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Em lugar de um prefacio

Uma vez cheguei a refletir sobre as diferentes ocupacfes a que 0os homens se
entregam nesta vida e fiz a tentativa de selecionar as melhores delas. Mas ndo é necessario
contar aqui a que pensamentos cheguei a respeito: basta dizer que, pela parte que me toca,
nada me pareceu melhor do que me manter estritamente em meu propdsito, ou seja, empregar
todo o tempo da vida para desenvolver minha razdo e seguir, da maneira que me havia

proposto, na pista da verdade.

Pois os frutos, que ja havia saboreado seguindo esses caminhos, eram de tal ordem
que, em minha opinido, nada mais agradavel, mais inocente, se pode encontrar nesta vida:
além disso, desde que recorri a essa forma de observar, cada dia me levou a descobrir algo
de novo, que tinha sempre uma certa importancia e que de modo algum era do conhecimento
geral. Finalmente, minha alma ficou tdo repleta de alegria que todas as outras coisas ja nada

podiam lhe fazer.
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Resumo

No Brasil Central, onde extensas faixas granito-greenstone que hospedam
importantes depdsitos minerais, hd ampla distribuicdo de crostas lateriticas. Nesse estudo
foram usados dados geofisicos, imagens Landsat-8 e modelos digitais de elevacdo para
desenvolver estratégias de mapeamento do regolito em Almas, sudeste do Tocantins, Brasil.
Mapas que mostram a distribuicdo de unidades do regolito no relevo fornecem informagoes
relevantes desses terrenos, ajudam a direcionar a exploracdo mineral. Os dados foram
manipulados em ambiente GIS usando algebra de mapas em modelagem supervisionada e
um robusto conjunto de dados de campo.

Com o objetivo de mapear o regolito, dois procedimentos matematicos foram
utilizados em dados de gamaespectrometria aérea em software GIS: 1. gamaespectrometria
aérea e dados altimétricos integrados em logica Booleana e fuzzy permitiram segregar as
areas com crostas lateriticas residuais ferruginosas e manganesiferas de superficie erosional
com rocha e saprolito e 2. gamaespectrometria aérea e dados altimétricos integrados com
estagios de intemperismo em regressdo linear multivariada (estatistica basica) ajudaram a
estabelecer o indice regional de intensidade de intemperismo.

Razdo e combinacbes de bandas, além de analise de componentes principais foram
calculadas a partir de dados multiespectrais Landsat-8 OLI. O processamento dos dados para
a regido de estudo permitiu identificar areas onde afloram rocha, saprolito e crosta lateritica
(incluindo horizonte mosqueado e solo), as quais estdo relacionadas a diferentes estagios de
intemperismo.

Os mapas preditivos Booleano (acuracia = 91%; k = 0,69), difuso (acuracia = 90%;
k=0,66) e do indice de intensidade do intemperismo - WII (acuracia = 88%; k = 0,58) foram
mais eficientes no mapeamento do regolito para a area de estudo comparados aos mapas
preditivos de razdes de bandas (acurdcia = 71%; « = 0,37) e de componentes principais
(acuracia = 61%; « = 0,32). Esses resultados sugerem que a gamaespectrometria aérea € mais
apropriada que o sensoriamento remoto optico para mapear o regolito da regido de Almas.

Embora os algoritmos desenvolvidos a partir dos dados multiespectrais Landsat-8
tenham sido menos acurados que de gamaespectrometria aérea, ambos sdo apropriados para
mapear o regolito e devem ser usados conforme a disponibilidade dos dados para a regido
de interesse. Assim, a analise conjunta de dados digitais (gamaespectrometria aérea, imagens

multiespectrais e modelos digitais de elevacdo), geoldgicos, mineraldgicos e geoquimicos,



com devidas adaptac6es, podem ser aplicadas com sucesso no mapeamento das unidades do

regolito e ajudar na prospecgdo mineral em terrenos similares de outras regides.

Palavras-chave: crosta lateritica; operadores l6gicos Booleano e difuso; regressdo linear

multivariada; razbes de bandas; analise de componentes principais.



Abstract

In Central Brazil, where extensive granite-greenstone belts that host important
mineral deposits, there is a wide distribution of lateritic duricrusts. In this study, geophysical
data, Landsat-8 images and digital elevation models were used to develop regolith mapping
strategies in Almas, southeastern Tocantins, Brazil. Maps showing the distribution of
regolith units in the relief provide relevant information on these terrains, help direct the
mineral exploration. The data sets were manipulated in a GIS environment using map
algebra in supervised modeling and a robust field data set.

With the goal to easily map the regolith, two mathematical procedures were used on
airborne gamma-ray spectrometry data in GIS software: 1. airborne gamma-ray spectrometry
and altimetric data integrated in Boolean and fuzzy logic allowed segregating the areas with
ferruginous and manganese residual lateritic duricrusts from erosional surface with rocks
and saprolite and 2. airborne gamma-ray spectrometry and altimetric data integrated with
weathering stages in multivariate linear regression (basic statistic) helped establish the
regional weathering intensity index.

Ratios and band combinations, as well as principal component analysis were
calculated from Landsat-8 OLI multispectral data. Data processing for the study region
allowed the identification of areas where rock, saprolite and lateritic duricrust (including
mottled horizon and soil) outcrop, which are related to different weathering stages.

The predictive maps Boolean (accuracy = 91%; k = 0.69), fuzzyraro (accuracy =
90%; « = 0.66) and weathering intensity index - WII (accuracy = 88%; « = 0.58) were more
efficient on mapping the regolith relative to predictive maps of band ratios (accuracy = 71%;
k = 0.37) and of principal components (accuracy = 61%; k = 0.32). These results suggest
that airborne gamma-ray spectrometry is more appropriate than optical remote sensing to the
regolith map in the Almas region.

Although the algorithms developed from Landsat-8 multispectral data have been less
accurate than from airborne gamma-ray spectrometry, both are suitable for mapping the
regolith and should be used depending on the availability of data for the interest region.
Thus, integrated analysis of digital data (airborne gamma-ray spectrometry, multispectral
images e digital elevation models), geology, mineralogy, and geochemistry with appropriate
adaptations can be successfully applied in the mapping of regolith units and help in mineral

prospecting in similar terrains from other regions.
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Keywords: lateritic duricrust; Boolean and fuzzy logic operators; multivariate linear

regression; band ratios; principal component analysis.
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Figure 7 — Combinations of RGB images to improve the contrast in
the geological information of the regolith in Almas. A) R-4/2, G-
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pixels. B) R-4/3, G-6/2, B-7/4. rock, saprolite and lateritic
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PC images of the study area overlaid by the band ratios mask to
alteration minerals (4/2 e 6/5), sandstone and quartzite (7/4), and
vegetation (SAVI). (a) PC5 image showing Fe oxy-hidroxide
minerals in red pixels; (b) PC3 image showing clay minerals as
purple pixels; (c) PC4 image showing sandstone, quartzite, and
silicification zones, and (d) PC2 image showing the vegetation in
the study area.

RGB color composite of PC5, PC3, and PC4 showing alteration
zones, lithological units in the study area. Iron oxy-hidroxide
minerals appear in in red, orange, and yellow colors; clay mineral
group in green, light green, and yellow colors; and silicification
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ESTRUTURA DA TESE

A tese foi estruturada na forma de artigos e esta organizada em quatro capitulos. O
capitulo 1 compreende a introducéo, estado da arte, objetivos e area de estudo. O capitulo 2
aborda aplicacdo de dados gamaespectrométricos e altimétricos em algoritmos de
classificacéo para gerar mapas preditivos de crostas lateriticas. Este capitulo corresponde ao
artigo 1: Boolean and fuzzy logic operators and multivariate linear regression applied to
airborne gamma-ray spectrometry data for regolith mapping in granite-greenstone terrain in
Midwest Brazil. O capitulo 3 aborda técnicas de processamento de dados espaciais (razéo
de bandas e andlise de componentes principais) do Landsat-8 para obter mapas preditivos de
minerais de alteracdo e rochas. Este capitulo corresponde ao artigo 2: Regolith mapping
using band ratios and component principal analysis technics from Landsat-8 data in granite-
greenstone terrain in Midwest Brazil. No capitulo 4 é apresentada uma comparagao entre as

eficiéncias dos modelos de mapeamento usados nos artigos 1 e 2.
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A LATERITIZACAO NO TERRENO GRANITO-GREENSTONE ALMAS-
DIANOPOLIS, TOCANTINS: UMA ABORDAGEM GAMAESPECTROMETRICA
E ESPECTRORADIOMETRICA

CAPITULO 1
1. INTRODUCAO

Regolitos bem desenvolvidos e espessos ocorrem principalmente na zona
intertropical moderna entre as latitudes 35° N e 35° S. Nesta zona o forte intemperismo
quimico favorece a transformacdo da rocha-mde em produtos estdveis em ambiente
superficial. Os principais exemplos estdo distribuidos na Austrélia, india, Africa e Brasil,
onde as condicBes necessarias para sua formacao devem existir pelo menos desde o Terciario
(Costa, 1997; Tardy e Roquin, 1998; Anand e Paine, 2002; Freyssinet et al., 2005; Yang et
al., 2009). O regolito pode ser definido como toda a cobertura ndo consolidada e
secundariamente recimentada que se sobrepde a rocha mais coerente, que foi formada por
intemperismo, erosao, transporte e/ou deposi¢cdo de material mais antigo. O regolito inclui
rochas-méae fraturadas e desgastadas, saprolitos, solos, acumulacdes organicas, depdsitos
glaciais, collvio, aluvido, sedimentos evaporiticos e depositos edlicos (Anand and Paine,
2002). Estudos recentes tém mostrado que o regolito € muito mais complexo do que apenas
um manto de produtos de intemperismo. A interpretacdo acerca da natureza aldctone,
autdctone, ou derivagdo mista aldctone-autoctone de um perfil regolitico, por exemplo,
representa uma dessas complexidades (Aleva, 1994).

As caracteristicas estruturais, texturais, mineraldgicas e quimicas de perfis lateriticos
sdo relativamente bem estudadas na Amazonia (Angeélica e Costa, 1993; Kotschoubey et al.,
1997; Boulangé e Carvalho, 1997; Costa, 1997; Horbe e Costa, 1999; Peixoto e Horbe, 2008;
Costacetal., 2014; Albuquergue e Horbe, 2015; Castro et al., 2016; Albuquerque et al., 2017;
Horbe et al., 2021). Por outro lado pouco se conhece os efeitos da lateritizacdo na regido
central do Brasil, onde os estudos sdo pontuais (Oliveira et al., 1992; Colin et al., 1990;
Martins, 1991, 2000; Lima, 2002; CPRM, 2008; Oliveira et al., 2009, 2011), 0 mapeamento
é escasso e os afloramentos descritos apenas de forma genérica (CPRM, 1998, 2014;
SEPLAN, 1999).
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Mapas preditivos para exploragdo do regolito podem ser elaborados usando algebra
de mapas. Esta técnica é baseada na transformacédo de dados numéricos para destacar objetos
de interesse no terreno. Dados em camadas podem ser manipuladas para facilitar a sua
interpretacdo por meio de uma simples sobreposicdo de camadas ou modelos mais
elaborados (Carranza et al., 1999; Raines et al., 2010; Tomlin, 1994).

Diversas possibilidades de combinagGes entre os canais K, eTh e eU de dados de
gamaespectrometria aérea para mapear o regolito tém sido propostas (Dickson e Scott, 1997;
Wilford et al., 1997; Carrino et al, 2011; Iza et al., 2016; Albuquerque et al., 2020). As
sequéncias das combinagdes formam os algoritmos. Esses algoritmos podem ser usados para
mapear 0 regolito, com superficies residuais de erosdo e de deposi¢do. Esta informacao
permite desenvolver estratégias para melhor compreender a paisagem do regolito e melhorar
a interpretacdo da geomorfologia. Além disso, os mapas preditivos obtidos a partir de
algoritmos ajudam a identificar alvos de exploracdo mineral para depdsitos de minério
primario (rocha ou saprolito) ou secundario (hospedados em crosta lateritica). Nessa mesma
perspectiva, dados de sensoriamento remoto dptico tém sido amplamente usados no estudo
das propriedades dos materiais da superficie da Terra (van der Werff e van der Meer, 2016).
Sistemas de satélite multiespectral tais como OLI/Landsat-8, ASTER/Earth Observation
(EO) (Takodjou Wambo et al., 2020; Traore et al., 2020) e sensores hiperespectrais como
Hyperion (Ducart et al., 2016; Souza et al., 2021) representam 0s avangos no campo das
ciéncias baseadas em analise espacial e as imagens geradas tém contribuido para refinar os
mapas do regolito, tornando sua exploracdo mais eficiente.

Reconhecido o intemperismo como uma parte integrante do ciclo geolégico, esta tese
analisa o potencial uso de dados de gamaespectrometria aérea, altimetria e sensoriamento
remoto multiespectral associados a técnicas matematicas, estatisticas e de analise espacial

para mapeamento do regolito na regido de Almas-Diandpolis, sudeste do Tocantins.

2. ESTADO DA ARTE

Légicas Booleana, difusa e regressado linear multivariada foram usadas na analise dos
dados de gamaespectrometria aérea e altimetria. Raz6es de bandas espectrais e analise de
componentes principais foram usadas na andlise dos dados multiespectrais Landsat-8
OLITIRS. A anélise desses dados foi complementada por dados geoquimicos e

mineraldgicos de amostras de crosta lateritica e rocha.
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2.1. Caracteristicas macroscopicas dos horizontes dos perfis lateriticos

Um perfil lateritico tipico é composto, da base para o topo, pela rocha-mae, saprolito,
horizonte mosqueado, crosta lateritica, horizonte desmantelado e solo. A rocha-mée é
sotoposta ao saprolito e pode ser de qualquer natureza.

O saprolito representa o primeiro estagio de alteragdo da rocha-mae e pode ser
dividido em saprdlito grosso e saprélito fino (ou lithomarge; Figura 1.1). Imediatamente
acima da rocha-mée esta o saproélito grosso com abundantes fragmentos da rocha néo-
intemperizada e minerais primarios preservados como litorelictos (Figura 1.1). Sob certas
circunstancias, o saprdélito grosso pode ser espesso (como freqiientemente observado em
rochas graniticas), ou muito delgado (como geralmente em rochas basicas) (Trescases, 1992;
Tardy, 1993). Acima do saprolito grosso esta o saprélito fino no qual as estruturas da rocha-
mée e o volume original ainda estdo preservadas.

O horizonte mosqueado € a parte do perfil de intemperismo que tem segregacdes
macroscopicas de cor avermelhada que difere da matriz circundante (Tardy, 1992). Nesse
horizonte, 0 Fe que compde os Oxi-hidroxidos é reduzido e passa para solu¢io como Fe?*,
que por sua vez é remobilizado provocando manchas esbranquicadas no perfil. Processo
conhecido como desferrificagdo. O horizonte mosqueado evidencia a oscilagido do lencol
fredtico, o que pode provocar o isolamento de por¢des do material ferruginoso e resultar no
endurecimento e formacdo de ndédulos e pisolitos. O enriquecimento relativo do ferro no
horizonte mosqueado pode evoluir e formar a crosta.

Crosta lateritica, duricrust, ferricrete, couraca, dentre outros, sdo termos utilizados
na literatura para designar a porcdo endurecida superior do perfil lateritico, composta
predominantemente por minerais Oxi-hidréxidos de ferro (hematita, goethita, maghemita),
minerais hidroxidos de aluminio (gibbsita, boehmita) e caulinita, que se desenvolveu
essencialmente por processos residuais e que, portanto, tem uma ampla relagdo genética e
composicional com o substrato (Anand e Paine, 2002). A crosta lateritica pode ter textura
macica ou, mais comumente, apresentar varias segregacdes secundarias tais como nodulos,
pisolitos ou odlitos, além de vazios e canais.

Quando exposta a crosta lateritica fragmenta-se e forma o horizonte desmantelado,
onde os nddulos, pisélitos e fragmentos de forma variada estdo envolvidos pela matriz
argilosa. Quando a proporcao de fragmentos € maior que a de argila é dito de arcabouco

fechado, quando ocorre o inverso, arcabouco aberto. Sobre esse horizonte desenvolve-se o
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solo na zona de maior atividade bioldgica e acimulo de detritos organicos. Forma-se em
qualquer latitude, mas tende a ser mais espesso na zona intertropical, os quais séo
classificados em Latossolo, Argissolo, Espodossolo, dentre outras classes (Anand e Paine,
2002; WRB, 2015).
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Figura 1.1 — Representacdo esquematica de um perfil lateritico. Da base para o topo podem

ser reconhecidos os seguintes horizontes: rocha-mae, saprolito (grosso e fino), mosqueado,

22



crosta lateritica (couraca ferruginosa), horizonte desmantelado e solo. Modificado de Tardy
(1993).

2.2. Lateritos no contexto da cartografia e exploracdo mineral

Entender a historia de intemperismo, a paisagem e a evolucao climatica, bem como
as variacbes mineralégicas e quimicas do regolito em terrenos profundamente
intemperizados sdo importantes para uma exploracdo mineral eficiente. Os fatores
responsaveis pelo desenvolvimento de regolitos intensamente intemperizados incluem: (a)
rochas expostas aos agentes intempéricos por longo tempo com taxa de erosdo menor que
de acumulacéo; (b) rocha constituida de minerais facilmente intemperizaveis e (c) condi¢des
favoraveis de clima e biota que promovam rapidas taxas de intemperismo (Anand and Paine,
2002; Wilford, 2012). Os mecanismos envolvidos nestes fatores constituem 0s processos
que modelam o regolito e conduzem a formacao de importantes depdsitos lateriticos de Al,
Fe, Ni, Co, Cu e Au, dentre outros (Costa, 1997; Anand and Paine, 2002; Freyssinet et al.,
2005; Yang et al., 2009).

O mapeamento do regolito é amplamente aplicado na Australia para auxiliar na
exploracdo geoquimica (Craig, 2001). Ouro supergénico foi encontrado em crostas
lateriticas e horizontes mosqueados na maioria dos depositos nos ambientes de savana da
Africa, india e Brasil (Freyssinet et al., 1989; Santosh et al., 1990; Bowell et al., 1996; Porto
e Hale, 1996; Larizatti et al., 2008). Para uma exploracdo mineral greenfield eficaz o
mapeamento do regolito integrando dados mineraldgicos, geoquimicos e de sensoriamento
é necessario (Davy e El-Ansary, 1986; Craig, 2001; Anand e Paine, 2002; Barnes et al.,
2014; lza et al., 2018). A integracdo desses dados é importante especialmente em terreno
profundamente intemperizado, onde a cobertura (in situ e/ou transportada) mascara as
paleosuperficies residuais e a redistribuicdo geoquimica devido ao intemperismo formam
extensas anomalias geoquimicas maiores do que o proprio depdsito de minério (Anand,
2005). Mapas mostrando as unidades do regolito e as formas de relevo fornecem relevantes
informagdes destes terrenos, ajudam na interpretacdo de anomalias geoquimicas no solo,

selecdo de alvos e identificacdo de mineralizacdo supergénica.

2.3. Geotecnologias aplicadas ao mapeamento do regolito
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A aumento na capacidade de processamento tem possibilitado a integracdo e
manipulacdo de um grande nimero de dados em pouco tempo e baixo custo. Ha no mercado
diversos softwares GIS que permitem ao usuario analisar dados geoldgicos, geofisicos,
geoquimicos, altimétricos, dentre outros, de forma espacialmente integradas. Um breve
referencial tedrico sobre as caracteristicas dos dados usados neste estudo e a forma como
esses dados vém sendo aplicados ao mapeamento preditivo do regolito, é apresentado a

sequir.

2.3.1. Gamaespectrometria aérea

A gamaespectrometria refere-se a medicdo da radiacdo gama natural emitida da
superficie da Terra. O instrumento usado na investigacdo pode atravessar a area a ser
pesquisada no terreno, no ar ou dentro de um furo de sondagem. Em geral, as medi¢des por
detectores feitas de uma aeronave voando baixo sdo mais econdmicas do que medi¢des em
campo para pesquisas de grandes areas ou que envolvam grande numero de leituras (Dentith
e Mudge, 2014). Existem mais de 50 elementos radioativos que ocorrem naturalmente, mas
a radiacao terrestre é dominada pelos produtos da emisséo de apenas trés elementos: potassio
(K), torio (Th) e urénio (U). Portanto, a gamaespectrometria aérea mede a abundéancia
relativa ou concentragdo destes radioelementos nas rochas e materiais intemperizados. A
medicéo de K corresponde diretamente ao pico de decaimento do “°K. 4°K emite raios-gama
quando decai para “°Ar. As medi¢des das concentraces de Th e U sdo mais complexas, uma
vez que 32Th e 2*8U decaem ao longo de uma série de nuclideos filhos até atingirem isotopos
de Pb estaveis. Picos de emissdes associados a 2Tl e 21Bi sfo usados para calcular a
abundancia de Th e U, respectivamente. Por isso, Th e U s&o geralmente expressos em partes
equivalentes por milhdo (eTh e eU), enquanto K é normalmente expresso em porcentagem
(K%) (Minty, 1997; Wilford et al., 1997).

O K ocorre principalmente em minerais formadores de rocha primaria, como K-
feldspato e micas. Este elemento esta presente em altas concentracGes em rochas felsicas
(granitos, etc.) e em baixas concentragdes em rochas maficas. O Th e U séo encontrados
como tragcos em minerais formadores de rocha primaria (por exemplo, feldspatos), mas sdo
comuns em minerais acessorios e resistatos (zircGes, monazita e xenotima). Ambos
elementos estdo presente em altas concentracdes em granitos (O'Reilly et al., 1988; Dickson

e Scott, 1997). A resposta gama reflete a mineralogia e geoquimica da rocha-mée e produtos
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do intemperismo, incluindo crostas lateriticas, horizontes mosqueados, argila residual e
transportada, areia e cascalho (Wilford et al., 1997).

Inicialmente a gamaespectrometria aerea foi usada para detectar anomalias
geoquimicas (Darnley e Ford, 1989). Técnicas semelhantes ja vinham sendo aplicadas para
estimar a variagdo espacial no teor de umidade da superficie do solo (Carroll, 1981). Wilford
(1992) foi uns dos primeiros a interpretar imagens de gamaespectrometria aérea integradas
a Landsat para mapeamento do regolito no norte da Australia (Cape York Peninsula). A
capacidade aparente da técnica em descrever a variagao dos materiais em superficie fez com
que uma sucessao de artigos sobre aplicacdes da gamaespectrometria aérea no estudo do
regolito fossem publicados. Dentre estes artigos destacam-se Cook et al. (1996) que
correlacionaram a gamaespectrometria aérea com a distribuicdo de materiais formadores do
solo no sudoeste da Australia; Dickson et al. (1996) e Dickson e Scott (1997) que
relacionaram concentracfes de K, eTh e eU a composicdo geoquimica de rochas e solos;
Dickson and Scott (1997) e Wilford e Minty (2007) que resumiram as respostas de
radioelementos de rochas e solos em termos de componentes geoquimicos e processos
pedogénicos e geomorficos.

A gamaespectrometria aérea aliada a tratamento de imagens LANDSAT e SRTM,
tém sido usados na identificacdo de padrfes geofisicos e altimétricos que permitem mapear
com qualidade e rapidez o regolito (Dauth, 1997; Carrino et al., 2011; Dent et al., 2013;
Wilford, 2012; Grimaud et al., 2015; Arhin et al., 2015; Herrera et al., 2016; Iza et al., 2016
e 2018; Metelka et al., 2018; Albuquerque et al., 2020). Esse sucesso € basicamente devido
a capacidade das crostas lateriticas desenvolvidas pelo intemperismo em clima tropical e que
sustentam o relevo (Tardy e Roquin, 1998), concentrarem Th e U nos dxi-hidroxidos de Fe
e nos minerais residuais (zircdo e monazita) em detrimento de K (Wilford, 1995; Wilford et
al. 1997; Dickson e Scott, 1997). Contudo, nem todos os valores de baixo K ou alto eTh e
eU na imagem da gamaespectrometria estdo associados a substratos altamente
intemperizados, porque diferentes tipos de substratos podem dar respostas semelhantes
(Wilford, 1997). Interpretar o grau de intemperismo e inferir taxas de processo a partir de
respostas de raios gama requer o conhecimento das caracteristicas do K, Th e U no substrato
e no material intemperizado. Portanto, deve-se tomar cuidado com tais associagdes, porque
para outras regides podem ser diferentes, dependendo do tipo de rocha e do histérico de

intemperismo.
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2.3.2. Sensoriamento remoto Optico

O sensoriamento remoto é a ciéncia da aquisi¢do, processamento e interpretacdo de
imagens e dados coletados de aeronaves e satélites, por sensores gque registram a interacao
entre matéria e energia eletromagnética (Sabins, 1997). Sistemas de satélite multiespectrais,
como OLI/Landsat-8, ASTER/Earth Observation (EO) (Abrams et al., 2015; van der Werff
e van der Meer, 2016; Metelka et al., 2017), e sensores hiperespectrais, como Hyperion séo
amplamente utilizados no estudo da superficie da Terra (Bishop et al., 2011). As imagens
obtidas por esses sensores auxiliam no planejamento regional, planejamento urbano,
agricultura e monitoramento dos recursos naturais (Treitz e Rogan, 2004; Hamedianfar et
al., 2014; Kadhim et al., 2016). Em geologia, dados obtidos por sensoriamento remoto
permitem identificar estruturas geoldgicas regionais e as caracteristicas espectrais da
superficie terrestre, auxiliando no mapeamento geologico (Hunt e Ashley, 1979; Crosta e
Moore, 1989; Drury e Hunt, 1989; Drury, 2001; Deller, 2006; Pour et al., 2018; Traore et
al., 2020). As limitagOes do sensoriamento remoto incluem: o mascaramento da mineralogia
e litologia da superficie pela vegetacdo densa, efeitos de aquecimento residual solar e
topografico em areas de relevo moderado a alto e alta sensibilidade ao intemperismo
(Watson et al., 2001).

O sensoriamento remoto € uma poderosa ferramenta tecnoldgica para compreensao
do modelado da paisagem e mapeamento do regolito (Souza et al., 2021). Essa tecnologia
permite mapear a reflectancia espectral da superficie e caracterizar sua composi¢cdo mineral.
As assinaturas sdo quantificadas de acordo com a razao entre energia refletida (radiancia) e
a energia incidente (irradiancia) de um alvo definido, cujo resultado mede a reflectancia
(Clark, 1999). A espectroscopia de reflectancia envolve a medicdo da radiagéo
eletromagnética (REM) refletida de alvos em diferentes comprimentos de onda entre o
visivel e (VIS) e o infravermelho de ondas curtas (SWIR) (0,3 — 2,5 um), 0 que resulta em
assinaturas espectrais. Nesta faixa espectral alguns componentes tais como 0xi-hidroxidos
de ferro, materiais organicos, carbonatos (COs3), sulfatos (SO4), bem como vibraces tipicas
de transicéo cationica presente em filossilicatos (por exemplo, -OH, Al-OH, Mg-OH e Fe-
OH em argila, mica e serpentina) podem ser identificados (Grove et al., 1995; Vicente e
Souza Filho, 2011).

Embora ndo seja possivel identificar os elementos-trago econémicos (Ni, Au, Ag,

Cu, dentre outros) contidos ou adsorvidos aos minerais diretamente por qualquer sensor
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remoto, esses minerais podem ser detectados a partir de minerais associados a zonas
alteracdo hidrotermal que possuem assinaturas espectrais diagnosticas principalmente na
faixa do infravermelho de ondas curtas (SWIR) do espectro eletromagnético (Bedell et al.,
2009; Crosta et al. 2009). As imagens multiespectrais Landsat-8 oferecem faixas de
comprimentos de onda que podem ser sensiveis a minerais de alteragdo em areas com
cobertura vegetal (Guerschman et al. 2015). Dados multiespectrais (imagens Landsat-8/OLI)
e hiperespectrais (EO-1/Hyperion) foram usadas na exploracdo de depositos de ferro na
Provincia Mineral de Carajas, Brasil (Ducart et al., 2016). McBratney e De Gruijter (1992)
discutiram em detalhes a necessidade de uma abordagem mais continua para classificacdo
de solos e consideram métodos com base em algoritmos difusos mais apropriados para o

mapeamento preditivo do regolito.

Razbes entre bandas e combinacdes

Razdes de banda sd@o combinacbes aritméticas simples de bandas diferentes que
ressaltam a distribuicdo e intensidade de absorcao ou emissdo a serem investigadas de forma
semiquantitativa (Sabins, 1997). Nesta técnica, o valor do numero digital de uma banda ¢
dividido pelo valor do nimero digital de outra banda. Nas Gltimas décadas vérias razdes de
banda foram amplamente utilizadas e desenvolvidas para litologia e mapeamento
mineraldgico (Abrams et al., 1983; Kaufman, 1988; Sabins, 1997; Carranza e Hale, 2002;
Vicente e Souza Filho, 2011; Pour et al., 2018, Traore et al., 2020). As operagdes entre
bandas podem evidenciar diferencas sutis no comportamento espectral de diferentes objetos,
0 que permite diferenciar varios alvos na mesma imagem, que podem ndo ser visiveis em

bandas brutas (Inzana et al., 2003).

Analise de componentes principais

A andlise de componentes principais (PCA) é uma técnica estatistica multivariada
para reduzir a dimensionalidade dos dados. Ele seleciona combinacdes lineares (cargas de
autovetores) de varidveis de forma que cada componente extraia sucessivamente uma
combinacdo linear com uma variancia menor (Singh e Harrison, 1985). Os principios
matematicos da técnica estdo bem estabelecidos e encontrou extensas explicacdes em quase
todas as disciplinas das ciéncias fisicas e engenharia (Johnson e Wichern, 2007; Gupta et al.,

2013). Crésta e Moore (1989) relacionam os carregamentos de autovetores de componentes
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principais com informacdes de mapa para todas as bandas. Uma imagem de PCA com carga
de autovetor moderada a alta para bandas reflexivas e absortivas diagndsticas de mineral ou
grupo mineral de sinais opostos realca esse mineral. Quando o carregamento € positivo na
faixa reflexiva do mineral, os pixels aparecem na imagem em tons claros. Quando o
carregamento é negativo, os pixels aparecem em tom escuro para o mineral investigado
(Gupta et al., 2013; Tangestani e Moore, 2000). Loughlin (1991) propGe um método de
entrada seletiva de dois conjuntos de quatro bandas da imagem para a PCA, o qual

denominou Técnica Crosta.

2.3.3. Dados de campo e laboratorio

Os dados de campo foram obtidos durante campanha de mapeamento geoldgico
prévio a elaboracdo dos mapas preditivos. Esses dados, 0s quais compreendem basicamente
coleta de amostras e descrigdo de afloramentos e perfis, foram checados e complementados
em campanhas posteriores para aperfeicoamento do modelo e obtencéo de mapas preditivos
mais acurados para o regolito da regido de estudo.

A geoquimica das amostras além de possibilitar o estabelecimento de correlagdes
entre a rocha-mae e os demais horizontes do perfil de intemperismo, quando combinada a
outros tipos de dados (e.g., gamaespectrométricos, espectroscdpicos, altimétricos) por meio
ferramentas estatisticas e ldgicas matematicas (e.g., regressdo linear multivariada,
clusterizacdo hierarquica aglomerativa, Booleana e difusa) ajudam a validar as informacdes
obtidas remotamente e podem revelar informaces valiosas para 0 mapeamento do regolito
e prospeccdo mineral (Carrino et al., 2011; Martelet et al., 2013; Campos et al., 2017; 1za et
al., 2018). Resultados de aplicagbes dessas ferramentas estatisticas e ldgicas para
mapeamento do regolito tém sido publicados timidamente no Brasil (Carrino et al., 2011;
Iza et al., 2018; Campos et al., 2017; Albuquerque et al., 2020).

3. OBJETIVOS

Dentre os objetivos deste estudo destacam-se:

1 - Encontrar padrdes utilizando dados gamaespectrométricos e altimétricos em
ambiente GIS que permitam mapear de forma sistematica e rapida o regolito.

2 — Desenvolver o mapa do regolito a partir do indice de intensidade de intemperismo
(WII) adaptado para a regido de Almas;
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3 - Buscar assinaturas em imagens multiespectrais Landsat-8 que permitam elaborar
mapas preditivos para o regolito em Almas;

4 — Desenvolver a modelagem mais apropriada para mapear regolito em areas
arrasadas e com grande diversidade geoldgica, a partir de dados de gamaespectrometria
aérea, multiespectrais Landsat-8 OLI, altimétricos e geoquimicos;

5 — Identificar limitacbes das técnicas utilizadas no mapeamento do regolito em

Almas.

4. AREA DE ESTUDO

Para este estudo foi selecionada a regi&o de Almas, sudeste do Tocantins (Figura 1.2).
A regido faz parte do Brasil Central e esta inserida no contexto geoldgico da Provincia
Tocantins (Almeida et al., 1981). Esta provincia € resultado da convergéncia e colisdo entre
0s paleocontinentes Amazonia e S&o Francisco durante a orogenia brasiliana do
Neoproterozoico. A juncao desses fragmentos litosféricos “descendentes de Rodinia”
corresponde a aglutinacdo da porcao oeste do Supercontinente Gondwana ocorrida no final
do Neoproterozoico. A sedimentacdo fanerozdica no norte da provincia originou a Bacia do
Parnaiba enquanto no sul a Bacia do Parané (Fuck et al., 2017).

A Provincia Tocantins engloba trés faixas de dobramentos e empurrdes
neoproterozdicos: Araguaia e Paraguai, a sudeste e sul do Craton Amazonico,
respectivamente, e Faixa Brasilia (Northern Brasilia Belt and Southern Brasilia Belt),
desenvolvida ao longo da margem oeste do Craton Sdo Francisco (Fuck et al., 2017). A partir
de associacOes petrograficas a Faixa Brasilia foi compartimentada em trés zonas principais:
cratonica, externa e interna (Pimentel et al., 1999, 2004; Dardenne, 2000; Valeriano et al.,
2008). Nesse contexto, a area de estudo estd inserida no dominio da zona externa
setentrional. Zona que inclui uma espessa sucessdo de rochas sedimentares e
metassedimentares de idade Proterozoica (1750-600 Ma) deformadas pela colisdo com a
margem oeste do Craton S&o Francisco, além de amplas exposicdes do embasamento sialico
(Alckmim e Martins Neto, 2012).

29



[ 1 Area de estudo

7/ Bacia do Parnaiba
Craton Sdo Francisco
Provincia Tocantins

47°20'0"W 47°10'0"W

11°30'0"S
11°30'0"S

% “Depésito Cata Funda
Alrags

11°36'0"S

PortoAlegre

TO - 040

@Depésito Vira Saia

11°42'0"S

%Depésito Paiol

47°10'0"W

0153 6 9 12
[ = N
Legenda

< Cidades == Estrada pavimentada

[ Reservatério —— Estrada ndo pavimentada

R Principais depositos de ouro

| Brasil
I Area de estudo

Figura 1.2 — Localizacdo da area de estudo.

4.1. Geologia e geomorfologia

O embasamento da Faixa Brasilia na porcdo norte tem diferentes denominacgoes:
Terreno Almas-Diandpolis (Costa, 1985), Terreno Arraias-Natividade (Fuck et al., 2001),
Terreno Granito-Greenstone Tocantins (Kuyumjian et al., 2012), dentre outras. As faixas
dos greenstone belts distribuem-se linearmente em forma de Y e dispostas na direcdo NS
com ramificacOes para NE (Figura. 2.1; Costa et al., 1976; Cruz e Kuyumjian, 1998). Estas
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rochas sdo as mais antigas da regido e foram reunidas no Grupo Riachdo do Ouro
(Argueano). Esse grupo € composto por uma unidade basal representada por rochas
metavulcanicas (Formacgédo Corrego do Paiol) como metabasaltos, anfibolito com granada,
actinolita clorita xisto, granada anfibolito, metandesito, e outra de topo por rochas
metassedimentares (Formagdo Morro do Carneiro) como metaconglomerado, filito, filito
sericitico, quartzito, quartzo- muscovita xisto e formacéo ferrifera bandada (itabirito).

O Complexo Tonalito-Trondhjemito-Granodiorito — TTG € a unidade de maior
distribuicdo na area. Ocorre na forma de plutons graniticos de idade Paleoproterozdica,
fracamente foliados, com bandamento gnaissico localizado, intrusivos no Grupo Riachdo do
Ouro, configurando tipico padrdo de domos e quilhas comum em terrenos granito-greenstone
(Costa et al., 1976; Cruz e Kuyumjian, 1998). Esta unidade compreende tonalitos
(leucotonalito, metatonalito), hornblenda metatonalito, biotita metatonalito e hornblenda
gabro que afloram principalmente na forma de lajedos (Campos et al., 2016). Na porcéo leste
e, subordinadamente, centro-sul da &rea dominam tonalitos e granodioritos com quantidades
variadas de biotita e hornblenda da Suite Serra do Boqueirdo (Paleoproterozoico). Estes
granitoides apresentam feicdes tipicas de mistura de magmas, xendlitos de anfibolito e
enclaves de rochas do Grupo Riachdo do Ouro. Na porcdo sudoeste da area afloram
hornblenda metatonalitos, metatonalito com biotita, leucogabros e hornblenda metadiorito
do Complexo Riacho do Mato. Essas rochas foram metamorfizadas a baixo grau (xisto
verde) e preservam feicGes tipicas de mistura de magmas e bandamento igneo. Haviam sido
cartografadas na regido de Diandpolis (Sabdia et al., 2015), mas s6 recentemente foram
descritas em detalhe e proposta a denominag&o formal (Campos et al., 2016). E uma unidade
paleoproterozoica intrusiva no TTG. Corpos circulares a subcirculares de hornblenda gabro
intrusivos no Grupo Riachdo do Ouro e Complexo TTG correspondem a unidade Intrusivas
Méficas-ultramaficas do tipo Gameleira. As idades Rb-Sr de 2050 + 276 Ma e 2217 + 85
Ma fornecem uma idade minima de intrusdo do granitoide na sequéncia greenstone (Costa,
1985).

Quartzito micaceo paleoproterozéico, folhelho sericitico, carbonato e metargilitos
carbonosos (Grupo Natividade) estdo situados ao longo de cristas alinhadas NNE de 500 a
800 m de altura nas partes centro-norte e oeste da regido (Serra da Natividade, Figura 2.1).
O contato de todas essas unidades com a cobertura lateritica, que se presume ser Cenozoica,

é gradacional.
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As altitudes na area da pesquisa variam entre 300 e 780 m. Compreende trés unidades
morfoestruturais: i) Serra da Natividade, na porcao oeste, marcada por relevo elevado (500
— 800 m), escarpado e muito ingreme, sustentado por rochas metassedimentares do Grupo
Natividade, portanto mais resistentes ao intemperismo; ii) Depressdo do Alto Tocantins,
ocupa a por¢ao central da &rea, caracterizada por relevo arrasado (~350 m), intensamente
lateritizado, baixa declividade, correspondente ao dominio das metavulcanossedimentares
do Grupo Riachdo do Ouro e granitdides do Complexo TTG; e iii) Patamares das
Mangabeiras na porcéo extremo leste da area, caracterizado por relevo ondulado e elevado
(~500 m), topos convexos a tabulares, menos dissecados que a Depressao do Alto Tocantins,
formados por granitoides da Suite Serra do Boqueirdo (SEPLAN, 1999; Campos et al., 2016;
Figura. 2.1.).

As crostas lateriticas tém coloracdo marrom-avermelhada a amarelada, tém textura
vermiforme a macica e protopisoliticas a pisoliticas (perfis 1, 2, 3 das Figuras 2.2, 2.3 e 2.4).
A crosta lateritica ferruginosa consiste principalmente de hematita, goethita, caulinita,
gibbsita, quartzo e anatasio, além de muscovita, albita e rutilo como minerais residuais.
Quando derivada do gabro, a crosta lateritica ferruginosa é cinza, macica e contém
todorokita, além dos minerais mencionados (crosta lateritica manganesifera, perfil 4 das
Figuras 2.2, 2.4C e D). Ambas as crostas lateriticas sdo cobertas localmente por Ferralsols e
Acrisols (de acordo com a taxonomia do solo WRB, 2015).

4.2. MineralizacGes de ouro na area de estudo

Paiol, Vira Saia e Cata Funda s&o os trés principais depositos de ouro na regido de
estudo (Figura 1.2). Esses depositos de ouro, classificados como orogénicos, séo do tipo
mesotérmicos hospedados em zonas de cisalhamento (Cruz e Kuyumjian, 1999; Cruz e
Kuyumjian, 2006), estdo localizados ao longo de 15 km de corredor do terreno granito-
greenstone. O deposito do Paiol € bem conhecido pelo ouro do saprolito que foi extraido em
escala industrial (2 Mt de minério processado a 2,5 g/t Au) de 1996 a 2001. A mineralizagéo
do ouro esta hospedada em anfibolito com zonas de cisalhamento hidrotemal acima 1400 m
de comprimento, 330 m de largura e 400 m de profundidade. O depésito Vira Saia esta
hospedado em um corpo metatonalitico cortado por zonas de cisalhamento ruptil-ductil
sinistral, e o deposito Cata Funda esta hospedado em saprolito, fraturas, veios e zonas de

cisalhamento desenvolvidas em rochas metabasicas e metassedimentares (Martins-Ferreira
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et al., 2017). Nenhuma mineralizag&o de ouro foi encontrada nas lajes, blocos, concregdes e
nodulos de crostas lateriticas.
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ARTICLE INFO ABSTRACT

Keywords: Recent studies have proposed several possibilities of combining K, Th and U airborne gamma-ray spectrometry
Ferruginous and manganese lateritic duricrusts channels to generate predictive algorithms maps. These algorithms can be used for mapping regolith in deeply
Fuzzy logic weathered terrains with residual, erosion, and deposition surfaces helping to developed strategies to better

Boolean logic

Multivariate linear regression
Map algebra

Weathering intensity index

understand the regolith landscape and to improve geomorphology interpretation, and to identify mineral
exploration target sites for primary (bedrock or saprolite) or supergene (hosted in lateritic duricrust) ore de-
posits. With the goal to easily map the regolith, two mathematical procedures were used on airborne gamma-ray
spectrometry data in GIS software, validated by fieldwork on granite-greenstone belts in Midwest Brazil: 1.
airbome gamma-ray spectrometry and altimetric data integrated in Boolean and fuzzy logic allowed segregating
the areas with ferruginous and manganese residual lateritic duricrusts from erosional surface with rocks and
saprolite with 90% of accuracy (Kgoolean = 0.69 and kpapo = 0.66) and 2. airborne gamma-ray spectrometry and
altimetric data integrated with weathering stages in multivariate linear regression (basic statistic) helped
establish the regional weathering intensity index, with acceptable error (r* adjusted >0.6 and p-value < 5%).
These two modeling techniques provide useful, accurate, rapidly and complementary regolith maps and can be
applied in large regions for preliminary interpretations.

1. Introduction helping develop strategies for accurate and rapid regolith exploration.
Supergene gold was found in lateritic duricrusts and mottled hori-
zons in most deposits in the savanna environments of Africa, India, and

Brazil (Freyssinet et al., 1989; Santosh et al., 1990; Bowell et al., 1996;

Deeply weathered regolith occurs mainly in the modern intertropical
zone, where strong chemical weathering favors rock transformation,

giving rise to stable products in a superficial environment (Costa, 1997;
Horbe and Costa, 1999; Anand and Paine, 2002; Freyssinet et al., 2005;
Yang et al., 2009; Anand and Butt, 2010). Predictive mapping tools
comprise a set of data processing techniques used in GIScience, which
can be a “simple” overlay of data layers or an advanced coordinated
multiple view environment data layers with complex models on a
desktop (Carranza, 2011; Ormeling and Kraak, 2008). Predictive map-
ping tools can be easily tested and applied to large regions, based on
their characteristics such as the density of vegetation cover, humidity,
and the extent of anthropization by agriculture and livestock, thereby

Porto and Hale, 1996; Larizatti et al., 2008). For effective greenfield
mineral exploration, regolith mapping using integrating mineralogical
and geochemical data (e.g., Davy and El-Ansary, 1986; Anand and Paine,
2002; Barnes et al., 2014; Iza et al., 2018) is necessary, especially in a
deeply weathered terrain where the overburdens mask paleo residual
surfaces and the geochemical redistribution due to weathering forms
extensive geochemical anomalies larger than the ore deposit itself
(Anand, 2001). Maps showing the distribution of landform-regolith
units provide relevant and sometimes subtle information of these ter-
rains, help target selection, and may help in interpreting soil
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geochemical anomalies and identifying supergene mineralization
(Smith et al., 2000).

Potassium (K) occurs mainly in primary rock-forming minerals, such
as K-feldspar and micas. It is present in high concentrations in felsic
rocks (granites, etc.) and low concentrations in mafic rocks. Thorium
(Th) and uranium (U) are found as traces in primary rock-forming
minerals (e.g., feldspars), but are common in accessory and resistate
minerals (zircons, monazite, and xenotime). Th and U occur in high
concentrations in granites and K is scarce in mafic rocks (O Reilly et al.,
1988; Dickson and Scott, 1997). The gamma-response reflects the
mineralogy and geochemistry of the parent rock, and weathering
products, including lateritic duricrusts, mottled horizons, residual and
transported clay, sand and gravel (Wilford et al., 1997). Different
techniques for the analysis of airborne gamma-ray spectrometry data
have been proposed ranging from the ratios of the radiometric channels
(Dickson and Scott, 1997; Wilford et al., 1997), agglomerative hierar-
chical clustering (Martelet et al., 2006), Boolean and fuzzy logic oper-
ators (Porwal et al., 2015; Iza et al., 2016), multivariate linear regression
(wilford, 2012; Martelet et al., 2013), artificial neural network classi-
fication (Metelka et al., 2018), to combination with optical remote
sensing datasets (Voll et al., 2020). Integrated interpretation of airborne
gamma-ray spectrometry and Shuttle Radar Topography Mission
(SRTM) images has been used to identify geophysical pattemns of
extensive regolith cover (Dauth, 1997; Jayawardhana and Sheard, 2000;

47°20'0"W
—
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Wilford et al., 1997; Dent et al., 2013; Arhin etal., 2015; Grimaud et al.,
2015; Moonjun et al., 2017; Albuquerque et al., 2020). The successful
combination of gamma-ray spectrometry and altimetric data in the
regolith mapping is because of the capacity of residual lateritic duricrust
to concentrate Th, U, and other trace elements on both Fe oxi-hidroxides
and residual minerals (zircon and monazite), relative to the parent rocks
(Wilford, 1995; Wilford et al., 1997; Dickson and Scott, 1997). This also
allows classification of the regolith in weathering regional indexes that
indicate the degree to which primary minerals have been altered to form
clay minerals and oxides (Wilford, 2012; Iza et al., 2018).

Minas Gerais, Goias, and Tocantins states in Midwest Brazil have
extensive granite-greenstone terrains that host important mineral de-
posits (Rio das Velhas, Guarinos, Crixas, Faina and Tocantins; Cruz and
Kuyumjian, 1998; Pimentel et al., 2000; Lobato et al., 2001; Jost and
Fortes, 2001; Jost et al., 2010; Oliveira et al., 2004, 2015; Correa et al.,
2015; Martins-Ferreira et al., 2017). Airborne gamma-ray spectrometry
has been successfully used to identify primary Cu and Au deposits and
Ni-bearing mafic-ultramafic bodies in these regions (Silva et al., 2003;
Barbosa et al., 2013; Campos et al., 2017). Pires (1995) showed that Au
mineralization in hydrothermal alteration zones in the Crixas deposit,
Faina Greenstone Belt, were associated with anomalous concentrations
of Kwhereas Campos et al. (2017) indicated the presence of new targets
in the Faina greenstone belt.

This paper reports predictive mapping tools for mapping regoliths
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using airborne gamma-ray spectrometry in a granite-greenstone terrain
in Midwest Brazil, which contains extensive primary Au ore deposits in
saprolite and bedrock surrounded by residual lateritic duricrust (Fig. 1).
As the previous maps of the Almas-Diandpolis region did not consider
regolith, there was a need to reinterpret the airborne gamma-ray spec-
trometry data for the study area (CPRM, 2006, 2014). The study aims to
develop geocomputational modeling tools that contribute to the delin-
eation of mineral exploration targets in an area where there is a wide
variety of rocks. The main contribution it provides to geosciences is that
the algorithms developed to apply to differentiate areas of saprolite and
parent rock from areas of lateritic duricrusts, and thus serve as a
guideline for regional gold exploration. The geochemical variations of
radioelements U, Th and K, measured from airborne gamma-ray spec-
trometry survey together with elevation data from a digital elevation
model, and field outcrops observations in training sites that describe the
degree of weathering, are used to generate a weathering intensity index
(WII). The algorithms processed eU, eTh, K, and elevation variables in
supervised classification with Boolean and fuzzy logic operators and
multivariate linear regression with WIIL.

2. Geology, geomorphology, and gold mineralization

The meta-volcano sedimentary NS-trending greenstone sequence
(Fig. 1) with the Sm-Nd model aged 2508 Ma, that occurs in the central
part of the study region (Cruz and Kuyumjian, 1999; CPRM, 2014;
Campos et al, 2016), is composed by basalt, garnet amphibolite,
actinolite-chlorite schist, and andesite (Corrego do Paiol Formation)
overlaid by a metasedimentary sequence of metaconglomerate,
muscovite-chlorite schists, sericitic phyllite, quartzite, muscovite shale,
and banded iron formation (Morro do Carneiro Formation) (Borges,
1993; Cruz and Kuyumjian, 1998; Kuyumjian et al., 2012). These two
units (the Riachao do Ouwro Group) are intruded by tonalite,
homblende-biotite metatonalite, biotite metagranodiorite, and hom-
blende gabbro plutons (TTG Complex, Serra do Boqueirao Suite, and
Riacho do Mato Complex) and cut by NS-striking amphibolite and micro
gabbro dikes (Fig. 1). The Rb-Sr ages of 2050 + 276 Ma and 2217 + 85
Ma provide a minimum age of granitoid intrusion in the greenstone
sequence (Costa, 1985). Paleoproterozoic micaceous quartzite, sericite
shale, carbonate, and carbonaceous metargilites (Natividade Group) are
situated along the 500-800 m high NNE aligned hills in the
central-northern and western parts of the region (Serra da Natividade,
Fig. 1). The contact of all these units with the lateritic cover, which is
assumed to be Cenozoic, is gradational.

Slabs, blocks, concretions, and nodules of lateritic duricrusts occur in
almost the entire study region, except in the central-northern and
westemn parts (>488 m) (Oliveira and Campos, 1991; SEPLAN, 2012;
CPRM, 2014; Campos et al., 2016). This sustains the undulating relief
with tabular tops of the Vale do Alto Tocantins surface in the
south-central part and of the Mangabeiras surface in the extreme eastern
part of the study region (348-488 m high) (Figs. 1-4).

The lateritic duricrusts are reddish-brown to yellowish in color, have
massive to vermiform texture, and are protopisolitic to pisolitic (profiles
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Fig. 2. Weathering lateritic profiles of the study region.
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1, 2, and 3 of Figs. 2-4). The lateritic duricrust consists mainly of quartz,
hematite, goethite, kaolinite, gibbsite, and anatase, while having
muscovite, albite, and rutile as residual minerals. However, on the
gabbro, the lateritic duricrust is gray, massive, and contains todorokite,
in addition to the above-mentioned minerals (manganese duricrust,
profile 4 of Figs. 2 and 4C, and D). Both lateritic duricrusts are locally
covered by Ferralsols and Acrisols (as per the WRB soil taxonomy WRB,
2015).

Paiol, Vira Saia, and Cata Funda are the three main gold deposits in
the study region (Fig. 1). These gold deposits, classified as orogenic,
shear-hosted mesothermal deposits (Cruz and Kuyumjian, 1999, 2006),
are located along 15 km of the granite-greenstone terrain corridor. The
Paiol deposit is well-known as gold from the saprolite was mined at an
industrial scale (2 Mt of processed ore at 2.5 g/t Au) from 1996 to 2001.
The gold mineralization is hosted in amphibolites with hydrothermal
shear zones that are over 1400 m long, 330 m wide, and 400 m deep. The
Vira Saia deposit is hosted in a metatonalitic body cut by a sinistral
brittle-ductile shear zone system, and the Cata Funda deposit is hosted
on saprolite, fractures, veins, and shear zones developed in metabasic
and metasedimentary rocks (Martins-Ferreira et al., 2017). No gold
mineralization was found in the slabs, blocks, concretions, and nodules
of lateritic duricrusts.

3. Materials and methods

The airborne gamma-ray data used for predictive mapping were
acquired from the Tocantins Aerogeophysical Project (CPRM, 2006)
flown between July 2005 to January 2006, which coincides with the dry
season in the region, and processed by Aerogeophysica Latinoamerica
(AGP-LA) under the supervision of the Geological Survey of Brazil
(CPRM). The average flight height was 100 m, with flight and control
lines spaced 0.5 and 10 km apart, respectively. The aircraft was equip-
ped with a spectrometer of 256 channels and a detector system made of
sodium iodide erystals doped with thallium with 2816 cubic inches
downward-looking and 512 cubic inches upward-looking detectors. The
data were collected depending on flight speed on the transect, that is,
approximately integrating the signal over a 75 m distance every second.
In the phase prior to the airborne survey, the equipment were tested for
data quality and control. Downward-looking detectors were subjected to
static calibration with calibration pads and dynamic calibration with
flights over dynamic calibration range (DCR) and the ocean. The con-
version of counts per second (cps) to the concentration of elements was
based on flights over the DCR. Upward-looking detectors were cali-
brated in high-level flight tests (2500 feet).

The data were corrected by AGP-LA, which adopted the recom-
mendations of the International Atomic Energy Agency (1991). The
main steps were: (a) filtering the altimeter radar data, cosmic radiation
channel, and uranium to reduce the effects of high-frequency radiation;
(b) correction of effective flight height based on environmental tem-
perature and pressure; (c) removing contributions from the aircraft
background and cosmic radiation components in each window of the
spectrometer; (d) removal of radon background from measurements
performed on the uranium window by the upward-looking detector; (e)
estimation of sky shine coefficients related to uranium and thorium ra-
diation; (f) correction of the Compton scattering; and (g) correction of
altimetry based on the nominal height of the airborne survey and at-
mospheric attenuation.

The negative values of eU, eTh, and K concentrations, caused by the
inadequate atmospheric background correction and/or instrumental
calibration processes used in the Tocantins Aerogeophysical Project,
were set to zero for this study. The errors in gamma-ray spectrometry
data, also called dummies, although small in number and intensity can
distort the results, especially when they assume negative values because
the inputs used in the modeling are composed by division and multi-
plication of radioelements.

Airborne gamma-ray and altimetric data were further processed
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Fig. 3. Regolith landscape of the area. A - view of the greenstone belt (Almas-Dianopolis) highlighting hills lined up to the bottom of the landscape (Mangabeiras
surface and Serra da Natividade); B - contrast between low and high relief (Mangabeiras surface) located in the southeastern part of the area; C and D - inselbergs
supported by duricrust (Vale do Alto Tocantins surface); E — lateritic duricrust outcrops in blocks; and F - in slabs.

using Oasis Montaj (Geosoft) and ArcGIS (Esri) softwares. The map
algebra technique based on transforming numerical data allows high-
lighting objects of interest on the ground surface (Carranza et al., 1999;
Raines et al., 2010; Tomlin, 1994). The characteristics of these data and
the way they are transformed into maps are presented in the following
sections. The lateritic duricrust has the ability toretain €Th and eU inthe
Fe oxi-hidroxides relative to the chemical composition of the less
leached substrate (saprolite and parent rock) (Wilford et al., 1997;
Dickson and Scott, 1997). This allows preparation of predictive maps
using airborne gamma-ray data, which when combined with other data
(e.g., petrographic, geochemical, aeromagnetic, spectroscopic) can
contribute as a guide for regolith studies and can indicate new target
sites for ore deposits.

The airborme gamma-ray data (eU, eTh, and K channels) was re-
clipped from the total region under the Tocantins Aerogeophysical
Project and WGS84 was used as the spatial reference system. These data
(geodatabases) were interpolated based on minimum curvature, with a
125 m grid cell size, corresponding to a quarter of the spacing between
the flight lines (Fig. 5).

For the geochemical study of the regolith, 27 samples were selected
from lateritic duricrust (23) and parent rock (4). They were collected in
lateritic duricrust and rock slabs outcrops (>30 m?) that form the
tabular tops of the Vale do Alto Tocantins surface distributed throughout
the study region. No samples were collected in the incised valley and
riverbed because lateritic duricrusts were not found in these locations.
The samples were dried in an oven (60 °C), pulverised, and extracted as
aliquots for chemical and mineralogical analysis. Chemical analyses
were performed by ALS-Laboratory Services. The major elements (SiO,,
Al,03, Fey,03, TiO,, MgO, CaO, Na,O e K;0O, P,O, and MnO) were
analyzed by ICP-ES after fusion with LiBO, and loss to fire (LOI) by
gravimetry. The Th and U were analyzed by ICP-MS. The minerals were
identified by X-ray diffraction (RIGAKU IV equipped with a Cu tube) in

the laboratory of Universidade de Brasilia (UnB).

3.1. Boolean and fuzzy logics applied to regolith mapping

Techniques based on Boolean and fuzzy logic operations are used in
the construction of knowledge-driven models, i.e., models based on
previous information or hypotheses made by an expert (Bonham-Carter,
1994). Boolean logic consists of applying mathematics to human
reasoning. It uses the classical theory of sets, in which an element is or is
not a part of a set. Logical complementation (NOT), logical multiplica-
tion (AND), and logical addition (OR) are the operations that are applied
to a data set. The Index Overlay Method (IOM), associated with this
logic, allows assigning different weights to the variables while the
average normalized by the sum of weights (weight-weighted average)
allows identifying the influence of each variable in binary (0 or 1)
format (Bonham-Carter, 1994). The resulting maps allow to differentiate
exposed areas of parent rock and saprolite from areas with lateritic
duricrusts. It is emphasized that the prior traditional mapping of the
region was essential for guiding the study. The choice of data, the kinds
of information extracted from it, and the assignment of weights to evi-
dence were dependent on the environment regional (Midwest Brazil
context). For example, vegetation map was not employed, because it is
not directly useable as lateritic duricrust evidence; as well as lower
weight assigned to elevation relative to the airborne gamma-ray data,
because lateritic duricrust had been observed over a relatively wide
range of altitudes.

Fuzzy or diffuse logic is an outgrowth theory of sets (Zadeh, 1965),
where the transition between favorable and non-favorable areas can be
gradual rather than abrupt (Boolean logic), assuming any value in the
interval between 0 and 1. The membership function of a fuzzy set A is
denoted by pA(x) and usually has the form pA: X — [0, 1], where X is the
universal set under consideration and A is a label of the fuzzy set defined
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Fig. 4. Lateritic duricrust textures. A - vermiform to protonodular; B - vermiform; C - manganese vermiform; D - vermiform and massive manganese; E — pisolitic;

and F - vermiform with botryoidal goethite.

) Elc\atlon o Gamma Spectrometry

Minimum curvature

Cell size: 125 m

Variables selected for
map algebra |

Elevation, ¢Th, %;L LLh_’:(L

Compressed digital image data
(256 gray levels)

Algorithms 1,2,3

s |

Elevation, i]:hKLL

Exported as original data
(meter and concentration)

Fig. 5. Data processing flowchart and alternative products from algorithms 1,
2, 3 and 4. Respective colorbars of K, €Th, and eU are presented in Fig. 7.

by this function. The universal setis always assumed to be a crisp set A.
For each x € X, the value pA(x) expresses the degree of membership of
element x of X in the fuzzy set A. Each fuzzy membership function (e.g.,
large, small, Gaussian, linear) varies with the equation and application
while the choice is based on the option that best captures the

transformation of the data based on the phenomenon being modeled.
The fuzzy large function is used when input values are greater than the
defined midpoint (assigned to an association of 0.5), which indicates a
greater possibility of being members of the set and values below the
midpoint with a decreasing membership (Fig. 6A). The fuzzy small
function is the opposite. It is used when the smaller input values are
more likely to be a member of the set. Values greater than the midpoint
indicate a lower possibility of being a member of the set and values
below the midpoint indicate a higher possibility of the membership
(Fig. 6B). Fuzzification is the process of converting a crisp input value to
a fuzzy value, and is conducted using the information in the knowledge
base, while defuzzification is the return to the classic mathematical set
(Zadeh, 1965; Zimmermann, 1985). The crisp input value can assume in
classification the raw data (e.g., radioelement concentrations) or com-
pressed digital image data (e.g., 8-bit), among other possibilities. These
two input data approaches were analyzed in this study to compose the
classification algorithms.

Boolean logic uses the Boolean operator ‘&’ (AND), algebraic oper-
ator ‘+, and different weight combinations, for example, 1 for elevation
and 4 for €<V (JOM). Thus, the different weights are arranged in a
geometric progression of common ratio 4; (A, = 4" ~ 1):(1 - elevation + 4
« €Thiely /5 (1za et al, 2016). These were the criteria applied to define
weighting parameters of the variables, which allowed the best
discrimination of lateritic duricrusts, mottled horizon, and soil areas.
Fuzzy logic uses the fuzzy operators: Fuzzy Algebraic Product Operator
(FAPO) to minimize the results, Fuzzy Algebraic Sum Operator (FASO)
to maximize the results, and Fuzzy Gamma Operator (FGO) to balance
the results. The FAPO tends to be very small with this operator due to
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Fig. 6. Fuzzy membership functions. A - Fuzzy large function and B - Fuzzy small function.

multiplication of several numbers less than 1. The output is always
smaller than, or equal to, the smallest contributing membership value,
and is therefore “decreasive”. In the FASO, the result is always larger
than (or equal to) the largest contributing fuzzy membership value, and
the effect is therefore “increasive™. Two pieces of evidence, both fa-
voring a hypothesis, reinforce each other and the combined evidence is
more supportive than either piece of evidence taken individually. FGO is
the combination of FAPO and FASO. Details regarding these operators
can be found in Zadeh (1965), Zimmermann (1985), Bonham-Carter
(1994), Klir (2004), Eddy et al. (2006), and Nykanen et al. (2008). Each
operator generated a predictive map in the raster calculator and the
results were compared to those from the fuzzy large pertinence function
(fuzzification) in the GIS software. The fuzzy large function was used as
thelarger input values are more likely to be a member of the fuzzy set. In
this study, the data were divided into five classes: extremely unfavor-
able, unfavorable, moderately favorable, favorable, and extremely
favorable (Wilford, 2012; Iza et al., 2016). The first two classes were
assigned to parent rock and saprolite, while the last two were assigned to
lateritic duricrust and its dismantling products, and the moderately
favorable class was assigned to the mottled horizon where lateritic
duricrust fragments are not uncommon. The number of classes most
appropriate for the study region was defined by observing the weath-
ering stages of the field outcrops.

3.2. Algorithms validation

The efficiency of the predictive mapping results expressed by the
kappa coefficient (x), is defined as k = (po — pe)/(1 — pe), where po in-
dicates the observed agreement, p, = [(n;/n) * (m;/n)] + [(ng/n) * (my/
n)] is the expected agreement, m, is total parent rock outcrops, my is
total duricrust outcrops, n, is total parent rock prediction, ng is total
duricrust prediction, and n is total field outcrops. Table 1 schematically
illustrates how kappa coefficient are calculated. Part of the observed
agreement is attributed to chance, making it larger than the expected
agreement (py > p.). Kappa is a measure of this difference, standardized
to lie ona —1 to 1 scale. k is intended to provide a quantitative measure
of the magnitude of the agreement among the lithological information

Table 1

Confusion matrix used to measure the agreement between field outcrops ob-
servations and predictive map (adapted from Cohen, 1960 and Viera and Gar-
rett, 2005).

Predictive map

Parent rock Duricrust Total
Field outcrops observations Parent rock A B my
Duricrust c D myp
Total n ng n

Note'. a = parent rock predicted as parent rock; b = parent rock predicted as
duricrust; ¢ = duricrust predicted as parent rock; d = duricrust predicted as
duricrust;n; =a+ ¢ ny = b+ d; m; =a + b; m, =c +d; n =total field outcrops.

predicted by the model and its nature (e.g., parent rock or lateritic
duricrust) confirmed in field outerop (Cohen, 1960; Viera and Garrett,
2005). Kappa values between 1 and 0.81 indicate almost perfect
agreement, between 0.80 and 0.61 indicate substantial, between 0.60
and 0.41 indicate moderate, and values closer to 0 indicate lower
agreement (Landis and Koch, 1977). For this study, 1745 field outcrops
were recorded, of which 1462 were assigned as parent rock (rock and
saprolite) and 283 as lateritic duricrust (mottled horizon, soil and dur-
icrust) in four possibilities: a) concordant lateritic duricrust; b) discor-
dant lateritic duricrust; ¢) discordant parent rock; and d) concordant
parent rock, which are the basis for determining k. The supervised
classification method was adopted in this study.

3.3. Multivariate linear regression

The gamma-ray spectrometric signature via multivariate linear
regression is another way for mapping the regolith (Wilford, 2012; Iza
et al., 2018) quicker than logic tools. To use this technique, the 1745
mapped sites were grouped in weathering classes (WCs) according to
field observations in the study region: 1) unweathered, 2) slightly
weathered, 3) moderately weathered, 4) highly weathered, and 5)
extremely weathered (Table 2), where the last three classes included
lateritic duricrust (mottled horizon, soil and duricrust). Statistical pa-
rameters (average, maximum, minimum, and standard deviation) and
Pearson correlation coefficient (r) were calculated for elevation, eTh,
eU, K, Thel, and eThieUfor each of the five WCs (Table 2). The Pearson
correlation coefficient intervals were classified as weak (0 to + 0.29),
moderate (+0.30 to + 0.49), and strong (+0.50 to =+ 1.00) according to
Cohen (1988), and the multivariate regression was conducted according
to the backward model stepwise regression of Wilford (2012). This
approach identifies the independent variables that most influence the
variability in the WC, the dependent variable. In the final step, the in-
dependent variables, eTh, eU, €Thel, eThiel anq elevation were used in
the weathering intensity index (WII) equation and the map was
compared to the Boolean and FAPO predictive maps.

4. Results
4.1. Exploratory data andlysis

The total count image of gamma rays emitted by K, Th, and U re-
flected on the RGB space (Fig. 7A, B, and C), which when combined,
resulted in the ternary map shown in Fig. 7D. The lateritic duricrusts
occur along the greenish areas identified by high eTh and eU concen-
trations and low K content (Fig. 7D), especially in the manganese
lateritic duricrust, relative to other rocks (Table 3). The central-
northern, northwestern, and northeastern parts (whitish colors,
Fig. 7D) have zones with high eTh (red to pink color, Fig. 7B) encom-
passed by high K (red to pink color, Fig. 7A). These zones mark the
domain of metatonalites and metagranodiorites (Serra do Boqueirao
Suite and TTG), saprolite and the rare lateritic duricrust outcrops
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Table 2
Classification of the weathering level of the regolith adapted for the study region
(Wilford, 2012; Iza et al., 2018).

Level Weathering
(WC) intensity

Descriptions

1 Unweathered Rock without signs of decomposition, structure and
preserved primary mineralogy. Rock outcrops
predominate over soils (>70%). Surface soils when
present are Gleysols.

Rock slightly discolored with eventual g
The overall fabric of the rock is well preserved, and
outcrop are common. Primary minerals are largely
preserved; however, feldspars can be slightly
weathered. Surface soils are typically Cambisols.
Residual sands and clays are common in the upper
part of the weathering profile. Rock partially
weathered but still cohesive. Most of the feldspars
are weathered. Profile commonly mottled. Lateritic
duricrusts are not uncommon. Surface soils are
typically Plinthosols. Absence of a layer of
accumulated clay, humus or soluble salts.
Residual sands and clays are common in the upper
part of the weathering profile. Profile commonly
mottled with the primary bedrock structure
typically lost. Saprolite soft and weakly cohesive
that can be broken by hand. The mineral content is
dominated by clays, oxi-hidroxides of iron and
aluminum with or without residual quartz and
anatase. Other minerals in low abundance or
absent. Blocks and slabs of lateritic duricrusts,
lateritic gravels, Acrisols and Ferralsols dominate
rock outcrops (>80%).

Residual sands and clays are common in the upper
part of the weathering profile; mottling and
leaching are intense and frequent. Saprolite is soft
with primary minerals completely weathered to
form clays or oxi-hydroxides. However,

quartz veins may still remain together with the
anatase as the only remaining primary minerals.
Blocks and slabs of lateritic duricrust, lateritic
gravels, Acrisols and Ferralsols are dominates
(>>95%). Practically no parent rock appears.

2 Slightly
weathered

3 Moderately
weathered

4 Highly weathered

5 Extremely
weathered

(Fig. 1). The darker areas (Fig. 7D) are characterized by low eTh and eU
(cyan, Fig. 7B and C), whereas the reddish colors correspond to parts of
the TTG domain (Fig. 1). In some of these sites in the midwestern region,
the existing lateritic duricrusts (Fig. 7D) did not show a tendency to
concentrate Th and U.

The preliminary analysis illustrated the gamma-ray spectrometry
signature of the study region. Thereafter, several combinations of data
variables were used in the predictive mapping experiments, along with
data transformations (with or without previous data reclassification,
raw, and 8-bit image) and modeling methods (Boolean, Fuzzy, and
multivariate regression). The individual Th channel, and the <™.V and
eThieUratios were used to highlight the signature of the lateritic duricrust
(high eTh and eU relative to K values) (Wilford et al., 1997; Carrino
et al., 2011; lza et al., 2016). The Pearson correlation coefficient of
elhieU relative eTh and eU in the lateritic duricrusts (0.74 and 0.58,
respectively) was slight higher than the coefficients in the bedrock and
saprolite (0.60 and 0.53, respectively), highlighting the suitability of
eThiel ratio for mapping regoliths (Fig. 8). The average <<l in the
lateritic duricrusts (9.05) was higher than that in the parent rock and
saprolite (6.07). The Pearson correlation coefficient of €<V relative to
eTh and eU in the lateritic duricrusts (0.83 and 0.76, respectively) was
similar to the coefficients for bedrock and saprolite (0.81 and 0.75,
respectively). The average T2V in the lateritic duricrust (19.6) was also
higher than that in the parent rock and saprolite (11.17) (Fig. 8).
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4.2. Boolean and fuzzy logic

Several combinations of airborne gamma-ray were tested. Fig. 5
shows the flowchart with the four algorithms applied to data to obtain
the regolith predictive maps for the study area (Table 4): algorithm 1 -
eTh exported from GIS software as an 8-bit image (256 Gy levels) pro-
cessed with elevation (8-bit) using the Boolean (AND) and fuzzy oper-
ators (FAPO, FASO, and FGO); algorithm 2 - H;J<_2U processed with
elevation and exported according to algorithm 1; algorithm 3 - €ThieU
exported in the same format as that of algorithm 1 and elevation,
applying the Boolean IOM and different weights (1 for elevation and 4
for ™ty (Bonham-Carter, 1994), and applying the fuzzy method
(Zadeh, 1965) to these variables; and algorithm 4 - the same variables as
of algorithm 3, but used the raw data (not compressed digital image)
including elevation, and exported from GIS software with the appro-
priate extension (.flt) to maintain the original data in concentration, and
then applying the Boolean IOM and fuzzy (see Figs. 9 and 10, respec-
tively) methods.

In each algorithm, the topographic altitudes of the lateritic duricrust
(348-488 m), defined by the SRTM images and fieldwork, were used in
the raster calculator to generate a Boolean predictive map of elevation
by applying the AND operator in the expression [elevation > (X — )]
AND [elevation < (X + 3/2 o)] for both raw elevation data and com-
pressed digital image data, where X is the average and o the standard
deviation (Table 5). The Boolean predictive maps of airborne gamma-
ray data were prepared using the expressions: [eTh > (X + 1/3 0)]
(algorithm 1); [ <T%Y > (X + 1/3 0)] (algorithm 2); [TV > (X + 1/3
6)] (algorithm 3); and [ W > X] (algorithm 4, Table 5).

The combinations of airborne gamma-ray and altimetric data using
algebraic operators (—, +, >, and <) and Boolean logic (AND) resulted in
Boolean predictive maps that highlighted the areas favorable and non-
favorable for lateritic duricrusts (Fig. 9). The elevation increased the
accuracy (91%) and k (0.69) of the Boolean prediction (algorithm 4)
relative to e—mﬁ‘ﬂ (accuracy 87%; k = 0.56). The fuzzification of the
FAPO, FASO, and FGO formulas (Table 4) yielded fuzzified maps
(Fig. 10). The five classes in the fuzzy predictive maps (extremely un-
favorable, unfavorable, moderately favorable, favorable, and extremely
favorable) were based on their histograms and field outcrops observa-
tions. The classes with lower values (extremely unfavorable and unfa-
vorable) corresponded to areas of parent rock and saprolite, whereas
classes with the three highest values (moderately favorable, favorable
and extremely favorable) corresponded to areas of mottled horizon, soil
and lateritic durierust (Wilford, 2012; Iza et al., 2016). The maps that
best predicted (Fig. 11) the lateritic duricrusts relative to the parent
rocks and saprolites, were the Boolean and FAPO prepared under algo-
rithm 4 (Fig. 11A and B, respectively) using % and the raw data
(Figs. 9 and 10, respectively). Similar to elevation, eU cannot be dis-
regarded in the predictive mapping for the study region. It combined in
ﬂ%('ﬂ improves the results (accuracy 90%; kpapo = 0.66) in relation to
eTh/K single ratio (accuracy 86%; Keapo = 0.50).

4.3. Weathering intensity index

The Pearson correlation coefficient showed that the correlations
between the elevation, eTh, eU, K, and ET%('E—U (Table 6) and the five WCs
were strong for eTh (r = 0.58, Table 7), eU (r = 0.52), and Th!eU (r =
0.76), and weak for elevation (r = 0.18) and K (r = —0.12), as per the
classification by Cohen (1988) (Table 7). Although the correlation co-
efficient between elevation and WC was weak, the kappa coefficient
(0.58) and field outcrops observations indicated that elevation is an
important factor for regolith mapping in the study region (Table 4).

The parameters Th, ™Y, and elevation explained 62.4% of WC
variability with the correlation intensity of r = 0.79 (Table 8). These
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Table 3

Average chemical composition of the lateritic duricrust and rocks, K in % and Th
and U in ppm. Estimates of uranium and thorium concentrations are reported as
uranium equivalent (eU) and thorium equivalent (eTh).

Average Chemical Gamma-ray
composition spectrometry
K Th U K eTh eU
Ferruginous lateritic duricrust 0.2 6.8 21 1.3 89 2.4
Manganese lateritic duricrust 02 127 41 1.8 288 46
Parent rock 0.7 2.6 0.5 1.7 8.0 22

variables when integrated by multivariate linear regression resulted in a
global p-value of 0.00 for the F test (<0.05). This implies that at least
one of the variables was correlated with WCs (Table 8). Despite the
strong correlation of WC with eU (r = 0.52), eU had a p-value of 0.36 for
the F test (>0.05) in multivariate linear regression. This indicated
multicollinearity between eU and other variables (Th, m’x‘w, and
elevation) and eU was not used for calculating WIIL All three statistically
significant (individual p-values < 0.05) variables (Th, ﬁ%gﬂ, and
elevation) in the multivariate linear regression were used to generate the
WII equation (Equation (1)) and the predictive regolith map for the
study region (Fig. 12).

Th U
WIT = — 1.2810 + 0.0034*elevation +0.0310¢Th + 0‘2327*%

@

The duricrust lateritic areas are underestimated when they are used
in the WII map and in the FAPO map’s four classes (unfavorable,
moderately favorable, favorable, and extremely favorable) instead of
five classes (extremely unfavorable, unfavorable, moderately favorable,
favorable, and extremely favorable). The kappa coefficient decreased
from 0.66 to 0.52 as many parent rock outcrops were classified in FAPO
as lateritic duricrust.

5. Discussion

Algorithms with different combinations of variables were tested. The
degree of rocks alteration in 1745 field outcrops; the parent rocks and

Lateritic duricrust Parent rock
A YD0Ss39l y=034x+3.32
r=0.74 r=0.60

(eTh+cUYK =9.05 (¥) (eTheUYK = 6.07 (1)

°
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lateritic radioelements signatures proposed in the literature, in addition
to other possibilities; and the kappa coefficient were the criteria adopted
to determine the efficiency of the predictive mapping results. The al-
gorithm 4: (T4:<V exported with appropriate extension to maintain the
original data in concentration and elevation with kseolean = 0.69 and
kpapo = 0.66) was found to has be the most accurate mathematical
approach (substantial efficiency; accuracy 91%) for regolith mapping
(Table 4 and Fig. 11). This indicates that despite the great variety of
rocks covered by sparse shrubs, it was possible to identify the spreading
lateritic duricrusts (mottled horizon, soil and duricrust) that covers
almost 30% of the total area (Table 4 and Fig. 11). This area is larger
than the areas delimited by previous geological mappings (CPRM, 201 4;
Campos et al., 2016, Fig. 1). Although the low eU concentration (X = 2.2
ppm, Table 6) when it is combined in ﬂﬁl'\e—u algorithm (4) it improves
the accuracy to 90% and the kpapo to 0.66) relative to eTh/K (accuracy
86%; kpapo = 0.50). The altitude range (348-488 m) is an important
variable for of the lateritic duricrusts identification, as indicated Iza
et al. (2018). In the study area it improves the accuracy (91%) and
Kpoolean (0.69) of predictive maps to relative to those generated by al-
gorithms using only ™2V (accuracy 87%; Kgoolean = 0.56), and there-
fore their quality.

The weak to moderate efficiency (x < 0.48) and low accuracy
(<79%) of algorithms 1, 2, and 3 to identify the lateritic duricrusts
(Table 4) resulted in a three-fold increase in the number of discordant
parent rocks (parent rock and saprolite) of the model (parent rock pre-
dicted as duricrust). Further, algorithm 2 (krgo = 0.10), that used the
€Thel ratio, was less efficient than algorithm 3 (xrco = 0.34) that used
the €M<V ratio. The integration of raw data of €TeU and elevation was
also tested. Although the average €%2U (19.6) in lateritic duricrusts was
greater than average €™l (9.05), the predictive maps had moderate
efficiency (kpoolean = 0.55 and keapo = 0.43) due to excessive restriction

of the lateritic duricrust areas. The T8V ratio most accurately predicted

areas with lateritic duricrusts.

The mathematical logic (Fig. 11) and multivariate linear regression
(Fig. 12) showed the efficiency of the airborne gamma-ray spectrometry
in mapping regoliths in the Midwest Brazil. The Boolean (91%) and
FAPO (90%) are excellent predictive techniques and were marginally
more accurate than multivariate regression WII techniques (88%) for the

Lateritic duricrust Parent rock
B y=3.42x +0.87 y=237x+085
r=058 r=052

(€ThieUYK = 6.07 (§)
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C r=083 _ r=081 N r=0.76 N r=0.75 N
(eTh.eUYK = 19.6 (¥) (eTh.eUYK = 1117 (%) (eTh.eUVK = 19.6 (¥) (eTh.eUYK = 11.17 (X)
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Fig. 8. Plots of gamma-ray spectrometric signatures of lateritic duricrust (yellow dots) relative to those of parent rock (green dots): A — (eTh + eU)/K vs. €Th; B -
(eTh + eU)/K vs. eU; C - (eTh.eU)/K vs. eTh; and D - (eTh.eU)/K vs. eU. K (%), Th (ppm), U (ppm).
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Table 4

Journal of South American Earth Sciences 112 (2021) 103562

Results of the predictive maps for favorable and extremely favorable areas to the occurrence of lateritic duricrusts using different variables and processing flows. The
algorithm used in Boolean and fuzzy predictions maps (4) have the best accuracy and kappa coefficient (k).

Input Logic Formulas and data type Confusion matrix* Accuracy (%) K Area (%)**
Compressed digital image data (0-255)
1 Elevation (SRTM) Boolean Elevation AND eTh (935-527-66-217) 66 0.25 44.8
FAPO Elevation*eTh (768-694-51-232) 57 0.18 56.0
eTh FASO (1-(1-Elevation)*(1- eTh)) (814-648-52-231) 60 0.20 54.4
FGO Power ((FASO),0.7)*Power ((FAPO),0.3) (501-961-10-273) 44 0.13 74.2
Compressed digital image data (0-255)
2; Elevation (SRTM) Boolean Elevation AND eThK. eU (1083-379-29-254) 77 0.43 42.4
FAPO . eTh . eU (1003-459-19-264) 73 0.38 59.6
Elevation*
tﬂk.iu FASO (1-(1-Elevation)*(1- el . eU)) (971-491-20-263) 71 0.36 56.4
FGO Power ((FAS0O),0.7)*Power ((FAPO),0.3) (403-1059-4-279) 39 0.10 82.6
Compressed digital image data (0-255)
i 4- g 7 . ;
3 Elevation (SRTM) Boolean (IOM) (1*Elevation)+ (4* (eThK eTh+ely s (1124-338-20-263) 9 0.48 49.3
FAPO Elevaﬁon*e-rh + eU)) (959-503-12-271) 70 0.36 59.8
eThl:- eU FASO (1-(1-Elevation)*(1- eThlz eUn (962-500-39-244) 69 0.31 57.8
FGO Power ((FASO),0.7)*Power ((FAPO),0.3) (986-476-34-249) 71 0.34 59.0
Raw data (in concentration and meter)
4 Elevation (SRTM) Boolean (IOM) (1*E|e'va(ion)+(4*(eTh + eU))/5 (1352-110-51-232) 91 0.69 30.4
FAPO " €Th + eU (1366-96-73-210) 90 0.66 28.5
Elevation* —————
eThl-(# eU FASO (1-(1-Elevation)*(1- eTh + eU)) (1364-98-73-210) 90 0.65 29.2
FGO Power ((FASO),0.7)*Power ((FAPO),0.3) (1362-100-74-209) 90 0.65 29.9

Note® * Respective values for parent rock predicted as parent rock, parent rock predicted as duricrust, duricrust predicted as parent rock and duricrust predicted as

duricrust.
**Area covered by lateritic materials (lateritic

duricrust, mottled horizon and soil).

FAPO - Fuzzy Algebraic Product Operator, FASO - Fuzzy Algebraic Sum Operator, FGO - Operator Gamma Fuzzy.
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Fig. 10. Flowchart of the algorithms for generating fuzzy predictive maps.

Fig. 9. Flowchart of the algorithms for generating Boolean predictive maps.

study region (Figs. 11 and 12). However, calculating WI1I is faster as it
requires less mathematical processing and is simpler to work with as it

uses basic statistical methods. Thus, the techniques used to prepare
regolith maps suitable to discriminate areas of parent rock and saprolite
from areas with lateritic duricrusts can help as a guide in the prospecting
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Table 5
. e€Th.eU eTh +eU . .

Statistical yof eTh T 7 and elevation for the algorithms 1,
2, 3, 4.

Algorithms ~ Variables ~ Min Max A g dard d

x) (©)
1% €Th 0.0 255.0 152.9 97.8
2% €TheU 0.0 255.0 154.9 97.4
K

3.5 €Th + eU 0.0 255.0 1547 97.5

(1,2,3)* Elevation 0.0 255.0 46.9 26.7

G XX, €Th + eU 1.0 111.6 7.0 3.5

K
i Elevation 314.0 772.0 404.0 51.5

Note®. * Compressed digital image data (0-255). * * Raw data: eTh (ppm), eU
(ppm), K (%), elevation (m).

of new targets for mineral exploration in the region.

The combined use of a wide range of data layers (e.g., lateritic index -
LI, WII, digital elevation model - DEM, and geochemical map) is now a
standard method of automated routines for visualizing the spatial dis-
tribution of regolith and landforms in Australia and other countries

47°200"W
1

Journal of South American Earth Sciences 112 (2021) 103562

(Carranza et al., 1999; Wilford, 2012; Metelka et al., 2018). More
informative maps can be created as layers in the GIS software and can
help with the planning of further geochemical investigations and con-
struction of complex thematic maps (Craig, 2001). There are several
combinations of airborne gamma-ray data: eTh/K, eU/K (Iza et al.,
2016), and LI (T2eY) (iza et al., 2018). However, they underestimate or
overestimate the predicted areas for lateritic duricrusts. The size of the
lateritic duricrust outcrops also affects the efficiency of airborne

Table 6
Basic statistics of altimetric and airborne gamma-ray data at observed sites
(algorithm 4, raw data).

N i Maxi Averag Standard
x) deviation (0)
Elevation 1745 320 637 410.2 46.6
(m)
€Th (ppm) 1745 25 30.9 82 4.0
eU (ppm) 1745 04 4.7 22 0.5
K (%) 1745 1.0 4.0 17 0.6
€Th + eU 1745 1.6 28.0 6.6 2.8
K
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g
=
=
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47°200"W 47°100"W 47°0'0"W
L d "
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295 - 400
I Moderate to extremely favorable Belens  Fuy
I Dam ——— 77 400-500 | Acuracy (%) 91 90
Cities Di;ienargoeas [ 500 - 600 | Coefficient k  0.69 0.66
@] Duricrust outcrops ® Profiles - 600 - 700 Eﬁiciency Substantial Substantial

© Parent rock outcrops ® Gold deposits- 700 - 788
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S

Fig. 11. Predictive maps of lateritic duricrust occurrence using Boolean (A) and fuzzy (B) logics (algorithm 4). Areas in red are lateritic duricrusts, mottled horizon,

and soil, whereas the remaining area consists of parent rock and saprolite.
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Table 7
Pearson correlation coefficient (r) results.
wC Elevation* €Th eU K eTh+eU
K
wC 1.00 0.18 0.58 0.52 -0.12 0.76
Elevation 1.00 0.31 0.23 0.49 —-0.04
€Th 1.00 0.81 0.51 0.58
eU 1.00 0.41 0.53
K 1.00 -0.26
eTh + eU 1.00
K

Note*. (1) WC = weathering class described in Table 2. SRTM* = Shuttle Radar
Topography Mission; (2) Bold values were referenced in the text.

Table 8
Summary of stepwise regression.

Regression statistic

r multiple 0.790

'S 0.624

* adjusted 0.623

Standard error 0.585

Global p-value of F test 0.000

Coefficients Standard error Individual p-value
Intersection —1.2810 0.1366 2.1332 x 107
Elevation 0.0034 0.0003 9.5602 x 107
eTh 0.0310 0.0066 5.5578 x 10!
eTh+ eU 0.2327 0.0064 3.3357 x 107 21¢
K

gamma-ray spectrometry to map the regolith in the midwestern part of
the study site, where there is lateritic duricrust in small outcrops (less
than 50 m in diameter) and therefore they are difficult to identify using
the methods presented above (Fig. 7D, yellow dots in dark zones in the
midwestern region). The choice of the optimal number of classes that
represent the materials that make up the regolith strongly influences the
quality of the predictive map, and must be adapted to the environmental
context of the study region (Wilford, 2012; Iza et al., 2018). For the
study region, tests showed that five classes for the WII map produced a

47°200"W

47°200"W

Legend
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[ Dam —— Paved road

(2% Cities —— Drainages
O Duricrust outcrops ® Profiles

© Parent rock outcrops  ®  Gold deposits
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satisfactory result (accuracy 88%), as show in Fig. 12.

Despite the possibility of gamma-ray attenuation by vegetation
(wilford, 1997), the manganese lateritic duricrust on gabbro (Serra do
Boqueirao Suite) (Fig. 1, profile 4) in the dense vegetation covers in the
southeastern part of the study region was highlighted by Boolean and
fuzzy (FAPO) logics and WII. This was a consequence of the manganese
duricrust having higher eTh (28.8 ppm) and eU (4.6 ppm) than the
ferruginous lateritic duricrusts (8.9 and 2.4 ppm, respectively), which
was validated by chemical analysis which showed higher concentrations
of Thand U (12.7 and 4.1 ppm, respectively) in the manganese duricrust
than in the ferruginous duricrust (6.8 and 2.1 ppm, respectively), as
shown in Table 3. A recent study in southwestern Amazonia provided
similar findings (Albuquerque et al., 2020). Thus, the gamma-ray
spectrometry algorithms were found to be suitable also for mapping
manganese lateritic duricrusts.

The misinformation about data input is an issue in the application of
Boolean and fuzzy logic mapping techniques. When normalized data
(256 Gy levels; K, eTh, eU, and their ratios) are used, the lateritic dur-
icrust areas may be overestimated, as shown in algorithms 1, 2, and 3.
The assigning of weights to the variables (IOM) instead of using the AND
operator can provide better Boolean and fuzzy predictive maps.
Considering that the airborne gamma-ray spectrometry data were ac-
quired along a series of approximately parallel survey lines, and then it
was interpolated using minimum curvature algorithm into a regular grid
network, it is expected that noise, effects of data density and from the
interpolation are smoothed (Dentith and Mudge, 2014). Therefore, it is
necessary to test several combinations as well as input data formats
validated by fieldwork and geological and geomorphological support to
identify the most accurate results for a given region.

There are some limitations to the interpretation of gamma-ray
spectrometry data associated with the algorithms and mapping tech-
niques. The most obvious limitation is that regolith materials do not
have unique gamma-ray signature, therefore gamma-ray data for rego-
lith mapping is best used together with other datasets including multi-
spectral, geochemistry, and altimetric data. Multispectral data can be
used to create images showing the distribution of clays and iron oxides,
both of which influence the distribution of K, Th and U (Dauth, 1997;

47°1000"W

47°10'0"W 47°00"W

Elevation (m) | Validation of the model
[1295-400 3

1 r 0.624
So0ag | Acwmey(s) 88
B 600- 700 Coefficient k 0.58
I 700 - 788 Efficiency Moderate

Fig. 12. The WII map overlaid on the shaded altimetry, highlighting moderate to intensely weathered areas. Areas in red are moderate to extremely weathered
(lateritic duricrusts, mottled horizon, and soil), as predicted by the WII equation, whereas the remaining areas represent unweathered to slightly weathered areas

(parent rock and saprolite).

12

46



S.F. Peixoto et al.

Metelka et al,, 2018). The dense vegetation cover may limit the appli-
cation of gamma-ray spectrometry. The optical remote sensing is
routinely employed in regolith mapping (Souza et al., 2021), including
band ratios and principal component analysis. These techniques
enhance the response of clay minerals and suppress the effects of
vegetation (Crosta and Moore, 1989). Another limitation of the
described techniques is that airborne gamma-ray acquisition systems
have relatively large “footprints™. This results in poor spatial resolution
for local-scale applications (Wilford and Minty, 2007).

6. Conclusions

The efficiency of airborne gamma-ray spectrometry and elevation
(SRTM image) in predicting residual lateritic duricrust areas, including
mottled horizon and soil, relative to saprolite and parent rock outcrops
in tropical terrains was highlighted using map algebra. The algorithm
that used €M<V (in concentration) and elevation exported with appro-
priate extension to maintain the original data as airborne concentrations
(algorithm 4) was the most efficient, with 91% accuracy, as compared to
the other three algorithms (eTh in algorithm 1, €T3V in algorithm 2, and
eThieU in algorithm 3, exported from GIS software as a compressed dig-
ital image data integrated with elevation using the Boolean and fuzzy
operators).

The classification of WC, eTh, eU, ‘m‘T'EU, and elevation using Pearson
correlation coefficient and multivariate linear regression for WII also
yielded accurate predictive maps of regolith. Thus, integration of
multisource data resulted in efficient mapping algorithms for the rego-
lith in the study region. These algorithms help provide new guidelines
and strategies for rapid selection of target sites for regolith exploration
and have large applicability in regional geochemical interpretation and
geological map reinterpretation.

The predictive mapping tools used in this study (e.g., weathering
intensity index) allowed to discriminate areas in different degrees of
weathering. The successful application of this technique for mapping
regoliths is due to the effects of weathering, where radioelements con-
tained in the rock are released, redistributed, and incorporated into the
weathering products, modifying the gamma-spectrometric pattern of the
underlying primary rocks. This approach is the key concept to design the
algorithms used in this study.
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ABSTRACT

An area in Midwest Brazil, where there are extensive granite-greenstone terrains
and weathering products, was tested for discriminating regolith units using the Landsat-
8/OLI system. Band ratios and principal component analysis (PCA) techniques were used
on the Landsat-8/OLI level 1T level 1 multispectral image to identify the diagnostic features
of iron oxi-hydroxide, hydrous (Al-OH) and (Fe—-Mg)—OH minerals, sandstone and quartzite
of the regolith units of the study area. The best enhancement for the regolith units is achieved
with the ratio RGB color composite R-4/2, G-6/5, B-7/4 image with overall accuracy (71%)
and « (0.37) weak to moderate. Another RGB color composite is achieved with the PCA R-
PC5, G-PC3, B-PC4 image has a slight lower accuracy (61%) and « (0.32) that is also weak
to moderate. The efficiency of these band ratios predictive map computed considering all
field outcrops (1745; overall accuracy = 63% and « = 0.31) increases when the SAVI mask
is used to select only field outcrops (790) not covered by vegetation (overall accuracy = 71%
and « = 0.37). Thus, although vegetation cover affects the efficiency of Landsat-8/OLI
system, the application of mask to the band ratios and principal component analysis to
Landsat-8 data provide good predictive regolith maps for the Midwest Brazil.

Keywords: Lateritic duricrust; Multispectral data, Band ratio; Landsat-8/OLI image;
Regolith mapping.
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1. Introduction

In arid-semiarid and in tropical regions, outcropping iron oxi-hydroxides zones are
mineralogical conspicuous enough to be detected successfully from spaceborne
multispectral and hyperspectral data (White et al., 1997, Abdelsalam et al., 2000, Feizi and
Mansouri, 2013; Farooq and Govil, 2014, Ducart et al., 2016; Souza et al., 2021). In addition,
these images in digital raster format, combined with a wide range layer data as airborne
gamma-ray spectrometry, digital elevation models — DEM, and their derivatives (elevation,
slope, curvature) amplify the successful of orbital remote sensing in geological mapping
(McBratney and De Gruijter, 1992; Thurmond et al., 2006; Grimaud et al., 2015; Metelka et
al., 2018).

Band ratio is a routine image processing technique used in mapping spectral features
that are associated with groups of minerals and rocks. This technique in Principal
Component Analysis (PCA) that is a multivariate statistical technique, has found extensive
applications in multispectral and hyperspectral data (e.g., Goetz and Rowan, 1981; Crosta
and Moore, 1989; Gupta et al., 2013; Pour and Hashim, 2015; Adiri et al., 2020; Souza et
al., 2021). Several algorithms based in index overlay method, fuzzy logic operators, and
artificial neural network models have been developed to facilitate interpretation of remote
sensing and aerial geophysical data and provide accurate predictive maps (Hamedianfar et
al., 2016; Metelka et al., 2018; Siqueira et al., 2021; Souza et al., 2021). These algorithms
help interpret the features of regolith, determine the proportion of weathering minerals and
the intensity of weathering and lateritization (Tematio et al., 2015). The use of confusion
matrix to assess the efficiency of predictive map band ratios is quite common. However, its
application to evaluate PC predictive map is scarce.

In Midwest Brazil, there are meta-volcano sedimentary greenstone rocks overlaid by
meta-sedimentary and sedimentary sequences and intruded by granitoid units (tonalite-
trondhjemite-granodiorite and gabbro plutons) (Rio das Velhas, Guarinos, Crixas, Faina and
Tocantins; Cruz and Kuyumjian, 1998; Pimentel et al., 2000; Lobato et al., 2001; Jost and
Fortes, 2001; Jost et al., 2010, Oliveira et al. 2004, 2015, Corréa et al. 2015, Martins-Ferreira
et al., 2017) where an extensive lateritic duricrust blanket was developed (Oliveira and
Campos, 1991; SEPLAN, 2012; CPRM, 2014; Campos et al., 2016). This area was chosen
to apply the spectral band ratios in supervised classification to identify the main components

of the regolith in predictive maps. (Figure 1). This area had a regolith map already developed
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using airborne gamma-ray spectrometry and altimetric data (Peixoto et al., 2021), thus the
second goal was to compare the two techniques to find the best accurate and quickest way

for regolith mapping.
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Figure 1 — Simplified geological map of the study area (after Campos et al., 2016 and Peixoto
etal., 2021).

2. Materials and methods
2.1. Geological setting

The study area is located in the Midwest Brazil where outcrop meta-volcano
sedimentary greenstone rocks overlaid by meta-sedimentary and sedimentary sequence and
intruded by granitoid units (tonalite-trondhjemite-granodiorite and gabbro plutons) (Cruz
and Kuyumjian, 1998 and Fuck et al., 2014; Figure 1). On these rocks, the tropical
weathering developed widespread lateritic duricrusts that outcrops as slabs, blocks,
concretions, and nodules except in the central-northern and western zones, which sustain the
relief with tabular tops in a flat and wavy relief up to 490 m high. More details about the
geology and geomorphology are given by Peixoto et al. (2021).

2.2. Spectral methods
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For this study multispectral Landsat-8 images data are used with support of 1745
field outcrop sites observations, and a 1: 50,000 scale geologic map (Campos et al., 2016).
The analysis techniques and the integration of the data are presented in the following
sections.

The Landsat-8 satellite operates with the Operational Land Imager (OLI) and
Thermal Infrared Sensor (TIRS) multispectral sensors. The images produced are freely
available by U.S. Geological Survey Earth Observation and Science (EROS)
(https://earthexplorer.usgs.gov). The electromagnetic spectrum data collected by these two
instruments includes the visible, near-infrared, shortwave, and thermal regions (Tab. 1). The
study area is comprised of the scene LC082210682016082220180528 01T1, path 221/row
68, level 1T, acquired in nadir on August 22, 2016, when there is little cloud and coincides
with the dry season in the region. The large regolith exposure reduces the complexities of
spectral mixing caused by the influence of vegetation (Okin et al., 2013; Guerschman et al.,
2015).

Table 1 - The performance characteristics of the Landsat-8 satellite are shown in Table 1
(Irons et al., 2012; Roy et al., 2014).

Radiometric  Swath

Band Band  Spectral range Ground resolution width
Sensors number name (um) resolution (m) (bits) (km)
oLl 1 Coastal 0.433-0.453 30
2 Blue  0.450-0.515
3 Green  0.530-0.590
4 Red 0.640-0.670
5 NIR 0.850-0.880
6 SWIR1 1.570-1.650 16 185
7 SWIR2 2.100-2.290
8 Pan 0.500-0.680 15
9 Cirrus  1.360-1.380
TIRS 10 TIRS1 10.60-11.19 100

11 TIRS2 11.50-12.51
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The Landsat-8 L1T images are pre-processed before being made available for public
use. Pre-processing includes radiometric calibration, geometric correction, precision
correction assisted by ground control chips, and the use of a digital elevation model to correct
parallax error due to local topographic relief (Storey et al.,, 2008). The images were
georeferenced in the UTM projection system, and reference datum WGS-84.

Atmospheric correction was applied in the bands 2 to 7 Landsat 8 level 1T (terrain
corrected) image using the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes
(FLAASH) algorithm with Tropical atmospheric and Rural aerosol models. In the
atmospheric correction, the raw data obtained in radiance by the imaging spectrometer are
converted to reflectance units. Pre-processing and processing were performed using the
ENVI 5.3 software (Fig. 2). The analysis techniques and the integration of the data are

presented in the following sections.

Data aquisition
(Landsat-8 OLI)

v
I Pre-processing ‘

v
Radiometric| | Atmospheric correction |Resampling of data

calibration " (FLAASH) "| for the study area
Processing
| Band ratio ’Prmupal Component Analysis

|

Integration of results

Geological data| —» l

Regolith map <—— | Model validation

Figure 2 — Flowchart of the methodology applied for regolith mapping in Midwest Brazil.
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2.3. Image analysis

Even modern multispectral remote sensing systems have complications in record
image data. A multi-component image is a data set with two spatial dimensions and a
component or spectral dimension. Multiple components images, such as multispectral and
hyperspectral images possess high inter-band correlation due to natural spectral correlation,
topographic slope, and overlap of spectral bands (Hao and Shi, 2003). Sabins (1997)
proposes groups of image processing methods (e.g., contrast enhancement, digital masking
mosaics, merging data sets, band ratios, multispectral classification, among others) to extract
the significant inter-band information, eliminate the redundancy, increase the signal/noise
ratio and enhance the image, including spectral display and other characteristics of the scene
that are not apparent on restored and enhanced images. False-color and natural color
compositions, band ratios, and Principal Component Analysis (PCA) were applied to the
VNIR (bands 2, 3, 4, 5) and SWIR (bands 6, 7) Landsat-8 OLI spectral bands.

2.3.1. Band ratios and combinations

Band ratio is a technique where the digital numbers (DN) of one band are divided by
the DN values of another band in the same image. Ratio and band combination techniques
produce images with high spatial resolution and have been used to improve contrast and
facilitate geological and mineralogical mapping (Goetz and Rowan, 1981; Pour and Hashim,
2015). The operations between bands can highlight subtle differences in the spectral
behaviour of different objects, which allows to differentiate several targets in the same
image, that cannot be seen in raw bands (Inzana et al., 2003). As general rule, the addition
and multiplication operations highlight the spectral similarities between the bands, on the
other hand, subtraction and division highlight the spectral differences.

Iron oxi-hydroxide minerals, including hematite, goethite, and jarosite have
characteristic absorption features or bands in the VNIR region (0.4 to 1.1 mm) due to charge
transfer processes and iron crystalline field effect. The absorption of blue light and some
green light produce the characteristic red, orange and yellow colors of these minerals (Hunt
and Ashley, 1979; Clark, 1999; Rockwell, 2013). The charge transfer produces the
absorption of electromagnetic energy in the range of 0.48-0.72 um while the absorption
produced by the crystalline field effect occurs in the range of 0.63-0.72 um for ferrous iron
and 0.85-1.0 pm for ferric iron (Hunt and Ashley, 1979; Sherman and Waite, 1985). Landsat-
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8 bands 2, 3, 4, and 5 are in the range for these absorptions (Fig. 3). The band ratio Landsat
OLI 4/2 (Landsat TM 3/1) (Abrams et al., 1983; Crosta and Moore, 1989; Tangestani and
Moore, 2000; Carranza and Hale, 2002; Ducart et al., 2016; Takodjou Wambo et al., 2020)
are generally used to mapping iron oxi-hydroxide rich in areas with vegetation cover. As
well as OLI 5/2 and 6/5 band ratios are used in sparsely vegetated arid areas (ETM 4/1 and
5/4; Ciampalini et al., 2013). Landsat OLI 4/2 and two more complex band ratio
combinations, (4/2)*(4+6)/5 (Rockwell, 2013) and (4+6)/5 (Ducart et al., 2016) were also

used to mapping iron oxi-hydroxide in this study.
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Figure 3 — Laboratory reflectance spectra of minerals and rocks. A - Reflectance spectra of
iron oxi-hydroxide minerals and Al-OH and (Fe,Mg)-OH mineral groups (Clark et al.,
1993), and the position of Landsat-8 bands 2, 4, 5, 6, and 7. B - Reflectance spectra of some
rocks (Meneses et al., 2019).

The channels 6 and 7 of the Landsat-8 OLI (Landsat TM 5 and 7 bands) are in the
spectral regions that contain characteristic features of hydrous (AI-OH) and (Fe-Mg)-OH
minerals. The contrast between bands 6 (1,566 - 1,651 um) and 7 (2.107-2.294 pum) of
Landsat-8 OLI has been used to map clay minerals such as kaolinite, alunite, muscovite,
chlorite, among others (Hunt, 1979; Hunt and Ashley, 1979; Takodjou Wambo, 2020) (Fig.
3A). The more complex combination Landsat-8 OLI (6/7)/(5/4) band ratios was applied to
map clay in iron deposits (Ducart et al., 2016) and the 6/5 band ratio to distinguish areas of

moderate to high weathering materials (mottled horizon, lateritic duricrust, and soil) with
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variable iron oxi-hydroxides content, from areas with unchanged to weakly weathered rocks
(parent rock and saprolite) (Ciampalini et al., 2013). These band ratios were tested for the
study area.

The sandstones and quartzites porosity allow fluids percolation containing ferric ions
causing decreases in reflectance from NIR to Vis. Pure quartz exhibits at relatively constant
spectrum with no prominent absorption features of Vis to SWIR-2, thus the relative amounts
of the other minerals will determine the absorption that quartzites may have (Fig. 3B; Hunt
and Salisbury, 1970). Fig. 3B shows the decrease in reflectance of a ferruginous quartzite
(2b) relative to a pure quartzite (1b) in the NIR to Vis region. An increase in the contrast
between the SWIR and Vis bands is highlighted in the band ratio (7/4) and can help to
identify quartzites and sandstones. The Landsat TM 4/5 band ratio (Landsat-8 OLI 5/6) has
been used for the identification of unaltered rocks and common silicate minerals (Abrams et
al., 1983). Landsat-8 OLI 5/6 band ratio was tested to investigate sandstone and quartzite in
the study area, and the results compared to the Landsat-8 OLI 7/4 band ratio. Finally, the
Soil-Adjusted Vegetation Index (SAVI) was calculated as SAVI = (1 + L) * (NIR -
Red)/(NIR + Red + L) where L = 0.5, is the appropriate value for mapping the savanna biome
vegetation (Huete, 1988).

Besides these band ratios and combinations, other possibilities were tested. From
these, it was combining the band ratio in the RGB channelsin: i: R - 4/2, G - 6/5, B - 7/4; ii:
R-4/3,G-6/2,B-7/4; and iii: R (4/2) * (4+6)/5, G - 6/5, B - 7/4. The results were compared
to find the most efficient composition regolith units discrimination. The histograms of the
band ratios allied to the field outcrop allowed estimating thresholds (Table 2) and binary
images for the classes: 1) Fe-O and Fe-OH minerals abundant in the lateritic duricrust; 2)
hydrous (AI-OH) and (Fe-Mg)-OH as clay minerals abundant in saprolites, and 3) blue-
colored zones where sandstones and quartzites are found in the field along NNE-aligned hills

in the north-central and western zones of the study area (Serra da Natividade, Fig. 1).

Table 2 — Basic statistics derived from histogram of Landsat-8 band ratios. Data in digital

number (DN).
Mineral/ Band ) _ Standard
) ) Min  Max Average (X) o Threshold
vegetation ratio deviation (o)
Iron oxi-hydroxides — 4/2 0 6.1 2.2 0.3 X+ 2%
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Clay minerals 6/5 0 3.2 1.1 0.2 X+ 2%
Sandstone and _

) 714 0 27.4 1.8 0.3 X+ 2*c
quartzite

Vegetation SAVI -15 1.5 0.7 0.2 X+o

A binary image for the vegetation class using Boolean logic was obtained as a mask
for discrimination between field outcrops covered or not by vegetation. This discrimination
of field outcrops allows the determination of the influence of the vegetation component on
the regolith mapping. The Boolean logic transform an input image ‘f’ to an output

(segmented; Equation 1) binary image ‘g’ as follows:

9@, j)=1for f(i,j) = T, (1)
=0 for f(i,j)>T

It is desired to pick a threshold that minimizes the error of miss-classifying a point
(Bonham-Carter, 2014; Fatima et al., 2017; Fernandez et al., 2018). Thresholds were driven
by prior knowledge of field outcrops. The input images of band ratios 4/2, 6/5, and 7/4 were
segmented into DN values close to X + 2*c. The SAVI image was segmented into DN values
(X + o; Tab. 2) to discriminate areas of vegetation including the dry vegetation of exposed
soil areas.

The segmentation of images allowed extracting the iron oxi-hydroxides minerals, clay
minerals, and quartzite and sandstone features (vectors). These images segmentation provide
a rule-based classification map (e.g., regolith map, land-cover map). Details regarding image
classification techniques and tools can be found in Jin and Paswaters (2007), Exelis Visual
Information Solutions (2009), Bhaskaran et al. (2010), Hamedianfar et al. (2014), and
Hamedianfar and Shafri (2016).

2.3.2. Principal component analysis

Principal components analysis (PCA) was applied to removing the correlation
allowing to compare the mineral or minerals group diagnostic reflective and absorptive
bands (Crosta and Moore, 1989). This analysis was based on the covariance matrix of the 2,
3,4,5,6,and 7 Landsat-8 bands. Three PC images (PC3, PC4 and PC5) were selected in the
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RGB channels to obtain the PC predictive map of the regolith units. As well as on band
ratios, thresholds were driven by prior knowledge of field outcrops. The input images of
PC3, PC4 and PC5 were segmented into DN values (Tab. 3). The PC2 image was segmented

to discriminate areas with vegetation.

Table 3 — Basic statistics derived from histogram of Landsat-8 PC bands. Data in digital

number (DN).
Mineral/ ] Average Standard
) PC  Min Max _ Threshold

vegetation (X) deviation (o)
Iron oxi-hydroxides 5 -1743.6 3178.3 0 65.5 2/3*c
Clay minerals 3 -2127.7 4616.7 0 191.3 1/2*c
Sandstone and

] 4 -1116.9 8894.8 0 115.5 3/2*c
quartzite
Vegetation 2 -5666.7 12915.6 0 401.4 3l4*c

2.4. Model validation

The predictive maps were evaluated from 1745 field outcrops of ferruginous lateritic
duricrust mostly composed by iron oxi-hydroxides (283), saprolite composite by clay
minerals (1220), and of sandstones and quartzites (242). The efficiency of the predictive

mapping was performed using: 1. Overall accuracy (Congalton, 1991) expressed in
percentage by OA = ?4—1%” from a confusion matrix which M is the number of

informational classes or category, nii is an element of the major diagonal or elements
classified correctly, and N the total number of samples. is expressed in percentage where
values close to 100 % indicate high agreement between field outcrops observations and data

0A-Pc
1-pc '

classification in the predictive map; 2. Kappa coefficient (k) calculated by k = which

Pc is the proportion of units which agreement is attributed to chance (Cohen, 1960). Kappa
values between 1 and 0.81 indicate almost perfect agreement, between 0.80 and 0.61 indicate
substantial, between 0.60 and 0.41 indicate moderate, and values closer to O indicate lower
agreement (Landis and Koch, 1977).

Confusion matrices of predictive mapping with band ratios and PC bands presented

use only field outcrops not covered by vegetation. For the selection of these field outcrops,
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SAVI and PC vegetation images were used as a mask. The overall accuracy and k were also
calculated without using the masks. These two approaches to predictive mapping analysis

make it possible to minimize the influence of vegetation on the accuracy of the results.

3. Results and discussions
3.1. Band ratio and combination analysis

The high iron oxi-hydroxide minerals that form the mottled horizon, lateritic
duricrust, and topsoil from lateritic profiles, have been highlighted in the 4/2 bands ratio
image as the high DN pixels (Fig. 4). These horizons are mainly developed from meta-
volcano sedimentary greenstone sequence in the central zone and, subordinately, from the
granitic units in the southeast of the study area (Fig. 4A and 1) and mapped as moderate to
extremely weathered in previous study (Peixoto et al., 2021). This confirms the efficiency
of the 4/2 band ratio in detecting high iron oxi-hydroxide minerals terrains. However, the
(4+6)/5 bands combination used to detect high iron oxi-hydroxide minerals by Ducart et al.,
(2016) exhibited bright pixels mainly in zones where lateritic duricrusts are scarce being
inaccurate to map iron oxi-hydroxide mineral in the study area (Fig. 5A, and 1). The
(4/2)*((4+6)/5) bands combination highlighted the lateritic duricrust zones and produced an
image similar to the 4/2 band ratio (Fig. 6 and 4A; Rockwell, 2013).
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Figure 4 — Pseudo-color ramp applied to each band ratio image of alteration minerals and
vegetation: (A) 4/2 band ratio for mapping iron oxi-hydroxide; (B) 6/5 band ratio for
mapping hydrous (Al-OH) and (Fe—-Mg)-OH minerals; (C) 7/4 band ratio for mapping

sandstone and quartzite; (D) SAVI for mapping vegetation.

The 6/5 band ratio for mapping (Al-OH) and (Fe—-Mg)-OH minerals (Hunt, 1979;
Hunt and Ashley, 1979; Goetz and Rowan, 1981; Ciampalini et al., 2013; van der Werff and
van der Meer, 2016) produces bright pixels image where outcrops TTG, sedimentary and
metasedimentary rocks and derived saprolite in the study area (Fig. 4B and 1). However,
despite 6/7 band ratio is also very useful for this goal (Hunt and Ashley, 1979; Takodjou
Wambo, 2020), in our study, the image produced was inaccurate to identify the TTG
saprolite and overlaps the lateritic duricrust areas already marked by the 4/2 band ratio. This
6/7 band ratio also highlighted vegetation and drainage zones (Fig. 5B). The ratio of bands
(6/7)/(5/4) image of Ducart et al. (2016) highlights both TTG unit and the lateritic duricrust
(Fig. 5C and 1) not being efficient to distinguish among parent rock, lateritic duricrust, and

cultivation areas.
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Figure 5 — Pseudo-color ramp applied to band ratio images used by other authors: (a) (4+6)/5
band ratio for mapping iron oxi-hydroxide minerals (Ducart at al., 2016); (b) 6/7 band ratio
for mapping hydrous (Al-OH) and (Fe-Mg)-OH minerals (clay minerals) (Goetz and
Rowan, 1981; van der Werff and van der Meer, 2016); (c) (6/7)/(5/4) band ratio for mapping
clay minerals (Ducart et al., 2016); and (d) 5/6 band ratios for mapping sandstone and
quartzite (Abrams et al., 1983).
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mapping of iron oxi-hydroxide minerals (Rockwell, 2013).

The 7/4 band ratio for mapping sandstone and quartzite spectral features, highlights
the zones with bright pixels, mainly in the west and north-central where these rocks outcrop
in the study area (Fig. 1 and 4C). The 5/6 band ratio also used for discriminate unaltered
sandstone and quartzite (Abrams et al., 1983; Landsat TM 4/5) was inaccurate in the study
area and detected vegetation in bright pixels in some locations (Fig. 5D). Therefore, as silica
does not show diagnostic spectral features in the VNIR/SWIR regions, the identification of
the group of minerals highlighted in bright pixels in the 7/4 band ratio image is a gap in the
mapping of the regolith of the Almas region.

Although the spectral reflectance of vegetation is a spectral mixture, which includes
soil background as one of the components, the SAVI image is more efficient to vegetation
mapping in the study area (Fig. 4D) compared to the 5/6 band ratio image (Huete, 1998;
Prudnikova et al., 2019).

In the three band ratios selected in the RGB channels (4/2, 6/5, 7/4; 413, 6/2, 7/4;
(4/2)*(4+6)/5, 6/5, 7/4), were used red for 4/2 band ratio, green for 6/5, and blue for 7/4 to
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obtain the most appropriate false-color composition for the study area (Fig. 7A). Hence, red
and orange pixels highlight zones with iron oxi-hydroxide minerals (lateritic duricrust,
mottled horizon, and topsoil); green pixels the zones with hydrous (Al — OH) and (Fe — Mg)—
OH minerals (parent rock and clay saprolite); and blue pixels sandstone and quartzite. The
RGB R - (4/2) * ((4+6)/5), G - 6/5, B - 7/4 image (Fig. 7C) is similar to 4/2, 6/5, 7/ 4 image
and are both efficient to discriminate between lateritic duricrust and TTG units. On the other
hand, the RGB R-4/3, G-6/2, B-7/4 image (Fig. 7B; Mwaniki et al., 2015) presents lower
contrast between the zones with hydrous (Al — OH) and (Fe-Mg)—OH minerals and zones
with iron oxi-hydroxide minerals both highlighted in purple, red and orange pixels. The
granitoids of the TTG Complex in intrusive or faulted contact with greenstone belts are
highlighted and show regular mosaic patterns in the three RGB images in Figure 7.
Sandstone and quartzite in the west zone (Natividade Group) are subordinately highlighted

for the three combinations of tested band ratios.

65



330
331

332
333
334
335
336

47°20'0"W

11°30'0"S

11°36'0"S
11°36'0"S

»
e
a
5

=
»
=]
=3
2
g

5

11°30'0"S  11°42'0"S

11°36'0"S

11°30'0"S  11°42'0"S

11°30'0"S  11°42'0"S

11°36'0"S

11°42'0"S

200w 0 L5369 12 gmidonw
Legend i —— R Gold d

eposits 7"V
A)IH 4/2 Il 6/5 Il 7/4 (Abrams et al., 1983; Mwaniki et al., 2015)
B) M 4/3 il 6/2 Il 7/4 (Mwaniki et al., 2015)

C) B 4/2%((4+6)/5)EM6/5 WM 7/4 (Rockwell, 2013; Mwaniki et al., 2015)

Figure 7 — Combinations of RGB images to improve the contrast in the geological
information of the regolith in Almas. A) R-4/2, G-6/5, B-7/4: in this image, lateritic
duricrust, mottled horizon, and topsoil appear in red and orange pixels; parent rock and
saprolite in green; sandstone, quartzite and silicification zones appear in blue pixels. B) R-
4/3, G-6/2, B-7/4: rock, saprolite and lateritic duricrusts zones are highlighted in purple, red
and orange pixels. Sandstone, quartzite and silicification zones appear in blue and purple in
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the west zone. C) R-(4/2) * ((4+6)/5), G-6/5, B-7/4 image is similar to (A), and both
discriminate between lateritic duricrust and saprolite.

The basic statistical data calculated for Landsat-8 (4/2, 6/5, 7/4, SAVI) band ratios
are in Table 2. The threshold value for 4/2 band ratio is 2.8, which means that iron oxi-
hydroxides minerals lie between 2.8 to 6.1 (Tab. 2); hydrous (Al-OH) and (Fe-Mg)-OH
minerals between 1.3 to 3.2; sandstone and quartzite between 2.4 to 27.4; and vegetation
between 0.9 to 1.5. These thresholds allowed automated extracting of features of the regolith
profile (Inzana et al., 2003; Souza et al., 2021).

3.2. PCA analysis

The PCA statistical eigenvector factors for the 2, 3, 4, 5, 6, and 7 bands of Landsat-
8 bands are in Table 4. The PC1 with the highest variance (86%) but low variability in the
eigenvector factors does not discriminate important spectral features in the analysis,
However, it provides information about albedo (the ratio of the amount of electromagnetic
energy reflected by a surface to the amount of energy incident upon it) and topography
(Holben and Justice, 1981; Conese et al., 1988). lllumination differences due to topography,
surface shading caused by solar illumination angle and slope orientation are the major source
of spurious information in raw images of rugged terrain (Colby, 1991). This information in
addition to water and organic matter, may have strongly affected in the accuracy of regolith
mapping (Ricchetti, 2000; Silvero et al., 2020).

Table 4 - PCA statistical eigenvector factors for bands of Landsat-8 OLI. Original data set.

Eigenvector Band 2 Band3 Band4 Band5 Band6 Band7 Va(r;:;lce
PC1 0.1563 0.2144 0.3461 0.2326 0.6708 0.5530 86.0239
PC2 -0.0756  0.0033 -0.0397 0.9285 0.0128 -0.3611  10.4242
PC3 -0.3231  -0.4767 -0.5423 -0.0860 0.6007 -0.0770 2.3687
PC4 0.0804 -0.0595 -0.5508 0.2577 -0.3755 0.6923 0.8628
PC5 0.6742 0.4244  -0.4837 -0.0793 0.2155 -0.2803 0.2776
PC6 0.6359 -0.7369 0.2172 0.0610 -0.0390 -0.0083 0.0427

Note!. Bold values were referenced in the text.
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The PC2 contributes 10% of the total variance. This PC has a lower eigenvector
factor in band 4 (-0.0397) and higher in band 5 (0.9285), indicate it is related to vegetation
pixels (Tab. 4; Conese et al., 1988). Figure 8D displays the bright pixels overlaid on the PC
image by green pixels on the segmented SAVI image. This is also indicated by the pixels
along with the drainage systems and on the meta-volcano sedimentary greenstone sequence
units in the central and southeastern zones of the study area where the vegetation is well

developed.
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Figure 8 — PC images of the study area overlaid by the band ratios mask to alteration minerals
(4/2 e 6/5), sandstone and quartzite (7/4), and vegetation (SAVI). (a) PC5 image showing Fe
oxi-hydroxide minerals in red pixels; (b) PC3 image showing clay minerals as purple pixels;
(c) PC4 image showing sandstone, quartzite, and silicification zones, and (d) PC2 image

showing the vegetation in the study area.

PCs 3 to 6 have a lower contribution to the total variance than PCs 1 and 2, but they
give important information about mineral or minerals group. When the loading is positive in
the reflective band the pixels has bright tone in the image, allowing to investigated mineral
features (Loughlin, 1991; Gupta et al., 2013; Tangestani and Moore, 2000).

The PC3 has lower eigenvector factor in band 5 (-0.0860) and higher in 6 (0.6007)
(Tab. 4). Despite the weak value of band 5, a simple negation of PC3 will indicate high IR
reflectance by bright pixels Loughlin (1991). Furthermore the positive eigenvector loading
in band 6 (reflection band) relative band 5 according to the theoretical basis (Fig. 8B; Crdsta
and Moore, 1989) follows the hydrous (Al-OH) and (Fe-Mg)—OH minerals (clay minerals).
This is highlighted by the clay minerals (yellow pixels) spatially distributed in the central
and western zones of the study area, where outcrop the TTG Complex and Natividade Group,
respectively (Fig. 8B and 1).

The PC4 eigenvector has a substantial contribution loading of bands 7 (0.6923) and
4 (-0.5508) with oppositely signed loads (Tab. 4). The positive eigenvector loading in band
7 reflected the distribution of sandstones and quartzites as bright pixels in PC4 image. Figure
8C displays also that these areas in PC4 image overlaid by purple pixels obtained from the
binary mask image (7/4 band ratio) were mapped in the Natividade Group, located at the
west end of the study area (Fig. 1).

PC5 has a strong negative contribution in band 4 (-0.4837) and strong positive
contribution in band 2 (0.6742). Hence, iron oxi-hydroxide minerals appear in grey to bright
pixels tone on the PC5 image (Fig. 8A). The zones highlighted in red in this image
correspond to the lateritic duricrusts on the meta-volcano sedimentary rocks in the central
zone, and on granitic units in the southeast of the study area (Fig. 8A and 1).

The RGB color composite of the PC5 in red, PC3 in green, and PC4 in blue endorse
the mapping procedures in the study area (Fig. 9). The iron oxi-hydroxide minerals mapped

in the meta-volcano sedimentary greenstone sequence (Fig. 9 and 1) appear in red, orange,
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and yellow colors. The AI-OH, (Fe,Mg)-OH mineral groups stand out as green, light green,
and yellow colors in the TTG Complex units. Silicification zones (and unaltered rocks) are
depicted as blue in the Natividade Group, as well as in part of the TTG Complex (Fig. 9 and
1).
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Figure 9 — RGB color composite of PC5, PC3, and PC4 showing alteration zones,
lithological units in the study area. Iron oxi-hydroxide minerals appear in in red, orange, and
yellow colors; clay mineral group in green, light green, and yellow colors; and silicification
zones (and unaltered rocks) as blue in the Natividade Group and part of TTG Complex.

3.3. Predictive multispectral maps of regolith at regional scale

The classification by statistical attribute rules indicates the R-4/2, G-6/5, B-7/4 (Fig.
7A) has the best contrast for the study area, and it is the input for the band ratios predictive
regolith map (Fig. 10). The confusion matrix shows an overall weak to moderate accuracy
(71%) and « (0.37) (Tab. 5), which was expected due to the complications in distinguishing
parent rock and saprolite, because their chemical and mineralogical compositions are very
similar (Horbe and Costa, 1999, Anand and Paine, 2002). These data indicate that 4/2 band
ratio is an optimal combination for mapping the iron oxi-hydroxide of hematite and goethite
in greater amounts in the lateritic duricrust, mottled horizon, and in the topsoil (Fig. 10 and
4A; Abrams et al., 1983; Takodjou Wambo et al., 2020; Traore et al., 2020; Souza et al.,
2021). The 6/5 band ratio successfully highlighted the hydrous (Al-OH) and (Fe-Mg)-OH
of kaolinite, alunite, muscovite, and chlorite the common minerals in bedrock (Fig. 10 and
4B; Goetz and Rowan, 1981; van der Werff and van der Meer, 2016). The 7/4 band ratio
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highlights the quartzites and sandstone (Fig. 10 and 4C; Mwaniki et al., 2015). The visual
investigation of Fig. 7 allows to affirm that, in general, the zones highlighted in red pixel

(lateritic duricrusts) in Fig 7A are opposite to the zones in yellow pixels (parent rock and

saprolite) in Fig. 7B, which confirms the success of 4/2 and 6/5 band ratios on the regolith

mapping.
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Figure 10 — Band ratios predictive map of regolith in the Almas region overlaid on the shaded
altimetry. The unclassified pixels correspond to masked areas which do not have a numerical

value assigned.

Table 5 — Confusion matrix of band ratios predictive map. Number of samples per class used
to calculate overall accuracy and Kappa coefficient. 1: iron oxi-hydroxide minerals; 2: clay

minerals; 3: sandstone and quartzite.

Predictive map 1 2 3 Total

Field outcrops

observations 1 - Lateritic duricrust 56 30 3 89
2 - Parent rock and saprolite 120 458 41 619
3 - Sandstone and quartzite 25 12 45 82
Total 120 500 89 790
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The results show that from the total mapped area (1,538.1 km?), those of the iron oxi-
hydroxide class (18.13%; Tab. 6) have substantial accuracy for the occurrence of lateritic
duricrusts, mottled horizon, and topsoil. Clay class (33.28%) predicted parent rock and
saprolite. Sandstone and quartzite class predicted sandstone, quartzite, and silicification
zones over a smaller part of the area (7.73%). Unclassified pixels (40.86%) that correspond
to most of the study area identify vegetation (Fig. 8D and 10) and affect the accuracy overall
and « coefficient. The efficiency of the predictive map band ratio (overall accuracy = 63%
and k = 0.31) increases when the SAVI mask is used to select only field outcrops (790 from

a total of 1745) not covered by vegetation (overall accuracy = 71% and x = 0.37; Tab. 5).

Table 6 - Summary of areas generated by rules classification for the band ratios predictive

map of regolith units.

Class Pixel amount  Area (Km?) Area (%)
Iron oxi-hydroxide minerals 309,864 278.88 18.13
Clay minerals 568,846 511.98 33.28
Sandstone and quartzite 132,206 118.99 7.73
Unclassified 698,418 628.58 40.86
Total 1,709,334 1,538.43 100

PCA analysis revealed patterns in the R-PC5, G-PC3, B-PC4 image providing the
PC predictive map of regolith to the study area (Fig. 11) with an overall accuracy (61%) and
k (0.32) weak to moderate (Tab. 7). This accuracy is approximately 10% lower than the band
ratios predictive map since the PCA map has a higher number of unclassified pixels (60.87%;
Tab. 8), which are mainly vegetation areas. The areas mapped as lateritic duricrusts (10.78%)
and clay minerals (18.8%) are smaller, while sandstone and quartzite are marginally equal
(9.55%) relative to map done with R-4/2, G-6/5, B-7/4 map (Fig. 10; 18.13%, 33.28% and
7.33%, Tab. 6).
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Figure 11 — PC predictive map of regolith in the Almas region overlaid on the shaded
altimetry. The unclassified pixels correspond to masked areas which do not have a numerical

value assigned.

Table 7 — Confusion matrix of PC predictive map. Number of samples per class used to
calculate overall accuracy and Kappa coefficient. 1: iron oxi-hydroxide minerals; 2: clay

minerals; 3: sandstone and quartzite.

Predictive map 1 2 3 Total
Field  outcrops
observations 1 - Lateritic duricrust 56 6 5 67
2 - Parent rock and saprolite 70 251 71 392
3 - Sandstone and quartzite 40 25 33 98
Total 166 282 109 557
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Table 8 - Summary of areas generated by rules classification for the PC predictive map of
regolith units.

Class Pixel amount  Area (Km?) Area (%)
Iron oxi-hydroxide minerals 184,241 165.81 10.78
Clay minerals 321,545 289.39 18.80
Sandstone and quartzite 163,169 146.85 9.55
Unclassified 1,040,379 936.34 60.87
Total 1,709,334 1,538.39 100

The vegetation has an impact on predictive map quality, however, a visual analysis
of band ratios and PC predictive maps, as well as field observations, allow to reduce the
vegetation influence and improve the quality of regolith maps.

Thus, the use of processing techniques allowed to successfully discriminate the
regolith units in the study areas. However, there are some limitations. While the
hyperspectral imagery may help to identify the regolith specific minerals (Dehaan and
Taylor, 2004; De Boissieu et al., 2018; Souza et al, 2021), the multispectral imagery enables
us only to distinguish certain mineral groups. Moreover, algorithms and mapping techniques
using auxiliary data (e.g., airborne gamma-ray spectrometry, hyperspectral, altimetric, and
geomorphological data) can enhance image quality, and act as an additional attribute
information during the classification process (Ricchetti, 2000; Metelka et al, 2018; Siqueira
et al., 2021). However, these multispectral data was less accurate (61-71%) than using
geophysical data (90-91%; Peixoto et al., 2021), but very useful where airborne gamma-ray
spectrometry (Souza et al., 2021) and hyperspectral (Peixoto et al., 2021) data are not

available.

4. Conclusions

Geological information about different weathered regolith minerals assemblies
(iron oxi-hydroxide: hematite and goethite; clay: kaolinite and muscovite), sandstone, and
quartzite were highlighted when calculated band ratios and principal component analysis to
Landsat-8 OLI data. Both the 4/2 band ratio and (4/2)*((4+6)/5) bands combination
confirming the efficiency of the 4/2 band ratio in detecting high iron oxi-hydroxide minerals
in lateritic duricrust terrains. The 6/5 band ratio highlighted (Al-OH) and (Fe-Mg)-OH
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minerals common in TTG, sedimentary and metasedimentary rocks, and derived saprolite
outcrops. The 7/4 band ratio mapped sandstone, quartzite, and silicification zones
highlighted by the high reflectance of these rocks. However, more research in the Almas
region is needed to elucidate the material or minerals group that, associated with the
sandstones and quartzites, have characteristic spectral signatures that allow the identification
in the VNIR-SWIR bands of Landsat-8.

The best enhancement in the image for the regolith units is achieved with the RGB
color composite R-4/2, G-6/5, B-7/4, which has an overall weak to moderate accuracy (71%)
and « (0.37). The greatest contrast between the regolith units is marked by the 4/2 band ratio
relative to the 6/5 and 7/4 band ratios. This difference in the efficiency of band ratios is due
the complications in discriminating early stages of alteration and unaltered rock highlighted
by the 6/5 and 7/4 band ratios.

The RGB color composite R-PC5, G-PC3, B-PC4 endorses the mapping
procedures in the study area. The PC predictive map of regolith has an accuracy (61%) and
k (0.32) weak to moderate. This accuracy slightly lower than the band ratios predictive map
is caused by the greater of unclassified pixels, which correspond to the vegetation areas
mainly. Although, vegetation masks and field control can minimize this problem.

The use of band ratios and principal component analysis to Landsat-8 data allowed
the successful mapping of the regolith units in the study area. However, the combination of
multi-source data (e.g., airborne gamma-ray spectrometry, altimetric, and

geomorphological) can amplify the success of the results.
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1. COMPARA(;AO ENTRE OS MODELOS DE MAPEAMENTO PREDITIVO E
CONSIDERACOES FINAIS

Os modelos de mapeamento preditivo para o regolito na regido de Almas foram
construidos usando diferentes algoritmos, operadores logicos, técnicas estatisticas,
matematicas e de geoprocessamento.

A modelagem desenvolvida e apresentada nesta tese forneceu cinco mapas preditivos
para o regolito da area de estudo: 1- mapa preditivo Booleano (Fig. 2.11A); 2 — mapa
preditivo difuso (Fig. 2.11B); 3 — mapa do indice de intensidade do intemperismo (WII; Fig.
2.12); 4—mapa preditivo de raz6es de bandas (Fig. 3.10); e 0 mapa preditivo de componentes
principais (Fig. 3.11). Os mapas 1, 2 e 3 foram elaborados usando operadores Booleano,
fuzzy e regressao linear multivariada sobre os dados de gamaespectrometria aérea, enquanto
0s mapas 4 e 5 usando técnicas de geoprocessamento aplicadas a dados de imagens
multiespectrais.

A eficiéncia de cada mapa foi avaliada pela acurécia e coeficiente kappa. O mapa
preditivo Booleano teve acuracia = 91% e k = 0,69; o mapa preditivo difuso acuracia = 90%
e k = 0,66; o mapa WII acuracia = 88% e k = 0,58; o mapa preditivo de razdes de bandas
teve acuracia de 71% e k = 0,37; e o mapa preditivo PC acuracia = 61% e k = 0,32. Portanto,
0s mapas preditivos obtidos a partir dos dados de gamaespectrometria aérea foram mais
eficientes que de dados multiespectrais para mapear o regolito da regido de Almas.

Apesar dos mapas preditivos usando dados de imagens multiespectrais serem menos
acurados que os de gamaespectrometria aérea, eles sdo apropriados para mapear o regolito
em areas onde dados de gamaespectrometria aérea ndo estao disponiveis.

Os principios relacionados a aquisicédo, tratamento e resolucéo dos dados geofisicos
e de imagens multiespectrais sdo bastante distintos e estdo sujeitos a uma serie de
interferéncias (vegetagdo, umidade do solo, sombreamento, atmosfera, etc), as quais séo
inerentes a cada tecnica. Os resultados sugerem que a vegetacdo exerceu pouca influéncia
no mapeamento das crostas lateriticas usando gamaespectrometria aérea. Contudo, apesar da
vegetacdo interferir de modo mais evidente na acurdcia dos mapas preditivos usando
imagens multiespectrais Landsat-8, ndo foi um impeditivo para mapear o regolito da regido

de estudo.
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