nabighian and Hansen, 2001) and Werner deconvolution (Hartman et
al, 1971; Hansen and Simmonds, 1993). For Euler deconvolution, the structural index is an
exponential factor corresponding to the rate at which the field falls off with distance, for a source of
a given geometry. A structural index value of 1 is appropriate for dyke geometry that is the
configuration of the deposit (Figure 3.18). The complex hydrothermal alteration of Furnas deposit
limits the use of the Euler deconvolution because it is based on a homogenous function and needs

homogeneous targets.

000
] TMI Image (nT)
Euler Deconvolution 24800 25100 25400 25700
Index 1

A 0 500 1000
—

N (meters)

Figure 3.18. Euler deconvolution solutions of structural index value 1 to dyke geometry, with total magnetic field image

background.
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3.8 - QUANTITATIVE INTERPRETATION
TWO-DIMENSIONAL PARAMETRIC MODELING

Finally, with all acquired knowledge, a quantitative interpretation using two-dimensional
modeling (controlled error minimization algorithm — inversion) was performed. This helped to
estimate some of the magnetic feature distribution, such as apparent magnetic susceptibility and the
geometry of causative bodies by using isolated elongated (2D) anomalies to understand more fully
the structurally controlled hydrothermal alteration in iron oxide—copper—gold deposits (IOCG) in
this region.

The 2D parametric modeling was applied to magnetic data with the empirical use of
geometry, magnetic susceptibility, remanence and demagnetization to evaluate the behavior of the
anomaly. Also it was used to define the presence of remanence on the total magnetization and the
influence of demagnetization effects.

This problem was treated as parametric, because there are fewer parameters to describe the
model than there are measurements. This is an "over-determined" problem and it’s interpretation is
non unique.

First, we selected a representative section of the total magnetic field airborne dataset. The
anomaly has a dipolar profile with high values on the south and low values in the north (Figure
3.19), different from the expected typical equatorial anomaly with a symmetric high-low-high
structure. This shape of the anomaly could imply strong remanence and/or demagnetization. The
anomaly is primarily caused by the top of the body.

Then we used a selected profile to compare with the modeled response of a dipping dike-like
body with and without remanence and demagnetization. The main parameters selected were:
distance around 1500 m, strike -70°, length 1000 m and density 2.67 g/cm?®. Units are assigned a
relatively high susceptibility, around 2 Sl, in order to fit the large measured anomalies in the
magnetic data.

In the first attempt, the modeling was performed without remanence and demagnetization.
The modelled response exhibits a moderate fit to anomaly shape but the dips are too shallow
(Figure 3.19).
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25700

Body Type Thick Sheet

ZSZOO-d 7 Distance 1561 m Yes
NJMeasured Top 201 m Yes
NJIModeled Strike 70° Az No

24700

Dip 16° Yes
Width 88 m Yes
Length 1000 m No
Offset 200 m No
Density 2.67 g/cm? Yes
2.5 km Susceptibility 2.14 SI Yes
. . Remanence J 0 No
No Remanence, No Demagnetization.
. Rem Inclination 0 No
Moderate fit to anomaly shape.
. Rem Declination 0 No
Dips are too shallow.
Demag. No

Figure 3.19. Parametric modeling of magnetic profile without remanence and demagnetization.

In the second attempt, the modeling was performed without remanence and with
demagnetization included. The modelled response exhibits a moderate fit to anomaly shape and the
dips are still too shallow (Figure 3.20).

25700

Body Type Thick Sheet

25200--—d 7— Distance 1536 m Yes
MNJMeasured Top -150 m Yes
NJUModeled Strike 70° Az No

24700

Dip 25° Yes
Width 140 m Yes
Length 1000 m No
Offset 200m No
Density 2.67 gfcm? Yes
2.5 km Susceptibility  2.00 Sl Yes
. . X Remanence ] 0 No
No Remanence, Demagnetization included.
. Rem Inclination 0 No
Moderate fit to anomaly shape.
. . Rem Declination 0 No
Dips are still too shallow.
Demag. Yes

Figure 3.20. Parametric modeling of magnetic profile without remanence and with demagnetization included.

In the third attempt, the modeling was performed with a steep dip constraint, remanence
included but without demagnetization. The remanence (K,=1.5) is assigned roughly along the dip
direction (Inclination = -65° and Declination = 0°). The modelled response exhibits a poor fit to
anomaly shape but the anomaly has a symmetric equatorial style (Figure 3.21).

50

Capitulo 3 — Magnetic interpretation and 2D modeling at IOCG deposits



Universidade de Brasilia — Instituto de Geociéncias — Tese de Doutorado — Marcelo Henrique Ledo Santos

25700
5 Sl poveryvalie vary
_/__/ Body Type Thick Sheet
252 00— / Distance 1672 m Yes
MNJUMeasured Top -325m Yes
NIModeled Strike 70° Az No
24700
Dip 69° No
Width 100 m Yes
Length 1000 m No
Offset 200m No
Density 2.67 g/cm? Yes
P 2.5 km Susceptibility 2.03 SI Yes
- - Remanence J] 1.5 A/m Yes
Steep dip, Remanence included.
. . Rem Inclination  -65° No
No Demagnetization.
. . Rem Declination  0° No
Symmetric equatorial style anomaly.
Demag. No

Poor fit.
Figure 3.21. Parametric modeling of magnetic profile with steep dip and remanence included, and without

demagnetization.

In the fourth attempt, the modeling was performed with steep dip constraint, remanence and

demagnetization included. The modelled response now fits well the anomaly shape (Figure 3.22).

N B g ll Property | value | vary |
Body Type Thick Sheet
zszoo-/ ———] Distance 1672 m Yes
NJMeasured Top -325m Yes
4700 NJIModeled Strike -70° Az No

Dip 69° No
Width 100 m Yes
Length 1000 m No
Offset 200m No
Density 2.67 g/cm3 Yes
2.5 km Susceptibility  2.03 Sl Yes
- Remanence J 1.5 A/m Yes
Steep dip, Remanence,
i . . Rem Inclination  -65° No
Demagnetization included. .
. Rem Declination 0 No
Well fitted.
Demag. Yes

Figure 3.22. Parametric modeling of magnetic profile with steep dip, remanence and demagnetization included.

In summary, the body is strongly magnetized, exhibits strong demagnetization effects, is
thin and with a down-dip extent to emphasize anomaly from top surface. Also, it has remanent

magnetization and magnetic anisotropy.
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3.9-RESULTS

The success of the quantitative and qualitative interpretation is evaluated not only by the
level of correlation with the orebody, but more importantly, by the correspondence between the
estimated magnetic properties of 2D model structure and the known source, which is the massive
magnetite orebody in this case.

The flight lines A — A’ and B — B’, highlighted in the maps, were selected to evaluate and
compare the shape of the signals. The profile (A — A”") corresponds to the geological section of
Figure 3.3. The results show the good correlation of the projection of the orebody at surface, and the
transformations profiles: total magnetic intensity field (TMI), reduction to the pole (RTP), pseudo-
gravity (PGRV), magnetic amplitude (AMP), terracing (TER), total horizontal gradient (THG),
vertical derivative (DZ), total gradient or analytic signal (TG), total gradient in 3D (TG3D) and tilt
derivative or inclination of analytic signal (IAS), from top to base (Figures 3.23 and 3.24).

Total magnetic intensity correlated with the high and low grade ore shows that the northern
body has an anomaly that resembles those at middle latitude probably due to remanence. Part of the
southern anomaly pattern is consistent with the anomalies at low magnetic latitude (Figure 3.25a).

Reduction to the pole transformed the observed magnetic anomaly into the anomaly as if the
measurements were made at the magnetic pole. The results peaks have a good correlation with the
orebody and have positive values indicating dip to NE (Figure 3.25b).

The magnetic amplitude was one of the main interpretation tools. This set of computed
amplitude data is much simpler in pattern and its peak coincides with the location of the orebody.
The excellent correspondence with known geology indicate that the equivalent source technique has
worked well (Figure 3.25c).

Terracing applied to the Furnas’ Southeast deposit TMI data delineated the low grade SW
limit along the deposit. It also created a sharp step that defined a terrace over the orebody that
continues to NE indicating the dip direction (Figure 3.25d).

Horizontal derivatives enhanced the horizontal gradient and consequently helped to find the
lateral limits of the anomaly sources (Figure 3.25e). Vertical derivative enhanced the location of the
magnetic source in the highest magnetic gradient on the NW ore body and within low magnetic
value at SE ore body (Figure 3.25f).

The interpretation of the calculated amplitude of analytic signal in 2D or total gradient of
Furnas Southeast deposit show a good correlation between the low and high grade orebodies due to
the strong association of copper sulfides and magnetite (Figure 3.25g). The total gradient in 3D and
the orebodies also showed a good correlation (Figure 3.25h). Comparing the two transformations it

can be seen that the 3D total gradient (Figure 3.25h) gives a smoother and cleaner response
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compared to the total gradient (analytic signal) that gives effective boundary delineation (Figure
3.250).

The inclination of analytic signal delineates the orebody between the low in the north and
the high in the south. The main magnetic lineaments indicate the predominant NW-SE structures

directions (Figure 3.25i).
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Figure 3.23. Correlation of magnetic profiles with orebody projection at surface of flight line A — A’. TMI = total
magnetic intensity field, RTP = reduction to the pole, PGRV = pseudo-gravity, AMP = magnetic amplitude, TER =
terracing, THG = total horizontal gradient, DZ = vertical derivative, TG = total gradient or analytic signal, TG3D = total

gradient in 3D and IAS = tilt derivative or inclination of analytic signal.
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Figure 3.24. Correlation of magnetic profiles with orebody projection at surface of flight line B — B’. TMI = total
magnetic intensity field, RTP = reduction to the pole, PGRV = pseudo-gravity, AMP = magnetic amplitude, TER =
terracing, THG = total horizontal gradient, DZ = vertical derivative, TG = total gradient or analytic signal, TG3D = total

gradient in 3D and IAS = tilt derivative or inclination of analytic signal.
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Figure 3.25. Correlation of high and low grade orebodies with images and profiles of: (a) total magnetic intensity, (b)
reduction to the pole, (c) magnetic amplitude, (d) terracing, (e) total horizontal gradient (f) vertical derivative, (g) total
gradient or amplitude of analytic signal in 2D, (h) total gradient in 3D, and (i) tilt derivative or inclination of analytic signal.
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The Euler solutions delineated the main structures and lineaments in the area. The Euler
deconvolution results, with structural index 1 representing dyke geometry, indicated the main NW-
SE direction of the orebodies (Figure 3.26). Also, the depth estimations show the dip direction of
the NW magnetic body from cold colors, indicating shallow estimations, to hot colors, indicating

deep estimations. The depth estimations to the SE magnetic body indicated shallow responses.

T000 7000
_ TMI Image (nT)
Euler Deconvolution 24800 25100 25400 25700
Index 1

A 0 500 1000
e — Orebodies at level 190 m
N (meters) High grade

Figure 3.26. Euler deconvolution correlation with high grade orebody and dip direction of NW orebody. Structural

index value 1 to dyke geometry.

The joint qualitative interpretation of those several linear transformations delineated the
location of the orebody. The images and profiles of terracing indicated that the orebody direction
dips to northeast. The analytic signal or total horizontal gradient determined the peak anomaly
above the causative magnetic body. The power spectrum semi-quantitative analysis, estimated
shallow, intermediate and deep sources associated with the dipping-dike orebody, from 0 m to 800
m depth. The semi-quantitative Euler deconvolution estimated the source depth from 0 m to 700 m.
The use of parametric 2D modeling quantitative analysis indicated the presence of remanence, self-
demagnetization and recovered the geometry of the orebody. The deeper extension of the 2D
parametric modeling indicates that the actual orebody might extend much deeper than that

intersected by the existing drill holes.
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3.10 - CONCLUSIONS

The qualitative and quantitative magnetic interpretation techniques in the presence of strong
remanent magnetization, self-demagnetization and at equatorial latitudes is applied to a dataset
acquired at Furnas Southeast deposit as a case study in the exploration for iron oxide-copper-gold
deposits (IOCG) in Carajas Mineral Province, Brazil.

In this work, we have first calculated several magnetic transformations for qualitative
interpretation. Then we carried out some depth estimations to semi-quantitative interpretation.
Finally, we performed two-dimensional parametric modeling for quantitative interpretation. The
results successfully delineated the massive magnetite associated with the high-grade copper-gold
ore. The good correspondence between the transformations, the depth estimations and the 2D
modeling results using a priori information constraints, with the known geology and the orebody
demonstrate the value of this approach.

The qualitative and quantitative analysis performed allow us to conclude that to obtain a
dipolar anomaly for steeply dipping east-west magnetic dike like bodies at equatorial latitudes we
must follow the above procedures. The body must be strongly magnetized. The body must be
affected by demagnetization, i.e. thin with a considerable down dip extent to emphasize anomaly
from top surface. And the body must have remanent magnetization or a magnetic anisotropy that
creates additional magnetization down dip.

This case study shows that this approach is effective in this complex scenario to aid
interpretation and recover the geometry of the orebody. The methodology has good potential in the

exploration for IOCG-type deposits and magnetite related deposits.
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4.1 - ABSTRACT

Strong hydrothermal alteration modifies rock physical properties in iron oxide-copper-gold
deposits (I0OCG) and may result in characteristic signatures detectable in geophysical surveys.
Magnetic data are commonly used in characterizing orebodies and 3D inversions are often
employed to assist in interpretations. In areas with strong remanence and self-demagnetization, the
total magnetization can have directions different from the inducing field direction. This deviation
precludes the use of traditional inversion methods. Magnetic amplitude inversion offers one
solution to this challenge since the amplitude data are weakly dependent on the magnetization
direction. In addition, low magnetic latitude also imposes difficulty to amplitude data calculation
due to the instability in the component conversion in the wavenumber domain. To formulate a
practical approach, we present a case study on applying the magnetic amplitude inversion to the
Furnas Southeast iron oxide-copper-gold deposit at low magnetic latitude in Carajas Mineral
Province, Brazil, and demonstrate that the approach can reliably recover an interpretable
distribution of effective magnetic susceptibility and identify massive magnetite from hydrothermal
alterations associated with the high-grade ore.

4.2 - INTRODUCTION
The exploration for copper sulfides and gold ore in iron oxide-copper-gold deposits (I0CG)
frequently uses the magnetic method because of the strong association between mineralization and
high magnetic susceptibility due to the presence of abundant magnetite. However, in strongly
magnetic geological environments, it is sometimes difficult to reliably interpret for magnetic
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sources due to the complex role played by remanent magnetization and the self-demagnetization
effect.

In low magnetic latitude and equatorial regions, the effect of remanent magnetization is even
more pronounced. Near the equatorial region such as in Brazil, the inducing magnetic field is
approximately three times weaker compared with that in regions of high magnetic latitudes, and so
is the corresponding induced magnetization given the same magnetic susceptibility. Consequently,
the effect of remanent magnetization is more important in these regions.

The Furnas deposit is such a case in point. It is located in the magnetic equatorial zone, but
has a total-field magnetic anomaly resembling those at middle latitudes in the northern hemisphere.
It is clear that the magnetization at Furnas deposit is significantly different from the current
inducing field direction at this site.

The Furnas copper-gold disseminated mineralization was produced by biotite-garnet-
grunerite-magnetite hydrothermal alteration with the chalcopyrite and bornite high-grade ores
associated with the presence of magnetite. The drill core sample measurements indicate that the
average and median susceptibility of the massive magnetite hydrothermal zone is 2.7 and 0.989 Sl,
respectively. The laboratory measurements have shown strong anisotropy in magnetic
susceptibility, with a ratio of major over minor axis of the anisotropy ellipsoid (anisotropy degree)
of 1.5 in the host rocks. The anisotropy degree can be as high as 2.5 to 3 in the magnetic
hydrothermal alteration zones. The major axis of the anisotropy ellipsoid is aligned with the dip of
the orebodies. Thus, it is certain that both self-demagnetization effect and the susceptibility
anisotropy contribute to deviating magnetization direction. Laboratory work also indicates that the
Curie temperature in the orebody is higher than in the host rocks and the pure magnetite. Therefore,
a stronger remanent magnetization is expected in the orebodies.

Laboratory measurements of oriented samples have also shown strong remanent
magnetization. Furthermore, petrophysical measurements show that the remanent magnetization
direction not only deviates significantly from the current inducing field direction but is also
changing within the orebody. The hydrothermal alteration emplacing the orebodies is structurally
controlled and resulting deposit consists of a number of bodies of sigmoidal shape. The injection of
magnetite pulses from hydrothermal fluids form multiple magnetic source bodies that acquired
remanent magnetization at different times and have different magnetization directions.

The significant remanence and self-demagnetization present in the Furnas deposit and the
resultant deviating magnetization direction severely limit the use of magnetic inversion methods
that recover the susceptibility distribution by assuming a magnetization in the same direction as the

current inducing field. Alternative approaches are required. Paine et al. (2001) transformed the
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total-field anomaly into quantities that are weakly dependent on the magnetization direction by
vertically integrating the total gradient of total-field anomaly or by calculating the total gradient of
the vertical integration of the magnetic anomaly. They then treated these quantities as if they were
RTP data and applied the magnetic susceptibility inversion by Li and Oldenburg (1996). Despite the
severe inconsistency between these quantities and the algorithm used to invert them, the approach
produced interpretable results and became an inspiration for other development. Li et al. (2010)
presented a two-pronged approach to tackling the problem of remanent magnetization. For simple
isolated anomalies, one can estimate the magnetization direction by using methods such as Helbig's
moment method (Lourenco and Morrison, 1973; Phillips, 2005) or the cross-correlation methods
(Dannemiller and Li, 2006; Gerovska et al., 2009), and then supply the direction to invert for the
magnitude of the magnetization. An alternative method is to invert the amplitude of anomalous
magnetic vector for the magnitude of the total magnetization. This method is more effective when
the magnetization direction is variable (Shearer, 2005). Lelievre and Oldenburg (2009) formulated a
direct approach by inverting for the 3D distribution of magnetization vectors. Later on, Ellis et al.
(2012) also presented this method, and Liu et al. (2013) applied it to multi-component borehole
data. This approach is generally applicable, but requires site-specific constraints to be effective
(Lelievre and Oldenburg, 2009). A similar approach based on parametric inversion is to invert for
the magnetization vectors within causative bodies together with their geometric shapes. Mueller et
al. (1997) used this approach to interpret borehole magnetic data in the presence of strong remanent
magnetization. Foss and McKenzie (2011) apply this approach to multiple sources in order to model
complex anomalies.

In this paper, we focus on the application of 3D magnetic amplitude inversion to a set of
high-resolution aeromagnetic data at Furnas Southeast deposit to recover the distribution of the
magnitude of the total magnetization. The reasons are twofold. First, the total magnetization
direction is variable and a single estimated direction is not expected to perform well. Secondly, it is
desirable to develop a strategy in this exploration region to invert magnetic data without detailed
constraints so that it can have the maximum applicability. We also use this data set as a case study
to examine the required processing steps that ensure the general applicability and success of the
magnetic amplitude inversion technique in exploration problems at low-latitude and equatorial
regions.

In the following, we first describe the site geology, mineral deposit model, and the magnetic
properties of different geological units. We then examine the total-field anomaly data and the use of
the equivalent source technique to stably calculate the magnetic amplitude data for use in the

subsequent inversion. We next carry out the amplitude inversion and investigate the use of the L-
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curve criterions to select the optimal regularization parameter in such inversions. We conclude the
study by carrying out the geological interpretation of the 3D inversion, and demonstrate the strong
correlation between amplitude inversion results with the known geology and mineralized zones

from drilling.

4.3 - GEOLOGICAL SETTING AND GEOPHYSICAL DATA

Geology and Petrophysics

The Furnas deposit is located in the Carajas Mineral Province, in the Northern region of
Brazil. The deposit is situated along the regional Cinzento transcurrent shear zone striking WNW-
ESE. The Cinzento lineament can be observed in the total horizontal gradient in Figure 4.1.
Metavolcano-sedimentary rocks correlated to the Grdo Pard Group, of the 2.76 Ga Itacailnas
Supergroup (Wirth et al., 1986), and sedimentary rocks correlated to the Aguas Claras Formation
host this portion of the deposit. The shear zone defines a contact between amphibole schist to the
north (hanging wall) and aluminous schist to the south (footwall) of the Itacailinas Supergroup,
interrupted by the intrusion of the 1.8 Ga Cigano Granite to the east (Wirth et al., 1986; Figure 4.2).
Regionally, the Itacaitnas Supergroup is surrounded by tonalitic to trondhjemitic gneisses of the
Xingu Complex (2.8 Ga U-Pb in zircon; Machado et al. 1991). The region is metamorphosed to
greenschist to amphibolite facies (CVRD, 2006).
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Figure 4.1. Location of the study area and the distribution of main granites. The study area is in the
northeastern Carajas. Furnas Cu-Au deposit occurs along the Cinzento lineament with a strike in NWW direction,

which is visible in the total horizontal gradient map of magnetic data.

The southeast segment of the Furnas copper-gold disseminated mineralization has a biotite-
garnet-grunerite-magnetite hydrothermal alteration assemblage. The mineralization is hosted by
massive magnetite, silicification, sodic-calcic, and potassic alteration. Figure 4.2 shows the detailed
local geology in the selected study area of 3 km by 3 km. Figure 4.3 displays the geology in a cross
section through the high-grade orebody. The location of the section is indicated in Figure 4.2. The
alteration zone is associated with a late-stage chalcopyrite and bornite veinlets and breccia. The

deposit is poorly exposed with a wide laterite profile of about 60 m.
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the map demarcates the two major sections of high-grade orebodies (Modified from Vale, 2012).
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Figure 4.3. A geological section of Furnas Southeast deposit at the location shown in Figure 4.2 (Modified from Vale,
2012).
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The alteration zone is associated with moderate to strong foliation. The Cu-Au
mineralization is concentrated in right stepping, NW striking, dilational structures along the WNW-
striking dextral shear zone. These structures produced elongated ore shoots during episodic
hydrothermal fluid flow events that caused brittle slip and brecciation.

The Furnas project carried out 17,789 measurements of magnetic susceptibility continuously
along 17,739 m of drill core from 69 drill holes (Vale, 2012). The hydrothermal magnetite alteration

is divided in three zones with strong magnetic susceptibility signatures (Table 4.1).

Table 4.1. The hydrothermal magnetite alteration zones susceptibilities.

Hydrothermal alteration zone | Mean (SI x 107°) | Median (Sl x 107°)
Massive magnetite 2,777 989
Amphibole and magnetite 1,550 308
Garnet, grunerite and magnetite 1,383 409

Figure 4.4 shows a representative drill hole log with the lithologies, hydrothermal alteration
zones, magnetic susceptibility measured on drill cores (in SI x 10), iron geochemistry (in
percentage), copper mineralization (in percentage) and gold mineralization (in grams per ton). This
figure summarizes the magnetic susceptibility behavior of the mineralized hydrothermal alteration
zones. We can observe that the mineralized magnetite hydrothermal alteration zone is well defined
between 275 to 350 m depth by high magnetic susceptibility values. Inside this interval we can
observe, around 310 and 340 m depth, two narrow mineralized silicification zones without
magnetite and consequently without magnetic susceptibility response. The same response can be
observed from 225 to 275 m depth on a mineralized silicification and chloritization zone. Around
180 and 215 m, we can see peaks of high magnetic susceptibility values associated with two narrow
magnetic hydrothermal alteration pulses. In general, the high copper-gold grades have strong
association with high magnetic susceptibility values that are correlated with high total-field
magnetic anomalies. Therefore, magnetic survey is one of the most effective geophysical tools for
exploration in this area. In particular, the magnetic anomalies help define the Furnas Southeast
deposit's geophysical signature.
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Figure 4.4. Representative drill hole 88 log with the lithologies, hydrothermal alteration zones, magnetic susceptibility,

iron geochemistry, copper mineralization, and gold mineralization.
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Magnetic data

The magnetic data were acquired in 2010 in a draped survey using a fixed wing aircraft and
a nominal terrain clearance of 100 m. The line direction was held at 78° NW and the line spacing
was 100 m. We use a subset of the data in the southeast portion of the deposit in this study in Figure
4.5a. The ambient field has an inclination of -5.7°, a declination of -19.8°, and a field strength of
25,400 nT. The corresponding local geology in the same area is shown in Figure 4.2.
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Figure 4.5. (a) The observed total-field magnetic anomaly over the southeast portion of the Furnas deposit. The data
area is the same as the local geology in Figure 4.2. The white dots show the location of the decimated data. The location
of the high-grade orebodies at 190-m level is shown in by thick black lines. The inducing field direction is | = -5.7° and

D =-19.8°. Each anomaly is characterized by a peak shifted to the south and an accompanying strong trough to the

north. This pattern is highly inconsistent with the total-field anomaly due to induced magnetization at the equatorial

region. (b) Theoretical total-field anomaly produced by induced magnetization at the same location. The horizontal

location of the source body is again shown by the black lines.

We decimated the total-field data from approximately 0.6 m sample spacing of the original
dataset to approximately 50-m spacing along the flight lines. We removed the IGRF field (25,400
nT) and performed no additional regional-residual separation. There are two main anomalies in
Figure 4.5a. A weak one is located in the southeast part of the area and a stronger anomaly in the
central-northwest part of the data area. The two anomalies are separated by a northeast-southwest
fault that has been previously mapped (Figure 4.2). The topography data were acquired in 2010
with a LIDAR system. We incorporate the elevation data fully in the processing and inversion, but
choose not to reproduce them here for brevity.

Superimposed on the total-field magnetic anomaly is also high-grade orebody at the
elevation of 190-m, which has a strike direction of NWW and dips to NE (see Figure 4.3). The two
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anomalies follow the direction of the orebody, but the peak of the anomalies are shifted to the
southwest, and there is a pronounced negative peak towards the north accompanying each anomaly.
It is clear that these anomalies are not of the pattern that would be produced by induced
magnetization at this low magnetic latitude. For comparison, Figure 4.5b shows the total-field
anomaly produced by two source bodies with induced magnetization only. Instead, the anomalies
appear more similar to anomalies at middle latitudes in north hemisphere. Given this observation
and the petrophysical information discussed in the preceding section, it is clear that remanent

magnetization and self-demagnetization are playing an important role here.

4.4 - AMPLITUDE INVERSION
Calculation of Amplitude Data

The main objective of this study is to recover a three-dimensional representation of the
magnitude of the total magnetization as a direct indicator of target orebody and mineralized zones.
Given the influence on the magnetic data by remanent magnetization and self-demagnetization, we
choose to use the magnetic amplitude inversion (e.g., Shearer, 2005; Li et al., 2010), which does not
rely critically on the knowledge of the magnetization direction.

As Nabighian (1972) has shown, the amplitude of the analytic signal in 2D, which is the
total gradient, is independent on the magnetization direction. This property also holds true for the
amplitude of the anomalous magnetic vector in 2D. In 3D, this invariant property does not strictly
hold true, but both quantities are only weakly dependent on the magnetization direction (e.g.,
Stavrev and Gerovska, 2000; Haney et al., 2003).

In particular, the amplitude data is defined as

B, = \/ng + B(%y + Bc%z' (1),

where Bay, Bay, and By, are the three components of the anomalous magnetic vector in the x-,
y-, and z-directions, respectively. Given the weak dependence of B, on the magnetization direction,
we can treat this quantity as our data and invert directly for the magnitude of magnetization vector
with an assumed magnetization direction. The amplitude data conserve the low-wavenumber
content and retain the signal due to deep magnetic bodies. The benefit of the amplitude inversion is
that we can invert multiple anomalies with different magnetization directions in complicated areas.

Although there is a small number of systems that can acquire three-component magnetic
data (e.g., Dransfield et al., 2003) and the data can be used directly in amplitude data calculation,

the majority of current surveys measure total-field and the majority of existing data from on-going
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exploration projects world wide are total-field data. The challenge, therefore, is the need to
calculate the three components from total-field magnetic data. In our current study, this operation is
difficult because of the low magnetic latitude (-5.7°). The commonly used wavenumber-domain
approach encounters the similar low-latitude instability as in the reduction-to-the-pole (RTP)
calculation, albeit to a lesser degree.

To illustrate the low-latitude instability, we calculate the three orthogonal components of the
magnetic anomaly in the Fourier domain, and then obtain the magnetic amplitude data using
equation 1. The result is displayed in Figure 4.6. The result has strong striation in the direction of
declination, as well the separation of two peaks along the same direction. There is little
correspondence between the computed amplitude anomaly and the known geology. The amplitude
inversion using this set of computed amplitude data is nonsensical and uninterpretable. For brevity,
we have not reproduced it. Thus, the Fourier domain conversion has failed as expected at this low

magnetic latitude.
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Figure 4.6. lllustration of the difficulties in calculating magnetic amplitude data at low magnetic latitudes in Fourier
domain. The result has strong striation in the direction of declination (D = -19.8°), as well the separation of two peaks

along the same direction. There is no correspondence between the computed amplitude anomaly and the known

geology.

To overcome the difficulty of low-latitude instability, we choose to use the equivalent source
techniqgue Dampney (1969). Many authors have used equivalent source technique in magnetic data
processing (e.g., Hansen and Miyazaki, 1984; Blakely, 1996; Silva, 1986; Li and Oldenburg, 2010).
More recently, Li and Li (2014) used this technique to calculate amplitude data in order to

accommodate an rugged observation surface. We use the similar approach here to deal with low
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magnetic latitude and an uneven surface at the same time. We use a 3D equivalent source consisting
of susceptibility values that can be either negative or positive. We construct an equivalent source
consisting of 50-m cubic cells from the total-field anomaly data shown in Figure 4.5a by placing it
immediately below the lowest topographic point. The optimal misfit level to the observed total-field
anomaly is determined by using the L-curve criterion during.

To verify the validity of the equivalent source calculation, we display the predicted total-
field magnetic anomaly and the difference map in Figure 4.7. We note that the predicted data
reproduces the observed total-field anomaly in Figure 4.5a well. The difference is small and

distributed symmetrically about zero. There is no long-wavelength residual either.
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Figure 4.7. Top panel shows the predicted total-field anomaly from the equivalent source processing. The bottom panel

shows the difference between the observed total-field anomaly and the predicted data.

Once the equivalent source is obtained, we use it to calculate the three orthogonal
components of the magnetic anomaly and obtain the magnetic amplitude data by equation 1. The
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result is shown in Figure 4.8. This set of computed amplitude data is much simpler in pattern and its
peak coincides with the location of the orebody. The excellent correspondence with known geology

indicates that the equivalent source technique has worked well.
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Figure 4.8. Magnetic amplitude using equivalent source calculation. The location of the orebodies at 190-m level is
shown in by thick black lines. The peaks of the amplitude data correlate well with the location of the high-grade
massive magnetite orebodies (thick black lines). The gap between the two amplitude anomalies coincides with the
location of NE fault shown in Figure 4.2 where the alteration is dominated by silicification and biotite-garnet-grunerite

assemblage without magnetite.

Although it is not central to our study, we remark that this example is also a good
demonstration of the power of amplitude data as a mapping tool in place of the traditional
reduction-to-pole (RTP) data. RTP operations are routinely applied to magnetic data in exploration
problems on a wide range of scales. The main purpose is to reduce the asymmetry in total-field
magnetic anomaly due to the oblique directions of magnetization and background field, so that the
magnetic anomaly is centered over the source bodies. However, RTP operation suffers from two
major challenges, namely, the unknown magnetization direction and the instability at low magnetic
latitudes. The amplitude data, on the other hand, achieve the same objective approximately but do
not rely on the magnetization direction and suffers much less from the low latitude instability. This
is clearly shown in Figure 4.8.
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3D Amplitude Inversion

We now proceed to the inversion of the amplitude data in Figure 4.8. We use the algorithm
presented by Shearer (2005) and Li et al. (2010). The method recovers a 3D distribution of the
magnitude of magnetization. For convenience, we normalized the magnetization by the inducing
field strength to define an effective susceptibility. The algorithm uses a Tikhonov regularization
formalism and relies on the nonlinear relationship between the amplitude data and the 3D effective
susceptibility model. Similar to 3D inversion of total-field anomaly, a depth weighting function is
applied and bound constraints are imposed to ensure the effective susceptibility is positive. The

inverse solution is obtained by solving the following constrained minimization problem,

minimize Q=04+ B0y,
subject to 0<k<by, (2),

where @, is the data misfit function, @,, the model objective function, 8 the regularization
parameter, and b,, an upper bound on the effective susceptibility .

To perform the inversion, we first used a coarse mesh whose cells have width of 50 m in x-,
and y-directions and thickness ranging from 25 m near the surface to 50 m in the vertical direction
down to a depth of 1.2 km. Padding cells were added to extend the mesh beyond the data area in all
directions to account for any regional component that may be in the data. Once we determine the
optimal parameters using this coarse mesh, we complete the final inversion with a finer mesh whose
cell width is 12.5 m in the core. We have used a depth weighting function consistent with the
inverse distance-cubed decay of magnetic kernel function, a model objective function consisting a
smallest term and flatness terms in all three-directions, and zero reference model. The zero
reference model is chosen to test the performance of the amplitude inversion in the absence of site
specific geological constraints so as to understand its utility in greenfield explorations.

The primary concern is the regularization parameter. Figure 4.9 display the change of data
misfit and model objective function with the regularization parameter. Both are well-behaved
monotonic functions. Since we do not have a prior estimation of the error standard deviation, we
rely on the L-curve criterion (Hansen, 1992) to determine the optimal level of regularization. This is
illustrated in Figure 4.10a, by using the similar graphical representation as in Krahenbuhl and Li
(2011). The Tikhonov curve (plot of model objective function versus the data misfit on a log-log
scale) has a well defined corner near the regularization parameter value of 10. We also visually
inspect the recovered models with all regularization parameters using similar cutoff values (Figure

4.10b) to see the effect of data misfit level on the recovered model. It is clear that the models are
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overly smooth when the regularization parameter is much greater than 10, and information from the
signal is not extracted. On the other hand, the models are affected by the noise in the amplitude data

and show excessive structures when the regularization parameter is much smaller than 10.
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Figure 4.9. The variation of data misfit (a) and model objective function (b) with the regularization parameter in the
inversion of the amplitude data in Figure 4.8. Both are monotonic curves and have characteristic behaviors as expected

in such inversions.

The fact that the Tikhonov curve exhibits a characteristic corner indicates there is clearly
identifiable noise level in the calculated amplitude data. Therefore, we can use the L-curve criterion
to select the optimal regularization parameter. This criterion states that the corner point of the
Tikhonov curve is the optimal trade off between fitting the data and having a structurally simple
model. The estimated optimal value for the regularization parameter is 10. Visual inspections of the
resulting model and the residual data map also indicate that this particular choice of regularization
parameter is appropriate. Thus the L-curve criterion has worked well in this case for estimating the
optimal regularization parameter and, equivalently, the corresponding errors in the amplitude data.

This in itself is an interesting result. For many amplitude inversions performed, the L-curve
criterion has not worked well. Part of the reason is that the amplitude data on a wide range of
wavelengths can be reproduced with relative ease during the inversion at a low data misfit level. As
a result, it is sometimes difficult to distinguish noise from signal in the amplitude data. Thus, the
current result is rather encouraging in this respect.

We then use the misfit level in the final inversion using the finer mesh. Figure 4.11 shows
the curves of data misfit and model norm values for the inversion of data with the selected
regularization parameter of 10. The convergence curve of the data misfit indicates that the fit
between observed and predicted data improved as the inversion advanced, the misfit decreases and
consequently structure of the model increases (Figure 4.11a). The model objective function

increases quickly during the first 9 iterations then decreases to a plateau, indicating that the major
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structures were constructed during the first iterations (Figure 4.11b). The solution converges in 28
iterations when the intended misfit is achieved and there is no more large reduction in the model

objective function.
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Figure 4.10. L-curve estimation of optimal regularization parameter. (a) is the Tikhonov curve, which has a well-
defined corner at = 10. (b) shows the variation of the complexity of recovered 3D effective susceptibility models with

the regularization parameter. All models are displayed as volume-rendered images with a cutoff value of 0.15 SI.
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Figure 4.11. Convergence curves for the final inversion of the amplitude data using the selected optimal regularization

parameter of 10.

The final inverted effective susceptibility model is shown in Figure 4.12 without padding
cells. Two strongly magnetic units are present as shown by the volume rendered image with a cutoff
value of 0.15 SI. The variation of the recovered effective susceptibility is also shown as color
contours in two cross-sections that intersect the two inverted magnetic bodies. Superimposed in the
image is also the position of the low-grade orebodies at level 190 m altitude and the drill hole
traces. We observe that the recovered magnetic bodies are aligned in the NW direction and dip to
the NE. To the first order, the amplitude inversion has produced a model that is consistent with the
general geology at the deposit.

[ Low-grade
“\_ Ore body
3 projection at
level 190 m
Drillholes traces

Figure 4.12. Recovered 3D model of the magnetic susceptibility. The two 3D objects are the volume rendered effective
susceptibility from the amplitude inversion shown with a cutoff value of 0.15 SI, viewed from southeast. Superimposed
are two cross-sections with color contours of the effective susceptibility. The section located towards the NW of the

image coincides with the geological section in Figure 4.3.
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4.5 - CORRELATION OF INVERSION RESULT WITH KNOWN GEOLOGY

The success of the amplitude inversion is evaluated not only by the level of data misfit and
the structural simplicity of the recovered model, but more importantly, by the correspondence
between the recovered 3D model of the effective susceptibility and the known source, which is the
massive magnetite orebody in this case. We now proceed to the detailed interpretation by
correlating with the specifics of the orebodies.

The structurally controlled hydrothermal alteration has large variations along the strike. The
deposit exhibits dilational structures, brecciations, and it consists of a number of bodies of
sigmoidal shape. These separate bodies open and close the ore shoots. The injection of magnetite
pulses from hydrothermal fluids form multiple magnetic source bodies that acquired remanent
magnetization at different times and have different magnetization directions. Despite the complexity
of the hydrothermal alteration system, the magnetic amplitude calculation and the inversion result
have a good correlation with the strike and the dip of the orebodies. In the following, we examine
the inversion result in plan- and cross-sections, and in 3D representations.

First, we note again that the magnetic amplitude calculated using equivalent source
technique is highly consistent with the horizontal location of the orebody as shown in Figure 4.8.
Also this image shows the gap between the two anomalies, which is consistent with a mapped fault
and the mineralization associated to silicification zone without the presence of magnetite. This
correlation has also translated to the inversion result as shown in Figure 4.12.

As shown in Figure 4.4, there is a strong association of copper-gold grades with magnetic
susceptibility. Thus, it follows that any subsurface region with high recovered effective
susceptibility can be interpreted as the high-grade orebodies.

The amplitude inversion has recovered two distinct magnetic bodies. The 3D correlation
between their strike direction and dip with the strike and dip of the known orebodies is excellent
(Figure 4.12).

Vale's Furnas Project has delineated the 3D deposit model of the high-grade copper
orebodies that represents the mineralized magnetite hydrothermal alteration zones using 69 drill
holes and has accurate information about their 3D configurations. Thus, we can compare the
interpreted orebodies from the amplitude inversion with the true orebodies. This is shown in 3D
volume rendered images viewed end-on (Figure 4.13a) and top-down (Figure 4.13b) from the
southeast. We observed that the elongated broad source (purple color) towards the NW resembles
the main massive magnetite body with high-grade ores (green). The smaller source resembles the
injection of mineralized magnetite pulses from hydrothermal fluid. There is an excellent spatial

correlation between the orebodies imaged by the amplitude inversion and orebodies delineated from

79

Capitulo 4 — Magnetic amplitude inversion at IOCG deposit



Universidade de Brasilia — Instituto de Geociéncias — Tese de Doutorado — Marcelo Henrique Le&do Santos

drill holes. The region between the two orebodies has mineralization from hydrothermal alteration,
but it is dominated by silicification and biotite-garnet-grunerite assemblage without magnetite. The
amplitude inversion therefore did not recover significant magnetic source and, as expected, could
not image the presence of mineralization there. Thus, the strong correlation both with magnetic
orebodies and non-magnetic mineralized zone demonstrates that the amplitude inversion has
performed well in this case. We further remark that this inversion has produced a good result
without using specific geological constraints. This is particularly important in greenfield mineral
exploration. Therefore, the methodology used in this test case is transferrable to other areas in this

region.
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Figure 4.13. 3D correlation of the recovered susceptibility model (purple) with the known orebodies (green) in the 3D

geological model of the high-grade mineralization zones constructed from extensive drilling in the Vale-Furnas Project.
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As a summary comparison, Figure 4.14 shows the geologic interpretation of the amplitude
inversion result in the representative section of the deposit displayed in Figure 4.3. There is a good
correlation between the recovered magnetic zone and the massive magnetite, the measured
susceptibility from drill cores, and the copper-gold mineralization zone. Over all, the recovered
susceptibility model has characterized the massive magnetite (outlined in light blue), and the known
mineralized zone (dark blue). The deeper extension of the recovered susceptibility indicates that the

actual orebody might extend much deeper than that intersected by the existing drill holes.
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Figure 4.14. Summary of the geologic interpretation of the amplitude inversion result in the cross-section coinciding
with that in Figure 4.3. The top panel shows the comparison between the total-field anomaly and calculated amplitude
data. The middle panel shows the calculated amplitude data in a narrow strip surrounding the section. The bottom panel
shows the comparison between the inversion result and the geology. The recovered effective susceptibility model (color
contour) has characterized the massive magnetite (outlined in light blue), and the known mineralized zone in dark blue.
Measured magnetic susceptibilities are also shown along several drill holes. The east most drill hole in this cross-

section is the same as that shown in Figure 4.4.
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4.6 - CONCLUSIONS

The magnetic amplitude inversion in the presence of strong remanent magnetization is
applied to a dataset acquired at Furnas Southeast deposit as a case study in the exploration for iron
oxide-copper-gold deposits (IOCG) in Carajas Mineral Province, Brazil. The Furnas deposit is
magnetically anisotropic, remanently magnetized, and has self-demagnetization effect. Further
compounding the difficulty is the location at an extremely low magnetic latitude, which poses
challenges in data processing.

In this work, we have first calculated the magnetic amplitude data using the equivalent
source technique. Then we carry out the amplitude inversion using an optimal regularization
parameter obtained using the L-curve criterion. The inverted effective susceptibility successfully
delineates the massive magnetite associated with the high-grade copper-gold ore. The strong
correspondence between the amplitude inversion without using structural or drill hole constraints
and the known geology and deposit model demonstrate the value of this approach.

This study also highlights the utility of amplitude data as a means for qualitative
interpretation and mapping tool in place of the traditional reduction-to-pole (RTP) data. Similar to
RTP data, amplitude data also reduce the asymmetry in total-field magnetic anomaly with respect to
the horizontal locations of source bodies. Amplitude may be more advantageous since their
calculation do not require the knowledge of magnetization direction. However, they are not entirely
independent of the magnetization direction, and it is important to be aware of this limitation in
interpretation based on such data directly or via inversions. Detailed numerical studies may be
required to further understand this aspect.

Overall, the case study shows that the approach of amplitude inversion is effective in this
complex scenario with multiple factors such as remanent magnetization and self-demagnetization
that affect the total magnetization direction, as well as the complications due to the extremely low
magnetic latitude. The methodology has high potential in the exploration for IOCG-type deposits in

the Carajas Mineral Province and other similar areas.
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5.1- ABSTRACT

Petrophysical measurements were performed along drill cores from the Furnas Southeast
deposit, which is located in the Carajas Mineral Province, Brazil. Magnetic susceptibilities were
incorporated into a three dimensional (3D) model and used to define the magnetic signatures of the
various hydrothermal alteration types associated with the iron oxide-copper-gold (IOCG)
mineralization. The disseminated copper and gold mineralization is associated with a calcic-sodic-
potassic hydrothermal alteration (dominated by biotite-garnet-amphibole-magnetite alteration
minerals) and followed by intense iron metasomatism with massive magnetite. The copper
(chalcopyrite and bornite) and gold mineralization are usually associated with magnetite. Magnetic
characterization related to the different hydrothermal alteration types and their host rocks show an
association of high-grade mineralization with magnetite.

High measured magnetic susceptibility values (mean = 2,277 x 10 SI and median = 989 x
107 SI) on hydrothermally altered rocks that contain massive magnetite indicate an abundance of
ferromagnetic minerals.

Measurements made using different equipment and measurement protocols were assessed to
determine the appropriate methodology needed to efficiently, and effectively, characterize the
magnetic signature of the host rocks and ore deposit.

The hydrothermal alteration is controlled by breccias, dilational structures, and several
bodies with sigmoidal shape that open and close the ore zones. The alteration types have large

variations along the deposit.
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The geological knowledge included here followed qualitative criteria that can be subjective
in the definition of lithotypes because of the great complexity in hydrothermal alteration types. This
study shows how the detailed characterization of physical properties in the IOCG system and three-
dimensional modeling can be used to define magnetic susceptibility signatures and describe
hydrothermal alteration zones with quantitative criteria to improve mineral exploration and the

evaluation of deposits.

Keywords: magnetic susceptibility, magnetite hydrothermal alterations, magnetic susceptibility

signatures, iron oxide-copper-gold (IOCG) deposit, Carajas Mineral Province.

5.2- INTRODUCTION

In recent decades, geophysical surveys have been used for prospecting iron oxide-copper-
gold (I0CG) deposits. Although the main characteristics of this type of mineralization are known, a
more detailed characterization is still required of how their physical properties define and
characterize their geophysical signatures, especially their magnetic signature.

The importance of iron oxide-copper-gold (IOCG) deposits has increased as one of the most
important classes of mineral deposits because of a number of major discoveries, such as the
Olympic Dam, Salobo, Prominent Hill, etc. The complexity and variability of this type of deposit
do not permit the definition of a single geological exploration model. Thus, detailed physical
property measurements on drill cores of the host rocks and hydrothermal alteration zones can help
characterize these deposits and assist with defining an exploration model.

The geological and magnetic characteristics of IOCG deposits have been discussed in the
literature. Worldwide, IOCG deposits were defined by Hitzman et al. (1992) and further described
by Porter (2000). In Brazil, Hitzman et al. (1992) include the Sossego and Salobo deposits from the
Carajas Mineral Province within the IOCG type. Some work applied magnetic petrophysics and
magnetic petrology to geological interpretation of magnetic surveys (Clark et al., 1992; Clark, 1997,
1999). Smith (2002) provided a generic description of the geophysical features of an IOCG deposit.
Afterwards, Sandrin and Elming (2007), and Sandrin et al. (2009) offered a more detailed
description of the physical properties, petrology and geophysics of this type of deposit. Recently,
numerous petrophysical studies have been conducted to solve the various problems and difficulties
encountered in the modeling of magnetic data, such as remanence, demagnetization and low
latitudes. Studies such as the one by Austin et al. (2013) used constrained modeling of petrophysical
data for IOCG deposits in Australia. The magnetic effects of hydrothermal alteration in porphyry

copper and iron-oxide copper—gold systems were reviewed by Clark (2014).
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In magnetite-rich hydrothermal environments, it is sometimes difficult to interpret physical
property measurements because of the strong magnetization and the variation of magnetic
properties as a result of different types of hydrothermal alteration events. The deposit has
undergone multiple alteration events that have imparted variations in the magnetic properties of the
rocks within and surrounding the deposit. Such an environment is represented by the I0CG type
mineralization found in the Furnas Southeast deposit. The mineralization consists of copper sulfides
(chalcopyrite and bornite) and gold ore that are spatially and genetically associated with iron oxide.

There are no previous studies that use petrophysical measurements to develop a magnetic
susceptibility model of an IOCG deposit in the Carajas region. This study presents physical
property measurements that were made on drill cores from the Furnas Southeast deposit. Particular
attention was given to a section of the deposit with high grade mineralization associated with the
presence of massive magnetite. In this section, multiple methods were used to measure the magnetic
susceptibility. The results are compared and an efficient methodology is established.

The purpose of this study was threefold: 1) to investigate the relationship between the high
grade mineralization and magnetite, 2) to distinguish the different magnetic susceptibility signatures
of the hydrothermal alteration zones, and 3) to conduct a 3D modeling based on appropriate
magnetic susceptibility measurements. The measurements were made on drill core samples from the
deposit using handheld magnetic susceptibility meters and laboratory techniques.

The final goal of this study was to characterize the magnetic susceptibility signature of the
copper-gold prospect, define a susceptibility model for the IOCG mineralization and hydrothermal

alterations of the same type. The results can be used when generating an IOCG exploration model.

5.3 - DEPOSIT GEOLOGICAL SETTINGS

The lithostratigraphy in the Carajas Mineral Province is complex and mostly consists of
Precambrian rocks that are overlain by younger sediments (Figure 5.1; Hirata et al., 1982,
DOCEGEOQ, 1988). The lithostratigraphy consists of several Precambrian units (Xingu, Pium and
Luanga Complexes; Plagué and Cateté Suites), Neoarchean metasedimentary and
metavolcanosedimentary sequences (ltacailnas Supergroup), Proterozoic anorogenic granitoids
(granitic plutons with Lower/Middle Proterozoic ages) and Phanerozoic cover units (Hirata et al.,
1982; DOCEGEO, 1988).
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Figure 5.1. (a) Geological map of the Carajas Mineral Province with the location of the Furnas deposit and the main Cu,
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The Furnas Southeast deposit is located along the WNW-trending Cinzento Transcurrent
System that is approximately 200 km long (Figure 5.2). The deposit is hosted in rocks correlated
with the metamorphosed volcano-sedimentary rocks of the Grao Para Group, which belongs to the
Itacaitinas Supergroup (2.76 Ga) and Aguas Claras Formation (Wirth et al., 1986; Figure 5.2). In the
Furnas Southeast deposit, a shear zone defines a contact between an amphibole schist on the north
(hanging wall) and aluminous schist on the south (footwall; Figures 5.3 and 5.4). These host rocks
were also, altered by hydrothermal processes. The Cinzento shear zone was intruded by the
anorogenic Cigano Granite (1.8 Ga) to the east and continues northwestward towards the Salobo
deposit (Wirth et al., 1986; Figure 5.2). The region is metamorphosed in the greenschist to
amphibolite facies and is covered by a thick lateritic cover.
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The rocks of the Furnas Southeast deposit can be correlated with supracrustal rocks of the
Igarape Salobo Group observed at the nearby Salobo Cu-Au deposit (Lindenmayer, 1990;
Lindenmayer and Teixeira, 1999). The rocks are difficult to interpret because of the intense
alteration. In general, an alteration that progresses from high- to low-temperatures is observed. The
high-temperature alteration is characterized by a biotite-garnet-amphibole-magnetite hydrothermal
assemblage, whereas the subsequent low-temperature alteration shows a biotite-chlorite-tourmaline-
carbonate-quartz-epidote-albite-hematite-magnetite assemblage. The mineralization itself is
associated with chalcopyrite- and bornite-rich late stage veins and breccias (Figure 5.5). The
hydrothermal alteration zones have a lenticular shape and thicknesses of 20 to 600 m, and extending
approximately 9 kilometers along the entire deposit. The study area of this paper is located at two
kilometers in the extreme southeast of the deposit being dominated by high-temperature alterations

(biotite-garnet-amphibole-magnetite hydrothermal assemblage).

(b)%
Figure 5.5. Photographs of ore samples. (a) Chalcopyrite. (b) Bornite.

In the Furnas Northwest deposit, which is outside of the study area, a basement
monzogranitic rock with local pegmatites and granophyres is found. This unit is informally referred
to as Furnas granitoid and has penetrative foliation from heterogeneous ductile deformation events.
They are similar to the hornblende-biotite monzogranite facies from the Geladinho Granite Stock,
aged 2.688 + 11 Ma (Pb-Pb by zircon evaporation; Barbosa et al., 2001).

Quiartzites and schists occur to the north and south of the deposit, respectively (Figure 5.3).
The quartzites may be correlated with the Aguas Claras Formation. The schists contain andalusite-
kyanite-sillimanite-staurolite and have been described as resulting from the deformation and
metamorphism of aluminous pelitic sediments that are most likely correlated with the Aguas Claras

Formation. In the northern portion, schists contain amphiboles (Figure 5.3). They are interpreted to
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result from deformation and metamorphism of volcanic rocks with the mostly likely protoliths
being the Gréo-Para Group. The presence of both, the aluminous and the amphibole alteration could
be considered pre-mineralization distal halos. There are banded iron formations in the Grdo-Para
Group.

In the eastern portion, the anorogenic Cigano Granite, aged 1.8 Ga (Wirth et al., 1986), is
described as an isotropic monzogranitic rock with portions of moderate primary foliation (Figure
5.3). Cigano Granite rocks are leucocratic with gray-pinkish colour, coarse to medium grained,
monzogranitic composition, with amphibole and biotite. Those rocks have a discordant contact with
the quartzites correlated with Aguas Claras Formation.

The observed tectonic features of Furnas Southeast deposit are related to heterogeneous
deformation of different grades. In general, the deposit rocks have mylonitic fabrics (transposition
foliation) with a brittle-ductile behavior at spaced zones. They present at least two brittle to brittle-
ductile overlapping fabrics (concordant or not). The brittle to brittle-ductile fabrics are characterized
by bands of cataclastic flows. They also bear regions of hydraulic fracturing marked by a
predominance of breccias (cataclastic, hydraulic, hydrothermal), faults and veins/veinlets consisting
of quartz + albite + hematite + specularite + chlorite + amphibole + biotite + epidote + tourmaline +
carbonate, and with sulfides overlapping these fabrics. The directions range from WNW-ESE to
NNW-SSE (plunging from 30° NE to 88° NE). These are the most common and important fabrics
in the tectonic-hydrothermal context of the area and they conditioned the mineralizing input of the
deposit. The fabrics are related to the mechanism of shear deformation under high amounts of
hydrothermal fluids. Furthermore, the fabrics are typical for hydrothermal conduits controlled by

cataclastic flow with fragmentation of crystals and grains, and dragging along the conduits.

54 -HYDROTHERMAL ALTERATION AND MINERALIZATION
The Furnas Southeast deposit copper-gold disseminated mineralization has a biotite-garnet-
amphibole-magnetite hydrothermal alteration assemblage. Although the hydrothermal alteration and
mineralization type and intensity vary throughout the orebodies, a consistent alteration and
mineralization paragenetic sequence could be distinguished (Table 5.1). The hydrothermal
alteration characterizations were based on the macroscopic observations supported by petrographic

studies.
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Table 5.1. Lithotypes, hydrothermal alteration zones and mineralogy.

ALTERATION
DESCRIPTION TYPE MINERALOGY
Chlorite alteration Chloritization Chlorite
Amphibole-Magnetite Calcic-Sodic- || Amphibole (Actinolite), Magnetite + Garnet = Quartz +
hydrothermal alteration Magnetite Biotite + Chlorite

Amphibole

hydrothermal alteration Calcic-Sodic || Amphibole (Actinolite) + Quartz + Biotite £ Chlorite

Massive Magnetite
hydrothermal alteration

Magnetite + Amphibole (Grunerite, Actinolite,

Magnetite Hornblende = Hastingsite) + Quartz

Garnet-Grunerite-Magnetite
hydrothermal alteration

Garnet (Almandine), Amphibole (Grunerite), Magnetite +

Calcic-Magnetite Biotite + Chlorite

Hydrothermal alteration zones

Garnet-Grunerite Calcic Garnet (Almandine), Amphibole (Grunerite) = Quartz
hydrothermal alteration Chlorite * Biotite

Biotite Potassic Biotite, Quartz, Plagioclase, Phengite = Garnet
hydrothermal alteration ' 'rag ' gree =

Silicification Silicic Silica, Sericite

Albitization Sodic Albite

Quartz, Plagioclase, Microcline, Biotite, Chlorite

Monzogranite (xpegmatites, granophyres)

@ | Quartzite Quartz * Sericite

[&] A A

o R L. R + =
S | Amphibolitic schist Amp_hlbqle (Grunerite), Quartz + Hornblende
3 Hastingsite

T ||Banded iron formation Magnetite, Silica

Quartz, Biotite, Sericite, Andalusite, Staurolite, Silimanite

Aluminous schist + Garnet + Chlorite

The presence of magnetite was first tested using a handheld magnet. Magnetic susceptibility
measurements were subsequently used to show magnetic properties of the various lithologies and
alteration zones.

Sodic alteration is the earliest alteration type observed. The sodic alteration is mainly
associated with albite veins in the Furnas Southeast deposit. However, the alteration is best
observed in the Furnas Northwest deposit, outside the study area, where host rocks consist of the
Furnas Granite.

A silicic alteration type is widely distributed over the deposit that can completely transform
the host rock. The silica-rich alteration forms zones that are lenticular. Narrow bands of sericite and
quartz characterize the silicic alteration type. The silicic alteration may also contain chalcopyrite
and rarely bornite. Importantly, magnetite is absent.

Potassic alteration type is common near the brittle-ductile to brittle deformed rocks.
Mineralized bodies are commonly associated with potassic zones that are essentially composed of

biotite with a schistose texture and locally within tectonic-hydrothermal breccias cemented with
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biotite. In addition, the potassic zone has a significant association with garnet, magnetite and silica
alteration minerals.

The calcic alteration type is concurrent with or subsequent to potassic alteration. Calcic
alteration exhibits coarse-grained garnet proximal to mineralized zones with fine-grained garnets
found more distal. This alteration is associated with aluminous schists and biotite, grunerite and
magnetite alteration minerals.

The calcic alteration type typically overprints potassic alteration. The mineral assemblage
includes garnet-grunerite. The alteration occurs in association with bands of silicic alteration. The
garnet-grunerite calcic alteration has variations from isotropic to anisotropic textures, and from
ductile to brittle-ductile deformations. This alteration also occurs in association with a garnet-
grunerite-magnetite mineral assemblage.

Magnetite is directly associated with high-grade copper and gold mineralization. This stage
of high iron metasomatism forms massive magnetite. The magnetite-bearing fluid flow was
structurally controlled. The magnetite alteration type overprints the calcic-sodic alteration type and
forms bands with the garnet-grunerite-magnetite assemblage. There is also a strong association with
the brecciated silicification.

The calcic-sodic atleration type is dominated by amphiboles (predominance of actinolite)
and has variable amounts of quartz, tourmaline and plagioclase. Chalcopyrite and bornite are locally
found. This alteration type often occurs after the magnetite, potassic and silicic alteration types.
However, magnetite infiltrations also appear in the calcic-sodic alteration that is dominated by the
amphiboles. In general, sulfidation occurs in association with these amphibole-magnetite
assemblages.

Subsequently, some final weak alteration types occur and were not included in Table 2. The
first is a new potassic alteration process with biotitization that occurs followed by a strong chloritic
process, which partially or completely alters the rocks of the area, with local areas of hydrothermal
breccias with mineralized chlorite-hematite-magnetite. The other late alterations are related to
carbonation and silicification. Calcite occurs in association with gquartz-hematite-magnetite-pyrite-

chalcopyrite-epidote-albite-biotite-tourmaline veinlets.
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5.5- METHODS
Rock magnetism

Magnetic susceptibility ( y,) measures the magnetization capacity of a material when
subjected to a magnetic field. The proportionality coefficient (y, ) defines the magnetic

susceptibility of the environment or material considered.

M=y, -H, (1),

where M is the induced magnetization in ampere per meter (A/m); H is the inducing magnetic

field in ampere per meter (A/m); and y, is the magnetic susceptibility of the material (non-

dimensional).

The magnetic behavior of a rock under the action of a magnetic field depends on its
mineralogical composition. All the diamagnetic, paramagnetic and ferromagnetic minerals present
in a rock contribute to its magnetic susceptibility. Most existing minerals have low susceptibility,
and a small portion of the magnetic minerals that compose the rocks is usually responsible for the
higher susceptibility values.

In diamagnetic minerals, susceptibility is weak, negative and reversible; the mineral is
magnetized in the direction opposite to the applied magnetic field, and the magnetization drops to
zero when the magnetic field is removed. Diamagnetic minerals have susceptibility values of
approximately -10°° SI, with quartz and calcite as examples.

In paramagnetic minerals, susceptibility is small, positive, reversible and varies inversely
with temperature; the mineral is magnetized in the same direction as the applied magnetic field, and
the magnetization drops to zero when the magnetic field is removed. In paramagnetic minerals, the
susceptibility values vary between 10 and 10 SI, and examples of minerals with this property are
amphibole, biotite, feldspar and plagioclase.

Ferromagnetic minerals exhibit strong spontaneous magnetization and high magnetic
susceptibility values. Ferromagnetic is a general term that encompasses both ferrimagnetic
minerals, such as magnetite, and antiferromagnetic minerals, such as hematite*. The iron-titanium-
oxygen series has a solid solution of magnetic minerals that ranges from magnetite (Fe,O,4) to
ulvospinel (Fe,TiO4). The most abundant ferromagnetic mineral is magnetite, whose Curie

temperature is 580° C. The magnetic characteristic of the rock is affected by the fabric, distribution,

! Hematite (Fe,O;) is a commom iron oxide classified as an antiferromagnetic material. The occurrence of a parasite
antiferromagnetism can generate magnetic anomalies in hematites. In the iron-sulfur series, pyrrhotite can be either ferromagnetic or
antiferromagnetic depending on its composition with iron-poor end-members being ferromagnetic and iron-rich end-members being
antiferromagnetic.
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shape and size of the magnetic grains. A common method of classifying the magnetic character of
the rock is to evaluate the amount of magnetite (Kearey et al. 2002).

Magnetic anomalies can be associated with the alteration of magnetic minerals in rocks that
host mineral deposits related to hydrothermal systems (Hanna, 1969; Criss and Champion, 1984;
Clark, 2014) and delineate “fossil” hydrothermal activity zones. Porphyry systems commonly
make/destroy magnetite in host rocks (Hoschke, 2008). However, direct detection of ore body is
limited to iron resources that occur in magnetite-rich banded iron formations. The magnetic method
is a key tool for inferring the subsurface structures and for mapping anomalous concentrations of
magnetite, which is the main magnetic material in the crust. It can similarly be used on magnetite
concentration mapping occurring on many economic mineral deposits where this mineral is
associated (Hoover et al. 1992; Clark, 2014).

Magnetic susceptibility measurements

The susceptibility meters KT-9 and KT-10 (Figure 5.6a) and the susceptibility (and
conductivity) meter MPP — EM2S (Figure 5.6b) were used. Their manufacturers and basic technical
specifications are listed below (Table 5.2).

It was seen that the magnetic susceptibility value:

(1) increases with the amount of magnetite in the sample (expected),

(i) decreases as the distance between the sensor and the sample increases,

(iii)  depends on the shape of the sample and

(iv)  tends to increase with an increase of the contact surface for an equivalent content

magnetic ore (Figure 5.6¢).

All the measurements were conducted on split drill cores that were at least 40-mm-thick to
ensure a good contact area with the sensor (Figures 5.6d and 5.6e). Measured conductivity values
were recorded and positive results were not obtained, which are possibly related to the disseminated

character of the mineralization (not massive).
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Figure 5.6. (a) Susceptibility meter KT-10. (b) Susceptibility/conductivity meter MPP - EM2S. (c) Sketch of the sample

- sensor contact surface. (d) Measurement procedure with the susceptibility meter KT-10. (¢) Measurement procedure

with susceptibility meter/conductivity meter MPP - EM2S.

Table 5.2. Main specifications of susceptibility meters KT-9 and KT-10 and susceptibility meter/conductivity meter
MPP-EM2S.

Susceptibility meter

KT-9

KT-10 — Plus

MPP — EM2S

| Manufacturer

Georadis

Instrumentation GDD |f

Susceptibility sensitivity

1x10°SI

1x10°SI

1x10°SI

Susceptibility range

9.9x 107 Sl to
999.9 x 102 SI

-0.999 x 10> to
9,999 x 102 SI

10°t0 9,000 x 107 SI

Operating frequency

10 kHz

10 kHz

10 kHz

Operating temperature

-10 to 55°C

-20 to 60°C

0 to 50°C

Dimensions

18.7 x6.5cm

20x5.7x3cm

31x25x18cm

Coil diameter

Sampling methods of the magnetic susceptibility measurements

6.5cm

6.5 cm

2.54 cm

Magnetic susceptibility measurements were made on drill cores from the Furnas Southeast

deposit. These measurements were used to characterize the magnetic signature of the lithotypes and

hydrothermal alteration zones associated with the deposit. A total of 17,789 measurements were

made along 17,739 meters of drill cores from 69 drill holes. The drill cores were HQ diameter

(96.40 mm) through the weathered material and NQ diameter (76.20 mm) in fresh rock. The

systematic magnetic susceptibility measurements along the deposit were taken with two different

sensitivities described below (Figure 5.7).
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Figure 5.7. Drill hole location map. Measurement schematics: lower sensitivity magnetic susceptibility (MS)
measurements (KT-9) in green; higher sensitivity MS measurements (KT-10) in yellow; drill holes without MS
measurements in white; and low grade orebody projections at an elevation of 190-m in red. The geological section

location (see Figure 5.4) is indicated in the map, and the numbers of the drill holes used in this work are highlighted.

Four rounds of magnetic susceptibility measurements were made:

1 - The first round of data collection used the KT-9 susceptibility meter (having lower
sensitivity of 1 x 10 SI units), with 8,514 measurements acquired along 6,862.35 m of 30 drill
holes. Measurements were taken every 1 m (CVRD, 2006).

2 - The second round used the KT-10 meter (with a sensitivity of 1 x 10° SI units). A total
of 9,275 measurements were acquired along 10,877.13 m of 39 drill holes. Measurements were
taken every 1 m (Vale S.A., 2012).

3 - In the third round, different equipment and measuring configurations were conducted on
the drill hole number 88. The purpose was to establish an optimal sampling and measurement
procedure. Sample intervals of 0.2 m and 0.5 m along the drill cores were tested. Also,
measurements were made on sample aliquots collected every meter along the drill core that were

analyzed for chemistry. These aliquots were prepared by homogenizing the drill cores along each
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meter to perform geochemical assays. Besides the KT-9 and KT-10 susceptibility meters the MPP
equipment was also used.

4 - In the fourth and final round, the susceptibility and anisotropy degree measurements
were carried out at the laboratory (Laboratorio de Anisotropias Magnéticas e de Magnetismo de
Rochas, Instituto de Geociéncias — 1Gc, Universidade de Sdo Paulo — USP). In this round,
laboratory measurements were used to validate measurements taken with handheld susceptibility
meters and to evaluate the anisotropy degree of the mineralization. Measurements were made on
487 specimens from 136 samples that were collected from 6 drill holes (88, 111, 112, 114, 118 and
125). In general, each sample had four specimens with a cylinder having size of 25.4 mm in
diameter and 22 mm in length. The equipment used was a Kappabridge KLY-4S (Figure 5.8),
which is a modular system designed to measure the magnetic susceptibility and its anisotropy in
variable fields (anisotropy of magnetic susceptibility - AMS; AGICO, 2004).

Figure 5.8. Equipment used for laboratory determinations, Kappabridge model KLY-4S (Laboratdrio de
Anisotropias Magnéticas e de Magnetismo de Rocha - Instituto de Geociéncias - Universidade de Sao Paulo).

A quality control procedure was established for all magnetic susceptibility measurements.
Because of the large variation between the sensitivities and the detection limits of the two
susceptibility meters used in the first two rounds, their specific databases were analyzed and
interpreted separately. This was because joined databases showed means and histograms that do not
represent the lithotypes and hydrothermal alteration zones.

Statistical analysis consisted of frequency diagrams of magnetic susceptibility values in
uniform classes and, as such, characterizing the susceptibility signatures for each lithotype and each
hydrothermal alteration zone. They indicated the data distribution and its populations, symmetries
and dispersions.

The mean, median, mode, and standard deviation values were assessed. Here, the mean
indicates where the data are most concentrated and represents the frequencies equilibrium point in
the histograms. When the distribution was too dispersed or the standard deviation was too high, the
median was used. The median is a central tendency value that separates the lower half of the

population from the upper half. The mode is the value that has the greatest number of observations
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and occurs most frequently in the data set. Thus, in situations where the mean and the median were
not well defined, the mode was used. The standard deviation is the common measure of statistical
dispersion showing the variation around the mean.

The geochemical assays of iron, copper and gold from the drill cores were performed in the
samples collected along every 1 meter. The analytical methods included Fire Assay for gold (in g/t)
and multi-acid/ICP-MS for iron and copper (in percentage) (CVRD, 2006; Vale S.A., 2012).

5.6 - COMPARISON BETWEEN DIFFERENT
SUSCEPTIBILITY METERS AND SAMPLING METHODS
Profiles sampled with different intervals and equipment in the third round of measurements
from drill hole 88 were plotted for comparison. As expected, the readings with a spacing of 0.5 m
from KT-9 meter (black profile) have much lower resolution compared to that from KT-10 meter
(blue profile; Figure 5.9). Differences in sensitivity and detection limits of the equipment are the
reasons of this contrast (Table 3). These results indicate that the KT-10 meter may provide more

reliable measurements.

KT10-20 cm MPP - 20 cm KT10 - ALIQUOT

00
000T —
00ST —
0002 —

00Z

008

measurements

100

150 f

200

2507

350

—

400
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No
measurements

Figure 5.9. Magnetic susceptibility measurements of the drill cores and geochemical sample aliquots. Measurements
with KT-9 and 0.5 m spacing (black profile), KT-10 and 0.5 m spacing (blue profile), KT-10 and 0.2 m spacing (green
profile), MPP and 0.2 m spacing (red profile), and KT-10 in geochemical sample aliquots (magenta profile).
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The KT-10 meter data, with an increase in sampling density readings at 0.2 m intervals
(green profile), provided a better definition for the magnetic levels when compared to the 0.5 m
spaced data (blue profile; Figure 5.9). Another interesting observation is that the KT-10 meter data
(green profile) proved more effective in delineating lower susceptibility values than the MPP (red
profile; for example depth interval 0-150 m in Figure 5.9). This may be due to its lower detection
limit compared to the MPP meter (Table 3).

For measurements taken at depths interval from 150 to 400 m on the samples prepared for
the geochemical assays (magenta profile), the results showed better stability when compared to the
measurements on the drill cores. Also, the aliquot measurements are, in general, lower than the
measurements made on the drill core (Figure 5.9). Possibly, this is because of the greater

homogenization of the contents of these samples in the representation of the same intervals.

5.7 - LABORATORY MEASUREMENTS

The high sensitivity magnetic susceptibility laboratory measurements performed in the
fourth round with the Kappabridge (KLY-4S) meter were used to check and to validate the
handheld acquired data. Comparison of measurements from the different meters shows that there is
agreement between data from KT-10, MPP, and KLY-4S (Figure 5.10). Thus there is high
confidence in the KT-10 measurements made on drill cores.

Magnetic susceptibility measurements have been plotted along with corresponding alteration
types (Figure 5.11). The magnetic susceptibility measurements depict three main signatures
(Figures 5.11a, 5.11c, 5.11e and 5.11Q):

(i) intermediate values (averaging 1 x 10 SI) correlated with the aluminous schists host
rocks and hydrothermal alteration zones without magnetite (garnet-grunerite and
amphibole hydrothermal alteration zones),

(i) low values (less than 0.5 x 10° SI) occur in the silicic zone, and

(iii)  (very) high values (over 100 x 10 SI to >9999 x 10 SI) in the hydrothermal
alteration zones that contains magnetite (massive magnetite, garnet-grunerite-

magnetite and amphibole-magnetite hydrothermal alteration zones).
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Figure 5.10. Magnetic susceptibility measurements with laboratory (LAB SM), KT-10 meter and MPP meter compared
along the relative depths of drill holes 111, 112, 114 and 118.

The laboratory magnetic susceptibility measurements show strong anisotropic characteristics

(Figure 5.11) where magnetic susceptibility is preferentially oriented. The degree of anisotropy is a

measure of the ratio of the major and minor axis measurements and range between 2 to 5 in the

magnetite-rich alteration zones. The anisotropy degree is very low in the host rocks and

hydrothermal alteration zones without magnetite (Figures 5.11b, 5.11d, 5.11f and 5.11h). The major

axis of the anisotropy ellipsoid is aligned with the dip of the orebodies. Thus, it is certain that both

self-demagnetization effect and the susceptibility anisotropy contribute to deviating magnetization

direction.
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Figure 5.11. Correlation of the lithologies and hydrothermal alteration zones with the laboratory magnetic susceptibility

(graphs to the left) and anisotropy degree measurements (graphs to the right). Drill holes 88, 111, 122 and 118.
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5.8 - MAGNETIC SUSCEPTIBILITY SIGNATURES OF THE
IRON OXIDE-COPPER-GOLD (I0CG) MINERALIZATION

Magnetic susceptibility measurements are used to characterize the magnetic signature of the

Furnas Southeast I0CG deposit. Statistical analyses on measured data are related to drill core

observations. A synthesis shows the magnetic susceptibility behavior of the various rocks and

alteration types (Figure 5.12).
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Figure 5.12. Box plot log of magnetic susceptibility versus lithotypes with values from the higher sensitivity

susceptibility meter (KT-10). The predominance of ferrimagnetic, paramagnetic and diamagnetic minerals is

represented in red, green and blue rectangles respectively. HAZ = hydrothermal alteration zone, Bt = biotite, Al =

aluminous, Am = amphibolitic, Silicif = silicification, Chlorit = chloritization, Mt = magnetite, Gru = grunerite, Grt =

garnet, Amp = amphibole, Gra = granite, BIF = banded iron formation.
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High median values were tied to lithotypes bearing ferromagnetic minerals: magnetite, in
this case. The highest values are associated with massive magnetite in the hydrothermal alteration
zone. Additional high values are observed in the garnet-grunerite-magnetite and amphibole-
magnetite altered rocks, as well as unaltered rocks in the banded iron formations. The intermediate
median values are representative of the biotite, garnet-grunerite, amphibole and chlorite
hydrothermal alteration zones, which is likely due to the presence of more paramagnetic minerals,
opposed to ferromagnetic magnetite. In addition, the amphibolitic and aluminous schist lithotypes
also have intermediate values. The lowest median values are correlated with granite and quartzite
lithotypes, as well as the silicic alteration type. This is interpreted to be due to an abundance of
paramagnetic and diamagnetic minerals.

Five drill holes, numbers 88, 48, 34, 31 and 125, were selected to show characteristic

magnetic susceptibility signatures because they best represent the lithotypes and the mineralization.
Their individual core logs (Figures 5.13 to 5.17) were used to describe the lithotypes and
hydrothermal alteration zones synthetized above (Figure 5.12).
Drill hole 88 shows strong correlation between lithotypes, alteration, and magnetic susceptibility
(Figure 5.13). A magnetic zone with high grade mineralization is well defined between 275 m and
350 m depths by their high magnetic susceptibility values. Inside this magnetite zone, there are two
narrow zones with no response at 310 m and 340 m depths, which correspond to silicic altered rocks
with higher Cu and Au grades. The same response can be observed in the depth range of 257 to 275
m, in another mineralized silicification zone. Two narrow zones with high grade mineralization are
located in secondary faults at depths of 180 m and 215 m. These zones have high magnetic
susceptibility values that are related to magnetite-rich hydrothermal alteration (Figure 5.13). Similar
behavior can also be found on data for drill holes 48 (Figure 5.14), 34 (Figure 5.15), 31 (Figure
5.16) and 125 (Figure 5.17).
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Figure 5.13. Drill hole 88 log with strong iron oxide-copper-gold IOCG mineralization between 275 m and 350 m
depths. Chloritization can be observed at the top and potassification and silicification at the log base. The drill hole

location can be found in Figure 5.7.
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Figure 5.14. Drill hole 48 log with the amphibolitic schist on top and aluminous schist on the base hosting the

mineralized zone. From depths of 169 to 211 m, the low magnetic susceptibility and high iron grade signatures of the

banded iron formation are shown. From depths of 230 to 400 m, the mineralized zone is dominated by silicification.

The drill hole location can be found in Figure 5.7. No positive gold assay values were obtained below the legend.
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Figure 5.15. Drill hole 34 log with the banded iron formation, magnetite and silica bands well defined in the magnetic
susceptibility, iron grade and density properties (212 to 260 m depths). From depths of 145 to 192 m, the strong iron

oxide-copper-gold IOCG mineralization can be observed. The drill hole location can be found in Figure 5.7.
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Figure 5.16. Drill hole 31 log with the quartzite low susceptibility, low iron grade and low density signature (65 to 122
m depths). From depths of 152 to 171 m, the strong iron oxide-copper-gold IOCG mineralization can be observed. The

drill hole location can be found in Figure 5.7.
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Figure 5.7.
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Lithotypes

The magnetic responses of the lithotypes are characterized using measurements taken with
the higher sensitivity equipment (KT-10). The exception was on the banded iron formations that
were analyzed with both the higher sensitivity data (KT-10) to evaluate the absolute values and the
lower sensitivity equipment (KT-9) to generate the histogram because of the larger number of
samples measured.

The schist host rocks have susceptibilities grouped in histograms that show normal
distribution (Figures 5.18a and 5.18b). Typical magnetic susceptibility values for schists are around
1.5 x 10 SI (Telford et al., 1990) which agrees well with the observed median and mean values,
1.8 and 2.44 x 107 Sl respectively, for the aluminous schists. The amphibolitic schist has higher
susceptibility values. It has a median value of 8 x 10 SI, a mean value of 36 x 10 SI and mode of
4 x 10 SI. The large number of samples for these rocks (3,119) reflects the large extension drilled
to intercept the mineralized area, especially in the amphibolitic schist, which is the upper host rock
(2,085 samples).

Drill hole 48 shows the amphibolitic schist at the top and aluminous schist at the base
hosting the mineralized zone. At depths of 49 m and 511 m, the input of non-mineralized

hydrothermal alteration fluids is observed along with amphibole and garnet-grunerite (Figure 5.14).
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Figure 5.18. Statistics and histograms of the magnetic susceptibility measurements. (a) Aluminous schist.
(b) Amphibolitic schist.
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The banded iron formations occur mainly on the southeast portion of the studied area.
Statistical analysis of the magnetic susceptibility measurements using the higher sensitivity data
(KT-10) for these rocks show that they have median value of 182 x 10 SI, a mean value of 1,758 x
10 Sl and the maximum value of 8,665 x 10 SI. The lower sensitivity equipment (KT-9) was
used to generate the histogram because of the larger number of samples measured (Figure 5.19).
The histogram shows bimodal distribution with high values reflecting the ferrimagnetic behavior of
the bands with magnetite, which peak at 104.8 x 10 SI, whereas the lower values reflects the
diamagnetic behavior of the silica bands, which peak at 0.72 x 10° SI (Figure 5.19).

In drill hole 48, the banded iron formation signature can be observed between depths of 169
and 211 m (in gray); there is an absence of magnetic susceptibility response because of the presence
of hematite in this interval, which was observed in the iron geochemistry. The susceptibility
response associated with the punctual presence of magnetite can be observed at the beginning of
this interval (Figure 5.14).

For drill hole 34, a similarity of magnetic susceptibility signatures, iron grade and density is
found between depths of 212 and 260 m for the magnetite and silica bands in the iron formations.

No copper and gold mineralization is present on the banded iron formations (Figure 5.15).
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Figure 5.19. Statistics and histogram of the banded iron formation magnetic susceptibility measurements.

The monzogranite rocks have been affected by albite hydrothermal alteration. These
rocks have low magnetic susceptibility values which likely reflect the predominance of
paramagnetic minerals in the rock, such as feldspar, plagioclase and biotite, and diamagnetic
minerals, such as quartz. The median value is 0.8 x 10 SI, the mode is 0.2 x 10° SI and the mean
is 3.5 x 10 SI, (Figure 5.20a). The low number of samples (61) is a result of the low occurrence of

these rocks in the Furnas Southeast deposit.
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The quartzite show relatively low magnetic susceptibility values (Figure 5.20b). For
quartzite, the minimum value of -0.03 x 10° SI (Figure 5.20b), is due to the diamagnetic
characteristics of the quartz, which include weak susceptibility and negative values in its purest
form. Statistical analysis of quartzite samples show low mode value of 0.04 x 10 SI, median of
0.66 x 10 SI and mean of 0.66 x 10° SI (Figure 5.20b). These values are high for pure quartzite.
However, negative values probably do not occur in abundance because of the elevated presence of
paramagnetic minerals such as sericite and equipment limitations.

Drill hole 31 shows low values for both magnetic susceptibility and density for the quartzite
(65 to 122 m depths; Figure 5.16). Mineralization in host rocks such as quartzite shows that
mineralizing fluids can penetrate any rock type. Quartzite is more mineralized when in contact with
the magnetite-garnet-grunerite high grade zone. The strong signature of the mineralization of iron
oxide, copper and gold (IOCG) is observed from 110 to 171 m depths (Figure 5.16).
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Figure 5.20. Statistics and histograms of magnetic susceptibility measurements. (a) Granite. (b) Quartzite.
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Hydrothermal alteration zones

Within the hydrothermal alteration zones, a trend of higher susceptibility values compared to
the host rocks can be observed, especially in the potassic zone and garnet-grunerite zone. In these
zones, the maximum values reach 5,113 x 10° SI and 3,717 x 107 SI, respectively, and likely
reflects magnetite precipitated during the hydrothermal event (Figures 5.21a and 5.21b). The only

exception is the silicic alteration.
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Figure 5.21. Statistics and histograms of the magnetic susceptibility measurements. (a) Potassic hydrothermal alteration

zone. (b) Garnet-grunerite hydrothermal alteration zone.

Amphibole, garnet, biotite, and chlorite are the main silicate alteration phases. These
minerals have paramagnetic behavior because of the presence of Fe**, Fe** or Mn**. However, some
silicates can appear ferromagnetic because of impurities such as magnetite. In complex
hydrothermal environments the impurities becomes common. These minerals start to show
remanence and exhibit hysteresis. In general, the predominance of paramagnetic minerals such as
biotite (Figure 5.21a), garnet-amphibole (Figure 5.21b), amphibole (Figure 5.22a) and chlorite
(Figure 5.22Db) in the hydrothermal alteration zones keeps the median susceptibility values between
4 x 10 Sl and 7 x 10 SI, the mean between 23 x 10 Sl and 77 x 10 SI and modes between 0.4 x
10° Sl and 4 x 10° Sl
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The only exception is the silicification alteration zone. Since quartz is diamagnetic it’s

expected negative values, as observed, has a minimum of -0.04 x 10 SI. The histogram for the

silicic alteration type shows a typical normal distribution with a median value of 0.6 x 10° SI, a

mean value of 2.51 x 10° SI and a maximum value of 357 x 107 S| (Figure 5.23). The presence of

paramagnetic minerals and instrumental limitations to measure negative values justify the low

positive susceptibility values. In almost all the drill cores, an abundance of silicification is closely

related to the low grade mineralization (Figures 5.14, 5.16 and 5.17). However, in many places, it

can also be associated with high grade mineralization (such as in Figure 5.13 at a 310 m depth and

in Figure 5.14 near the contact zone at 241 m depth).
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Figure 5.23. Statistics and histogram of the silicification zone magnetic susceptibility measurements.
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The potassic alteration type fingerprint is the biotite hydrothermal alteration zone that
may or may not be associated with mineralization. Biotite can be both paramagnetic and
ferromagnetic. In addition, magnetite commonly precipitates between the biotite sheets planar
voids, as well as in fractures associated with this type of alteration. Together, these phenomena
likely account for the higher observed susceptibilities within the potassic altered rocks (Figure
5.21a).

In drill hole 88 between the depths of 380 and 438 m, alternating zones of biotite
hydrothermal alteration and silicic alteration with low copper grade are observed. The signatures are
well defined by the contrast in iron geochemical signatures and density (Figure 5.13). For drill hole
31, the biotite hydrothermal alteration zone is interspersed with the magnetite hydrothermal
alteration zones and with silicification, and they are all mineralized (137 to 236 m depths; Figure
5.16).

The garnet-grunerite and amphibole hydrothermal alteration zones have a close
relationship with the low to medium grade mineralized zones. As can be seen in drill hole 125,
between the depths of 83 and 115 m, the magnetic signature of the garnet-grunerite hydrothermal
alteration zone shows low susceptibility values (Figure 5.17).

Along drill hole 34, between the depths of 127 and 140 m, the amphibole hydrothermal
alteration zone has a low copper-gold grade and a low density relative to the magnetite
hydrothermal alteration zone. At the top of this interval, the contact between the amphibole and
garnet-grunerite hydrothermal alteration zones have values that reach 50 x 10 SI because of the
infill of magnetite (Figure 5.15).

Drill hole 88 also shows at the top a strong chlorite hydrothermal alteration zone that may
or may not be associated with mineralization (Figure 5.13). This process has low susceptibility
values with a median of 5 x 10 S| (Figure 5.22b). The variation from low and intermediate values
is interpreted to be the result of magnetite precipitation along fractures or between sheets of biotite.
The hydrothermal process of chloritization is strong. It alters partially or completely the rocks of the

area.

Magnetite, garnet-grunerite-magnetite and amphibole-magnetite hydrothermal alteration
zones

Magnetite is the most abundant ferromagnetic mineral in the hydrothermal alteration and, as
said, is responsible for the high susceptibility values. The median magnetic susceptibility values
decrease from the massive magnetite alteration zone with 989 x 10 SI (Figure 5.24a) to the

garnet-grunerite-magnetite alteration zone with 409 x 10 SI (Figure 5.24b) and amphibole-
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magnetite alteration zone with 308 x 10° SI (Figure 5.24c). Among the magnetite-rich alteration
zones, the mean susceptibility values are 2,777 x 10 for the massive magnetite zone (Figure
5.24a), 1,550 x 10 for the amphibole-magnetite zone (Figure 5.24c), and 1,383 x 10 for the
garnet-grunerite-magnetite zone (Figure 5.24b). Both the median and mean are consistent with what
is observed in the drill core samples, which shows that the magnetite hydrothermal alteration zone
has higher magnetite content than the garnet-grunerite-magnetite and amphibole-magnetite zones
(Figures 5.16 and 5.17).
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Figure 5.24. Statistics and histograms of magnetic susceptibility measurements for magnetite rich-alteration types. (a)
Massive magnetite hydrothermal alteration zone. (b) Garnet-grunerite-magnetite hydrothermal alteration zone.

(c) Amphibole-magnetite hydrothermal alteration zone.
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In the magnetite alteration zone, there is a susceptibility population centered at high values
around 915 x 10 SI, which is near the median of 989 x 10 SI and represents the presence of
massive magnetite (Figure 5.24a).

In the garnet-grunerite-magnetite alteration zone the distribution becomes more complex.
It shows two populations of high susceptibility values. The highest valued population is centered
near 454 x 10 Sl and represents massive magnetite. The other population has values lower than 10
x 107 SI. This population has a significant concentration of paramagnetic minerals such as grunerite
and garnet (Figure 5.24b).

A third population observed in the amphibole-magnetite alteration zone, indicates that the
values in histogram are much widely distributed, which is most likely a result of the greater
presence of amphiboles (Figure 5.24c).

This variation from high to intermediate to low values is observed in the drill cores, wherein
the garnet-grunerite and amphibole alteration zones are constantly altered by the input of magnetite,
which produces a great fluctuation in the susceptibility measurements (Figures 5.13, 5,15, 5.16 and
5.17).

The garnet-grunerite-magnetite alteration occurs in greater abundance relative to the
amphibole-magnetite alteration zone (Figure 5.17). In addition, the garnet-grunerite-magnetite
alteration has higher correlation with the massive magnetite zone. This observation is corroborated
by analyzing the mode, which is >9,999 x 102 SI and 0.92 x 10° SI in the garnet-grunerite-
magnetite and amphibole-magnetite alteration zones, respectively (Figures 5.24b and 5.24c).

When magnetite and silicic banding is present, descriptively differentiating the banded iron
formation from the magnetite hydrothermal alteration zone becomes more difficult. However, when
comparing the susceptibility values, this difference is easily noticeable. Between the depths of 145
m and 192 m in drill hole 34, the magnetite hydrothermal alteration zone is marked by a high
increase on the values of magnetic susceptibility, iron, copper, gold and density, when compared to
the banded iron formation between the depths of 212 and 260 m (Figure 5.15). The banded iron
formations are not mineralized, and normally show low values for susceptibility, iron content and
density, when compared to the magnetite hydrothermal alteration zone. This difference can be
observed when looking at the median values, which is 182 x 10 SI for the banded iron formation
(Figure 5.19) and 989 x 107 SI for the magnetite hydrothermal alteration zone (Figure 5.24a). The
median value of the banded iron formation is low, even when compared to the medians of the
garnet-grunerite-magnetite (400 x 10 SI; Figure 5.24b) and amphibole-magnetite (300 x 10 SI;
Figure 5.24c) hydrothermal alteration zones.
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5.9 - MAGNETIC SUSCEPTIBILITY 3D MODELING

A 3D magnetic susceptibility model was derived from the measurements made on drill core.
The measurements were geolocated in 3D space and contoured using a 3D kriging algorithm
(Geosoft, 2014). Drill hole spacing was approximately 100 m with down hole measurements every
1 m, with the resultant susceptibility model having 5 m cubic cells. The weight of the direction with
a 300° azimuth was used to improve the effect of sampling in this direction, which is the deposit
strike direction with less sampling relative to perpendicular direction of greatest sampling.

The physical models show data with values greater than 500 x 10 Sl for the measurements
made with the high sensitivity equipment (KT-10) and values greater than 60 x 10° SI for those
made with the low sensitivity equipment (KT-9). These values were selected based on the statistical
analyses of the susceptibility data, as previously analyzed. The two envelope surfaces results of the
susceptibilities higher than the threshold values in both cases, complement each other because of
the different distributions of the drill holes used in the measurements (see Figure 5.7). It is
important to emphasize that the susceptibility model reflects only the northwestern portion of the
study area, which is where the studied drill holes are located (Figure 5.7).

The 3D magnetic susceptibility model shows similarities to ore-grade models. Comparison
of the obtained susceptibility model (Figure 5.25a) with the copper high grade ore model from 69
drill holes (Figure 5.25b; Vale S.A., 2012), shows excellent correlation.
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projection at level 190 m. (b) Three dimensional magnetic susceptibility model correlation with the copper high grade

orebodies.

This susceptibility model versus ore concentration when seen in detail, shows the direct
correlation between the magnetite hydrothermal alteration zones, represented by high magnetic
susceptibility values (envelope of the values greater than 500 x 10 SI), and high grade orebodies

with values higher than 0.6 % copper (Figure 5.26).
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Figure 5.26. Detail of the magnetic susceptibility 3D model with isosurface of values higher than 500 x 107 Sl (in red),

and correlation with the copper high-grade orebodies (in blue, green and yellow). Drill holes in black traces.

5.10 - CONCLUSIONS

Magnetic susceptibility measurements on drill core were used to define a physical property
model that can help target exploration for IOCG deposits. The results showed strong correlation
between magnetite-rich, hydrothermally altered rocks and iron, copper, and gold enrichment

The values obtained in the magnetic susceptibility measurements also enabled the
interpolation of a 3D model with their distribution, which traces fairly well the known boundaries of
the studied mineralization.

Magnetic susceptibility measurements were carried out using different instrumentation and
related drill core logs that described lithology and alteration types. In all cases, increased magnetite
content seemed to correlate with alteration types.

The magnetic susceptibility measurements carried out on the geochemical samples showed
an excellent correlation with those performed on the drill cores, and they also represent a better
approximation of the mineralization model because of the sample material homogenization. This
methodology could easily be implemented rather than measuring along drill core samples and
provides a high return on investment as the equipment and time needed for measurements is
minimal.

It is interesting to note that an efficient quality control of measured data discussed herein is
crucial for the correct analysis of measured magnetic susceptibilities and interpolation of a reliable
3D model.

The methods and geological-geophysical interpretations presented in this study can be useful
for:
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(1) characterizing ore zones and hydrothermal alteration zones;

(i) assisting in the correlation and geological interpretation of mineralized lithotypes;

(ili)  supporting sections interpretation for the generation of geological and ore models;

(iv)  improving and validating the use of magnetic surveys as well as mineral prospecting

techniques and geophysical equipment; and

(v) providing an excellent support for using magnetic data for constrained inversion.

In the case here presented, in general, the hydrothermal alteration zones with magnetite are
proximal to the mineralized zone. Outward from the magnetite-rich zones are silicic, garnet-
grunerite, amphibole, potassic and chloritic type alteration zones. Geological macroscopic
observations supported by petrographic studies, and the knowledge of magnetic susceptibility
signatures were used to establish the paragenetic sequence of the deposit. The use of physical
properties to define the magnetic behavior in a quantitative manner showed the importance of the
approach exercised for a better characterization of the magnetic susceptibility signatures. This
helped to improve the paragenetic sequence in the studied area.

The correlation between the increase in magnetic susceptibility values and mineralization is
shown by iron, copper and gold high grades. The direct relationship between high densities and
mineralized hydrothermal alteration bodies is also evident because of the presence of dense
minerals (magnetite and sulfides).

It is known that in the studied deposit, the magnetite, garnet-grunerite-magnetite and
amphibole-magnetite hydrothermal alteration zones are the most important zones because of their
direct relationship with chalcopyrite and bornite sulfides. The best susceptibility signatures were
outlined for these magnetite-rich zones, and the 3D interpolation showed an excellent correlation
between the generated susceptibility model and the orebody that was modeled based on the drill
holes. Thus, it is believed that the approach described herein can be of great value in a mineral

program.
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CAPITULO 6

CONCLUSOES DA TESE

Neste projeto de pesquisa foram realizadas determinacGes das propriedades fisicas, assim
como uma ampla interpretacdo, com o0 uso de diversas técnicas e métodos magnéticos
correlacionados ao contexto geoldgico, que teve como resultado um modelo prospectivo da
mineralizacdo de Oxidos de ferro-cobre-ouro (IOCG). Isto foi possivel devido & mineralizagdo
disseminada de calcopirita + bornita estar relacionada a alteracdo hidrotermal calcio-sodico-
potassica (bornita-granada-anfibélio-magnetita) com os altos teores de cobre-ouro associados a
presenca de magnetita.

O trabalho foi implementado em trés artigos que se complementam para atingir as varias
etapas da exploracdo mineral. O primeiro artigo teve como resultado as interpretac6es qualitativas e
semi-quantitativas de dados de magnetometria, que mapearam a configuracdo estrutural do
depésito. Este artigo também teve como resultado uma interpretacdo quantitativa com a modelagem
paramétrica 2D que forneceu uma primeira visdo em profundidade da geometria do corpo e o
entendimento de fatores complicadores como a presenca de remanéncia e desmagnetizacao.

O segundo artigo, também com base apenas nos dados magnéticos da area, focou nas
transformacdes destes dados com o uso do principio da camada equivalente para a obtencdo do que
seria a intensidade do campo magnético andmalo (MMA, Magnetic Magnitude Anomaly), seguida
da modelagem (inversao) 3D para estruturas complexas, assistida por técnicas de otimizacdo, numa
recuperacdo mais eficaz e detalhada da distribuicdo da susceptibilidade magnética intrinseca. O
principal desafio encontrado para se atingir resultados positivos foi a presenca de remanéncia
agravado pelo fato do depdsito estar situado numa regido de baixas latitudes magnéticas que podem
resultar em direcdes da magnetizacdo total bem diferentes daquela induzida.

O terceiro artigo teve como base o conjunto de dados geologicos e das susceptibilidades
magnéticas medidas em testemunhos de furos de sonda. O trabalho desenvolvido possibilitou a
caracterizacdo das assinaturas de susceptibilidade para os diversos litotipos encaixantes e para as
zonas de alteracGes hidrotermais. Mais do que isso, possibilitou-se obter o modelo 3D referente a
distribuicéo espacial das susceptibilidades magnéticas medidas.

Com isso, os principais resultados obtidos com este trabalho foi a defini¢do de dois modelos
para a mineralizacdo no local estudado: (i) o geofisico, conseguido pela modelagem / inversdo 3D
dos dados magnéticos (método indireto) e (ii) o geoldgico obtido pela modelagem espacial das

susceptibilidades magnéticas medidas (método direto).
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Para uma validagdo dos resultados, estes modelos foram comparados entre si e com as
informagBes provenientes da extensiva campanha de sondagem exploratoria realizada. As
conclusdes mostram que a modelagem 3D dos dados de susceptibilidade medidos permite uma
melhor definicdo e delimitacdo da fonte magnética. Entretanto, o trabalho mostrou que isso s6 pode
ser alcancado por meio de medidas sistematicas bastante trabalhosas e de uma interpretagdo
complexa e exaustiva, com um grande custo e consumo de tempo. Este enfoque lida com uma
grande quantidade de dados petrofisicos (susceptibilidade magnéticas medidas) e geoldgicos
(estudos pormenorizados dos testemunhos de sondagens). Por outro lado, a modelagem de dados
magnéticos por inversdo de sua transformacdo em amplitude da anomalia magnética (através da
camada equivalente), consome menos tempo, e fornece, mesmo assim, uma excelente aproximagao
ao mapeamento espacial das fontes magnéticas complexas.

Ambas as aproximacdes delimitaram a zona de magnetita macica associada aos altos teores
de minério. As metodologias abordadas neste estudo tem alto potencial para as diversas etapas de
exploracdo (greenfield, brownfield e avaliacdo de recursos) de depdsitos tipo IOCG e para depositos

associados a magnetita.

Magnetic interpretation and 2D modeling at
iron oxide-copper-gold deposits, Carajas Mineral Province

Este trabalho aborda os diversos passos seguidos na interpretacdo dos dados magnéticos
disponibilizados para o estudo. Descreve os resultados das diversas transformagdes lineares usadas
para alicergar a interpretacdo qualitativa com a caracterizagdo em mapa das diversas fontes que
compdem o relevo magnético local. Sua evolucdo, possibilitou estimar as profundidades destas
fontes numa interpretacdo semi-quantitativa. Finalmente, este conjunto de informacdes serviu de
base a uma modelagem paramétrica 2D para a interpretacdo quantitativa. A boa correspondéncia
entre os resultados da modelagem 2D, e a geologia conhecida a o corpo de minério demonstram o
sucesso desta abordagem.

Este trabalho mostrou caminhos para que se possa lidar com um corpo magnético complexo
que constitui 0 ambiente da mineralizagdo, como € o caso da remanéncia acentuada que varia ao
longo do mesmo. O ensaio com a modelagem 2D possibilitou a verificagdo de que o corpo é
fortemente magnético, que se tem que lidar com o fendmeno da desmagnetizacdo, e de uma
magnetizacdo remanente associada a uma anisotropia magnética.

Este estudo de caso mostra que esta seria uma abordagem eficaz em cenarios com esta

complexidade, permitindo-se ter uma ideia da geometria do corpo de minério.
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Application of 3D magnetic amplitude inversion to iron oxide-copper-gold deposits at low
magnetic latitudes: a case study from Carajas Mineral Province

Este trabalho sequencia o anterior e inicia-se pelo céalculo da amplitude da anomalia
magnética com o uso do conceito de camada equivalente para lidar com o terreno acidentado da
area. Sobre esta transformacdao, e com informacdes do primeiro ensaio interpretativo, foi realizada a
modelagem assistida por técnicas de minimizacdo de erros (inversdo) com 0 uso do parametro
6timo de regularizacdo obtido com o critério da curva L. A susceptibilidade invertida recuperada
delineou com sucesso a magnetita macica associada ao minério de cobre e ouro de alto teor. Este
processo de inversdo mostrou-se bastante robusto no sentido de prescindir aprioristicamente, do
controle estrutural, da geologia e do modelo de minério de dados dos testemunhos de furos de sonda
do deposito, usados depois para comprovar o éxito desta abordagem.

Este estudo também reforca a utilidade da transformacdo empregada da amplitude da
anomalia magnética, também como substituta da tradicional reducéo ao polo (RTP). Similarmente a
RTP, dados de amplitude também representam uma versao corrigida dos efeitos de fase do sinal
magnético e reduzem a polarizacdo magnética para inclinacdes diferentes de 90°. A amplitude da
anomalia magnética pode ser mais vantajosa do que a RTP devido ndo ser necessario o
conhecimento da direcdo da magnetizacdo para seu calculo.

Este estudo de caso mostra que a inversdo da amplitude é eficiente neste complexo ambiente
com multiplos fatores como magnetizacdo remanente e desmagnetizacdo que afetam a direcdo da
magnetizacdo total. Assim como as complicagdes devidas a localizagdo em latitudes magnéticas

extremamente baixas.

Magnetic susceptibility 3D model and signatures of iron oxide-copper-gold (I0CG)

mineralization: A case study from Carajas Mineral Province, Brazil

As assinaturas da susceptibilidade magnética medidas em testemunhos de furos de sonda se
provaram um meétodo eficiente para caracterizar as zonas onde houve o enriquecimento em ferro,
cobre e ouro. Além disso, 0 comportamento magnético dos minerais permitiram a descri¢do das
assinaturas magnéticas associadas com os litotipos e zonas de alteracdo hidrotermal. Os valores
obtidos nas medidas de susceptibilidade também permitiram uma interpolacdo 3D que possibilitou
verificar sua distribuicdo espacial. Este resultado delimitou muito bem a mineralizag&o conhecida.

Medidas de susceptibilidade realizadas igualmente, mas agora com 0 uso de amostras que

representam aliquotas empregadas nas dosagens geoquimicas, mostraram excelente correlacéo
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aquelas realizadas em testemunhos de furos de sondas mecénicas. Elas representaram uma melhor
aproximagdo ao modelo de mineralizacdo devido & homogeneizacdo realizada no material
previamente preparado para dosagens geoquimicas.

Os resultados obtidos ao longo dos testemunhos com susceptibilimetros portateis foram
aferidos por medidas laboratoriais. Em ambos os casos, mostraram a presenca de valores elevados
para a susceptibilidade magnética, e para os resultados em laboratério um alto grau de anisotropia.

No caso aqui estudado, de forma geral, as zonas de alteracdo hidrotermal com magnetita séo
proximais a zona mineralizada, seguidas da silicificacdo, zona de granada-grunerita, zona de
anfibdlio, potassificacdo e cloritizagdo. O conhecimento geoldgico e o comportamento magnético
qualitativo foram utilizados para estabelecer a sequéncia paragenética do deposito.

O uso da susceptibilidade para definir o comportamento magnético de uma forma
quantitativa mostrou a importancia desta abordagem para a caracterizacdo das assinaturas
magnéticas. Isto pode ajudar a melhorar a sequéncia paragenética de uma area estudada.

Aqui é conhecido que as zonas de alteracdo hidrotermal a magnetita, granada-grunerita-
magnetita e anfibolio-magnetita sdo as zonas mais importantes por causa de sua relacdo direta com
os sulfetos de calcopirita e bornita. As melhores assinaturas de susceptibilidade foram delineadas
para estas zonas ricas em magnetita.

Por fim, a interpolacdo volumétrica destas medidas projetadas ao longo de seus respectivos
segmentos nos furos de sondas mostrou uma excelente correlacdo entre o modelo de
susceptibilidade 3D assim gerado com o modelo conseguido com as interpretacdes e modelagens

magnéticas conduzidas e destas com os dados dos testemunhos usados.
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