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Resumo

O estudo do regolito lateritico prové informagdes geoldgicas, metalogenéticas e
pedogenéticas importantes, especialmente quando integrado com estudos geomorfolédgicos,
geoquimicos, geofisicos e técnicas matematicas. Os proprios lateritos sdo considerados
excelentes testemunhos paleoambientais. Desse modo, realizaram-se estudos geofisicos e
geoquimicos, na por¢ao sudoeste do craton amazonico, com o fim de desenvolver métodos para
cartografar o regolito lateritico e os lateritos, assim como compreender a evolucao da paisagem.

A érea principal de pesquisa deste trabalho (area sul) estd localizada na por¢ao sul do
estado de Rondodnia (sudoeste do craton amazdnico) e tem aproximadamente 17.000 km?. Nesta
area foram coletados os dados da pesquisa assim como desenvolvidas todas as técnicas. A area
secundaria ou de comparagdo (area norte), esta localizada na por¢do norte do estado de
Rondénia e tem aproximadamente 4000 km? e foi utilizada com o objetivo de avaliar a
eficiéncia das técnicas desenvolvidas na area sul. Dentre os principais resultados obtidos
destacam-se a existéncia de lateritos imaturos em grande parte colunares, pisoliticos/nodulares
e celulares compostos principalmente por goethita, hematita, caulinita e secundariamente
gibbsita e quartzo. Os perfis lateriticos da drea podem ser completos ou truncados. Os lateritos
ocorrem em duas principais superficies de aplanamento, sendo que a superior (SAS) ocorre no
intervalo altimétrico entre 500 e 627 m e a inferior ocorrendo abaixo de 300 m.

A integragdo multifonte (altimetria e aerogeofisica - gamaespectrometria) utilizando as
logicas booleana e fuzzy, permitiu a defini¢do de areas potenciais para a presenca de lateritos.
Estas areas foram averiguadas com trabalhos de campo o que possibilitou a comprovagao da
eficiéncia do modelo de deteccdo de areas potenciais para presenca de lateritos.

Na etapa seguinte criou-se o indice de intensidade de intemperismo (WII) no intuito de
mapear/delimitar as areas mais ou menos intemperizadas. O WII foi desenvolvido a partir da
integracdo e correlagdo de dados aerogeofisicos (gamaespectrometria) e altimétricos,
utilizando-se para tanto, uma regressao multipla de dados. O WII destacou pelo menos 4
dominios com distintos niveis intempéricos, variando de intensamente intemperizado a pouco
intemperizado. Os dominios mais intemperizados mostraram excelente correlagdo com os
dados do modelo de detecgdo de areas potenciais para a presenga de lateritos. As areas menos
intemperizadas do WII coincidiram com dominios com maior frequéncia de exposicao de
saprolito e rocha sa (dados de campo). Desse modo, o referido indice mostrou-se robusto,
constituindo-se em uma importante ferramenta de apoio ao mapeamento do regolito/geoldgico,

além de ter contribuido com as interpretacdes dos dados geoquimicos. O indice lateritico (LI)
vii



foi desenvolvido, neste trabalho, como ferramenta de suporte ao mapeamento do regolito e de
lateritos. Na sua concep¢ao considerou-se apenas dados gamaespectrométricos, especialmente
as razdes Th/K e U/K. Os resultados mostraram-se coerentes e ratificaram os dados
apresentados no WII e no modelo de deteccao de areas potenciais para a presenga de lateritos.

O indice mafico (IM) foi aplicado com o objetivo de averiguar as possiveis fontes dos
lateritos. Na superficie inferior e na por¢ao norte da area, os resultados mostraram que tanto
rochas mais magnéticas (maficas) quanto menos magnéticas sdo as possiveis fontes dos
lateritos. No dominio centro-sudeste ha maior influéncia de rochas menos magnéticas (félsicas).

As principais associagdes geoquimicas do regolito foram avaliadas por meio de dados
de solo, sedimento de corrente e litoquimica dos lateritos. Os resultados geoquimicos nao
evidenciaram anomalias importantes no que diz respeito ao seu aproveitamento econdmico
(metalogenético). Em todo caso, as principais associagdes geoquimicas foram identificadas e
correlacionadas com os padrdes geofisicos observados no WIIL. As areas mais intemperizadas
(WII) evidenciaram forte associagdao com os elementos Al-Ce-Ga-Hf-La-Tb-Th-U-Y e Zr,
enquanto areas menos intemperizadas evidenciaram forte associacdo com Ba-Be-Ca-Cs-K-Li-
Mg-Na-Rb-Sr. A geoquimica também ratificou os resultados do indice mafico na medida que
destacou associagdes maficas e félsicas relacionadas aos lateritos.

O mapa do regolito da area foi elaborado por meio de dados de campo e apoiado com
os resultados obtidos pelo WIIL, IL e IM, e permitiram a reinterpretagao das areas anteriormente
mapeadas como coberturas sedimentares indiferenciadas. Nesse aspecto, as areas associadas a
processos supergénicos/pedogenéticos/residuais foram significativamente ampliadas, o que
pode contribuir para a abertura de novas fronteiras prospectivas. Na etapa final, os métodos de
identificacdo dos lateritos desenvolvidos para a area deste trabalho foram comparados com os
métodos desenvolvidos no norte do Estado de Rondonia. Ambos mostraram-se eficientes,
entretanto, ficou claro que cada area possui caracteristicas especificas (altitudes distintas,
diferentes intervalos de ocorréncia, contexto geomorfologico distintos, etc.) que implicam na
necessidade de adaptacdes dos referidos modelos para cada area. Em todo caso, a integragdo
multifonte, assim como o modelo previsional para a presenca de lateritos, os indices WIIL, IL e
IM mostraram-se robustos para sua finalidade. Portanto, recomenda-se suas aplicagdes como
ferramentas pré, sin e pds campo no intuito de incrementar as interpretagdes e as proprias
atividades operacionais inerentes aos mapeamentos geologico, geomorfoldgico e pedoldgico.

Palavras-chave: regolito, Th/K, crostas lateriticas, WII, indice lateritico.
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Abstract

The study of the lateritic regolith provides important geologic, metallogenic and
pedogenetic information, especially when integrated with geomorphologic, geochemical,
geophysical studies and mathematical techniques. The lateritic duricrusts are considered
excellent paleoenvironmental testimonies. In this sense, geophysical and geochemical studies
were developed, in the southwest of the Amazon craton, aiming to develop methods of mapping
lateritic regolith and lateritic duricrusts, as well as to understand the evolution of the landscape.

The main study area of this work (southern area) is located in the southern portion of
the Rondonia State (southwest of the Amazon craton) and has approximately 17,000 km?. In
the area all data were collected, all the techniques were developed and the principal results were
obtained. The secondary area or comparison area (northern area), is located in the north side of
the Rondonia State and has about 4000 km?. This area was used aiming to evaluate the
efficiency of the techniques developed in the southern area. Among the main results obtained,
it can be highlighted the existence of immature lateritic crusts, mainly columnar,
pisolithic/nodular and cellular, consisting majorly of goethite, hematite, kaolinite, and
secondarily gibbsite and quartz. The lateritic profiles of the area can be complete or truncated.
The lateritic duricrusts occur mainly on two major planation surfaces, the upper surface (UPS)
on altitudes between 500 and 627 m and the lower planation surface (LPS) on altitudes below
300 m.

The multisource integration (altimetry, aerogeophysics — gamma-ray spectrometry)
using the Boolean and fuzzy logics, allowed the definition of potential areas for the occurrence
of lateritic duricrusts. These areas were checked with field words, which made possible the
verification of the efficiency of the predictability model for the occurrence of lateritic duricrusts
for the study area.

On the next stage, it was created the weathering intensity index (WII) in order to
map/delimit the areas more or less weathered. The WII was developed from the integration and
correlation of aerogeophysical (gamma-ray spectrometry) and altimetric data, using a multiple
regression. The WII highlighted at least 4 domains with different weathering levels, varying
from intensely weathered to weakly weathered. The more intensely weathered domains showed
an excellent correlation with the data from the predictability model of the occurrence of lateritic
duricrusts. The less weathered area coincided with domains dominated by saprolite and rocky
outcrops (field data). Therefore, the referred index showed to be robust, becoming an important

support tool for the regolith/geologic mapping, besides having contributed with the
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geochemical interpretations. The lateritic index was developed in this work as a support tool
for the regolith and lateritic duricrusts mapping. In its conception, it was considered only
gamma-ray spectrometric data, especially the Th/K and U/K ratios. The results were coherent
and ratified the results presented on the WII and on the predictability model for the occurrence
of lateritic duricrusts.

The mafic index (MI) was applied to verify the possible sources of the lateritic
duricrusts. On the LPS and on the north side of the area, the results showed that both, magnetic
rocks (mafic) and less magnetic rocks are the possible sources of the lateritic duricrusts. On the
central-southeast of the area, there is a greater influence of less magnetic rocks (felsic).

The main geochemical associations of the regolith were evaluated from soil, stream
sediments and lithochemistry of the lateritic duricrusts data. The geochemical results did not
evidence important anomalies regarding the economic exploitation (metallogenic). The main
geochemical associations were identified and correlated with the geophysical patterns observed
on the WIIL. The more intensely weathered areas (WII) evidenced strong association with Al-
Ce-Ga-Hf-La-Tb-Th-U-Y and Zr, while less weathered areas evidenced strong association with
Ba-Be-Ca-Cs-K-Li-Mg-Na-Rb-Sr. The geochemistry also ratified the results of the mafic
index, as it highlighted mafic and felsic associations related to lateritic duricrusts.

The regolith map of the area was prepared from field data and supported with the results
obtained in the previous stages (WII, LI, MI), and allowed the reinterpretation of the areas
previously mapped as undifferentiated sedimentary covers. In this sense, the areas associated
with supergene/pedogenetic/residual processes were significantly expanded, which can
contribute with the opening of new prospective frontiers. On the final stage, the methods for
the identification of lateritic duricrusts developed for the study area were compared with
techniques developed in an area on the northern portion of the state of Rondonia. Both showed
to be efficient, however, it is clear that each area has specific characteristics (different altitudes
and intervals of occurrence of lateritic duricrusts, different relief and geomorphologic features,
etc.) that imply the necessity of adaptation of the referred models for each area. In a general
view, the integration of multisource data, as well as the predictability model for the occurrence
of lateritic duricrusts, the WII, LI and MI indexes showed to be robust tools for the regolith and
lateritic duricrusts cartography. Therefore, it is suggested their application as tools to be used
pre, syn and post field, in order to expand the interpretations and the operational activities
related to the geologic, geomorphologic and pedologic mapping.

Keywords: regolith, Th/K, lateritic duricrusts, WII, lateritic index.
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CAPITULO 1 - INTRODUCAO



1 INTRODUCAO E ESTRUTURA DA TESE
Esta tese de doutorado apresenta um estudo da integragdo de dados multi-fonte
(gamaespectrometria, magnetometria, altimetria, geoquimica de solo e sedimento de corrente)
e tem como foco o regolito lateritico e os proprios lateritos. Os estudos foram desenvolvidos
principalmente em uma area localizada no sudoeste da Amazonia brasileira, mais
especificamente na porcdo sul do estado de Ronddnia (4rea sul), onde ambos tém ampla
ocorréncia. Partes das técnicas desenvolvidas foram aplicadas em uma érea localizada na
por¢ao norte do estado de Rondonia (area norte) com o intuito de testar e avaliar a eficiéncia
dos resultados obtidos na é4rea sul.
A tese foi organizada em 5 capitulos principais sendo o primeiro a introducdo, onde
serdo abordados: a estrutura da tese, os lateritos e a importancia do seu estudo, justificativa e
referencial teorico, objetivos, localizagdo e acessos, e por fim serdo apresentados os materiais
e métodos de forma resumida. O segundo capitulo constitui-se no artigo cientifico intitulado:
Boolean and fuzzy methods for identifying lateritic regoliths in the Brazilian Amazon using
gamma-ray spectrometric and topographic data, publicado na revista Geoderma, versao online
em fevereiro de 2016 e na revista fisica no Volume 269, p 27-38, em maio do mesmo ano. O
terceiro capitulo trata da gamaespectrometria, magnetometria e geoquimica aplicada ao estudo
do regolito lateritico, intitulado [Integration of geochemical and geophysical data to
characterize and map lateritic regolith: an example in the Brazilian Amazon. Esta na forma de
artigo cientifico e foi submetido na revista Chemical Geology em julho de 2017. O quarto
constitui-se na comparagdo entre a metodologia apresentada neste trabalho e os resultados
apresentados por Herrera (2016). Por fim o quinto capitulo corresponde as consideragdes finais.
Desse modo os artigos foram concatenados de forma a destacar inicialmente a aplicacao
de dados aerogeofisicos (gamaespectrometria) € SRTM com énfase a cartografia das crostas
lateriticas (capitulo 2). O segundo artigo corroborou os resultados do primeiro, mas avangou no
sentido de aprofundar as técnicas de cartografia, ampliando-as e complementando-as com a
integracdo de dados geoquimicos e com o desenvolvimento de ferramentas, tais como, o indice
de intensidade do intemperismo (WII) e o indice lateritico (LI) (capitulo 3). A etapa seguinte
(capitulo 4) destacou aspectos da aplicacdo das técnicas de cartografia das crostas evidenciando
sua eficiéncia em duas areas distintas (comparagdo entre as areas norte e sul). Na etapa final
(consideracdes finais) destacaram-se, além de outros resultados, a aplicabilidade das técnicas

desenvolvidas nesta tese de doutorado.



1.1 OS LATERITOS E A IMPORTANCIA DO SEU ESTUDO

O estudo do regolito tem permitido a compreensdao dos processos supergénicos,
pedolégicos, geomorfoldgicos e contribuido para prospecgao mineral. A lateritizacao € um dos
importantes processos envolvidos na formacao do regolito (formacado de solos, formagao de
platos lateriticos, etc.) no enriquecimento supergénico € no modelamento da paisagem,
ocorrendo em condicdo de clima tropical (Anand e Paine, 2002). Neste processo ha
decomposi¢do de grande parte dos minerais primarios, formacao de novos minerais, lixiviagao
de elementos quimicos mais soluveis e/ou concentragao dos minerais resistatos e dos elementos
menos soluveis (Freyssinet et al., 2005).

Christofoletti (1980) destaca que o estudo das formas de relevo, construidas pelos
processos geoldgicos, contribui para uma maior compreensao da dinamica geomorfoldgica sob
diversas condi¢des climaticas. Para Bigarella et al. (1996), os processos lateriticos estdo
relacionados & geomorfologia quando interessada em aspectos do relevo (platds). No caso da
pedologia o foco ¢ especificamente o aproveitamento agricola e no caso da geologia a énfase
principal ¢ nos recursos minerais.

Em todo caso, os lateritos se formam a partir da alternancia de periodos secos e umidos
(clima tropical) e mostram, segundo Moss (1965) e Thomas (1974), intima relacdo com diversas
formas de relevo tais como, chapadas e mesas, escarpas na margem de planaltos, terragos,
paleo-pavimentos detriticos, etc. Nesse contexto, autores como Thomas, (1974); Penteado
(1978), Biidel, (1982), entre outros, destacam a afinidade dos lateritos com os processos
geomorfologicos, seu papel na manutencdo das paleosuperficies e geracdo das superficies
aplanadas. Thomas (1974) avalia os processos quimicos e fisicos de desenvolvimento dos
lateritos e sua relacdo com questdes climaticas (tropicais) e geomorfoldgicas. O autor enfatiza,
entre outros resultados, que a erosdo de terrenos lateriticos pode produzir inversao de relevo,
ou seja, desenvolvimento de paleosuperficies de erosao. Essas tltimas permanecem preservadas
nas cimeiras devido ao consequente rebaixamento erosivo diferencial de areas ndo protegidas
pelo capeamento lateritico.

A relagdo dos lateritos com o desenvolvimento do relevo e sua influéncia na preservagao
e formagao das superficies aplanadas ¢ também discutida por Penteado (1978). A autora destaca
que os lateritos conservam paleosuperficies originadas em ambientes tropicais de savana e
complementa afirmando que elas reduzem a erosdo, facilitam o escoamento superficial

impedindo a infiltracdo, proporcionado assim o desenvolvimento de uma paisagem aplanada.



Por outro lado, Costa et al. (1996), ao abordar os aspectos da neotectonica na Amazonia,
destacam o papel dos lateritos como horizontes de referéncia para os estudos neotectonicos. Os
autores sugerem a acdo de uma neotectonica especialmente marcada no Mioceno sobre os
lateritos maturos e no Pleistoceno sobre os imaturos, estendendo-se até os tempos atuais.

Smith et al. (2000) discutem o uso e implica¢des das superficies de aplanamento na
exploragdo mineral na Australia. Os autores destacam que o mapeamento do regolito e/ou
controle do relevo sdo importantes para a compreensdo dos processos supergénicos; €
ressaltaram que pelo menos 13 depositos de ouro foram descobertos na Australia entre 1983 e
1994, por meio de estudos geoquimicos dos perfis lateriticos integrados ao mapeamento do
regolito.

A importancia entre as diversas areas de estudo relacionadas ao regolito e sua associagao
com a paisagem ¢ destacada por Taylor e Eggleton (2001). Outro aspecto discutido pelos
autores ¢ o da exploragdo dos regolitos, especialmente como fonte de minerais metélicos (Al,
Fe, Mn, Ni, Cu, Pb, Au), além de agregados para construgao civil.

Em todo caso, areas com presenga significativa de crostas lateriticas sao conhecidas em
varias partes do mundo, especialmente associadas ao cinturdo intertropical (latitudes menores
que 30°). No Brasil, o estudo do regolito lateritico com énfase aos aspectos geofisicos e
geocronologicos ainda € pouco difundido, apesar dos lateritos serem a fonte principal de Al
(bauxita) e do processo lateritico aumentar a concentragdo de varios elementos como Sn, Au,
Mn, Ni, P, muitas vezes viabilizando sua explotacao economica (Costa 1997, Costa et al. 2005
e Costa 2008). Em Ronddnia ha diversas ocorréncias minerais, garimpos € minas associadas a
perfis lateriticos, notadamente aqueles vinculados ao Sn, Mn e areas potenciais para ETR e Au,
entre outros (Costa 1991). Por exemplo, Costa (2008) destaca que o forte potencial mineral da
Amazonia esté relacionado a provincias lateriticas, em especial a de Carajés.

O estudo do regolito lateritico prové, portanto, informagdes geoldgicas, metalogenéticas
e pedogenéticas importantes, sobretudo quando integrado com estudos geomorfologicos,
geoquimicos, geofisicos e métodos matematicos (Thomas, 1974; Biidel, 1982; Beauvais, 1999;
Tardy e Roquin, 1998; Butt e Zeegers, 1992; Taylor e Eggleton, 2001; Anand e Paine, 2002;
Moreira et al., 2003; McBratney et al., 2003; Carranza, 2009; Carrino et al., 2011; Wilford,
2012; Vasconcelos et al., 2015; Arhin et al., 2015, 1za et al., 2016b, Herrera, 2016, entre

outros).



1.2 JUSTIFICATIVA E REFERENCIAL TEORICO

No sudoeste da Amazdnia hé poucos trabalhos relacionados ao tema lateritos e apenas
os mais recentes integram dados multifonte, (Guerra, 1952 ¢ 1953; McNeil, 1978; Costa, 1991;
Della-Justina, 1994; Costa et al. 1996; Quadros e Rizzotto, 2007; Adamy, 2010; Nascimento,
2011; Nascimento et al. 2012; Oliveira e Filho, 2013; Castro, 2015; Herrera et al. 2016a; ¢ 1za
et al., 2016b).

Os estudos pioneiros de Guerra (1952 e 1953) registraram lateritos em Rondonia com
énfase a Guajara-Mirim e Porto Velho. O autor discute os lateritos abordando aspectos
geoquimicos, mineraldgicos e suas respectivas ocorréncias. Entre suas discussdes, Guerra
(1953) evidencia a existéncia de uma pequena cachoeira na cidade de Porto Velho situada sobre
lateritos. Essa e outras evidencias geomorfologicas sdo utilizadas como argumento de um
possivel afundamento recente da rede hidrografica fazendo, portanto, clara referéncia a atuacao
neotectonica na regido, assim como discutido por Costa et al. (1996).

Os processos lateriticos nas proximidades de Guajara-Mirim/RO, mais exatamente, na
regido do lata foram discutidos por McNeil (1978). A autora aborda questdes relacionadas ao
avangado nivel de lateritizagdo da regido e a presenga de platds enfatizando a falta de
planejamento da colonizacao e a fertilidade restrita dos lateritos.

A exploragdo de lateritos em Porto Velho foi estudada por Della-Justina (1994), que
enfatizou os aspectos socio-econdmicos-ambientais relacionados e, entre outros resultados,
cartografou os lateritos, cadastrando as principais frentes de lavra associadas. Adamy (2010),
entre outras avaliagdes, destaca a importancia dos lateritos como insumos para construgao civil,
além do potencial metalogenético associado ao ouro, ferro e manganés. O referido autor mostra
ainda que a principal edificagdo portuguesa no territorio rondoniense, o forte Principe da Beira,
foi integralmente construida com blocos de lateritos e ¢ atualmente um dos principais pontos
turisticos do Estado.

Nascimento et al. (2012) discutiram questdes referentes ao uso/aplicagdo dos lateritos
localizados em Porto Velho e entorno. Além de outros resultados, os autores enfatizaram a
relacdo de relevo jovem colinoso e platds relacionados a perfis lateriticos imaturos.

Na regiao sudoeste do craton amazdnico, apesar de ndo destacarem especificamente a
cartografia dos lateritos, os trabalhos de Quadros e Rizzotto (2007), Rizzotto (2010), Quadros
et al. (2011), Rizzotto (2012), Oliveira e Filho (2013), entre outros, representam 0s primeiros

mapeamentos geologicos sistematicos com ampla cartografia dos lateritos disponibilizados em



ambiente SIG (sistema de informagdes geograficas), mas sem nenhuma énfase aos aspectos
geomorfologicos, geoquimicos, geofisicos e geocronoldgicos.

O mapeamento geoldgico de Rondonia realizado na escala 1:1.000.000, por Quadros e
Rizzotto (2007), destacou, entre outras unidades, as coberturas detrito-lateriticas. Neste
trabalho ficou clara a marcante presenca de lateritos em todo o Estado. As coberturas
sedimentares indiferenciadas também foram mapeadas e descritas como constituidas por
produtos sedimentares (argila, silte, areia, cascalho) e produtos derivados de processos
residuais, tais como, lateritos, fragmentos resultantes de sua desagregacdao e solos
indiscriminados.

No norte de Rondonia destaca-se o trabalho de Oliveira e Filho (2013) que teve como
objetivo principal o levantamento de insumos para construgdo civil da Folha Porto Velho
(cascalho, brita, areia, etc.) e além de outras unidades geologicas mapeou os lateritos na escala
1:100.000.

Castro (2015) estudou os aspectos lateriticos no ocidente da Amazdnia baseado em
caracteristicas texturais, mineralogicas e geoquimicas. Em Rondodnia, o autor destaca que os
perfis podem ser incompletos ou completos de acordo com o nivel de truncamento/evolugdo, e
descreve lateritos colunares e vermiformes, localmente pisoliticos formados por goethita e
hematita e, subordinadamente, gibbsita. Castro (2015) afirma que os perfis sdo remanescentes
de uma fase erosiva vinculada ao esculpimento da Chapada dos Parecis e ao desenvolvimento
do rio Madeira. O autor advoga que a auséncia de lateritos bauxiticos e a propria estrutura dos
perfis, indicam pouca evolugdo dos lateritos, provavelmente relacionados ao Plio-Pleistoceno.

O estudo desenvolvido por Herrera et al. (2016a) integra dados altimétricos, geologicos
e geomorfologicos com a finalidade de melhorar as respectivas cartografias no norte de
Rondénia. Os lateritos descritos sdo ferruginosos, pisoliticos/nodulares e podem apresentar
estrutura colunar a megacolunar. Além de outros resultados a correlagdo dos lateritos com as
feicdes de relevo (platos) contribuiu significativamente com a cartografia dos mesmos.

Herrera (2016) e Herrera et al. (2016b) integraram dados gamaespectrométricos e
altimétricos com o objetivo de identificar dominios com lateritos, melhorar a sua cartografia e
compreender o padrdo de resposta gamaespectrométrico. Os resultados propiciaram, a partir da
aplicagdo do método booleano (index overlay), a identificagdo de novas areas propicias a
ocorréncia de lateritos. Os dominios de favorabilidade obtidos permitiram sugerir incrementos
cartograficos nos mapas geologico, geomorfoldgico e de aptidao agricola em escalas entre

1:250.000 e 1:100.000.



Apesar da expressividade do regolitico lateritico e da existéncia de dados aerogeofisicos
recentes, ndo ha registro de caracteriza¢do e/ou estudo do regolito/intemperismo de forma
sistematizada no sudoeste do craton amazdnico. A cartografia das crostas lateriticas ainda ¢
inadequada e/ou insuficiente e ndo reflete a realidade geologica da regidao. Em muitos casos,
areas mapeadas como coberturas sedimentares indiferenciadas incluem tanto materiais de
origem sedimentar quanto residuais (solos e crostas lateriticas). Além disso, a ocorréncia de
diversos recursos minerais nas adjacéncias da area, tais como ETR, Ni, Au, entre outros,
credencia esta regido como forte candidata a estudos relacionados ao intemperismo e processos

supergénicos associados.

1.3 OBJETIVOS

A proposta desta pesquisa de doutorado ¢ realizar estudos de caracterizagdo geofisica e
geoquimica do regolito lateritico na por¢ao sudoeste do craton amazonico, com o fim de
desenvolver métodos para cartografar o regolito lateritico e os lateritos, assim como

compreender aspectos da evolucao da paisagem. Dentre os objetivos especificos, destacam-se:

1) Definir, no sul do estado de Rondonia, areas potenciais para a presenga de lateritos por meio
da integracdo de dados multifonte (métodos de algebra de mapas booleana e fuzzy);

2) Descrever os tipos de coberturas lateriticas (perfis completos, truncados, tipos de lateritos)
na porgao sul do estado de Rondodnia;

3) Definir as principais associagdes geoquimicas do regolito, os padrdoes geofisicos
relacionados e os niveis de intemperismo por meio de dados de solo, sedimento de corrente
e litoquimica dos lateritos;

4) Desenvolver o mapa do regolito baseado em dados, altimétricos, geoldgicos,
aerogamaespectrometricos, geomorfologicos, pedologicos e indice de intensidade de
intemperismo assim como no indice lateritico; e

5) Comparar os resultados deste trabalho com areas similares (geologia, geomorfologia, etc.)

com o objetivo de averiguar a eficiéncia dos modelos e identificar eventuais discrepancias.

1.4 LOCALIZACAO E ACESSO
A 4rea principal desta pesquisa (4rea sul) tem cerca de 17.000 km? e localiza-se no sul do

estado de Rondonia e parte da por¢ao noroeste do estado do Mato Grosso, proximo a fronteira



com a Bolivia. Localiza-se na Faixa Alto Guaporé com unidades do Mesoproterozoico até o

Recente (figura 1.1). Outros detalhes da area podem ser observados nos capitulos 2, 3 e 4.
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Figura 1.1- Localizagdo da area sul.

A érea secundaria (4rea norte) tem cerca de 4000 km? e localiza-se no norte do estado
de Rondodnia. Esta situada na Provincia Rondonia-Juruena Faixa Alto Guaporé com unidades
do Paleoproterozoico até o Recente (figura 1.2). Detalhes da area podem ser observados no

capitulo 4.
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Figura 1.2— Localizag@o da area norte, modificado de Herrera (2016).



1.5 MATERIAIS E METODOS

O trabalho priorizou inicialmente a delimitacdo das areas potenciais para a presenca de
lateritos com base na integracdo de dados digitais de elevacao e gamaespectrométricos com
apoio de métodos de algebra de mapas (booleana e fuzzy).

A identifica¢do dos lateritos e descricdo dos aspectos geomorfologicos associados foram
feitas com apoio de verificagdes de campo e com base em dados geomorfologicos preexistentes,
cartas topograficas (IBGE) e imagens SRTM (Shuttle Radar Topography Mission) do ano de
2000 com 30 m de resolugdo espacial.

A aquisicdo aerogeofisica foi realizada pela FUGRO AIRBORNE SURVEYS para a
CPRM/Servigo Geoldgico do Brasil. Os produtos analisados foram: i) imagens referentes aos
canais do eTh, K, eU; ii) razdes eU/K, eTh/K; e iii) composig¢des ternarias eTh/K, SRTM, eU/K
(RGB) e K, eTh, eU (RGB). Os softwares utilizados foram o Oasis Montaj 8.5 ¢ o ArcGis 10.2
com uma extensdo do Geosoft que permitiu o processamento das imagens aerogeofisicas e a
manipulacdo integrada de todos os produtos.

A modelagem para o reconhecimento dos lateritos utilizou os métodos booleano e fuzzy,
que estdo embasados em informacdes prévias ou mesmo hipoteses obtidas por um expert
(Bonham-Carter, 1994). As etapas de campo permitiram a verificagdo dos modelos
apresentados e os resultados foram posteriormente comparados aos trabalhos de mapeamento
prévios de Quadros e Rizzotto (2007) e Rizzotto (2010 e 2012). Detalhes sobre os pardmetros
de aquisicao dos dados geofisicos, dos métodos booleano e fuzzy, além dos resultados, podem
ser observados no capitulo 2.

Em seguida, avaliaram-se os dados geoquimicos de sedimento de corrente, solo, além
dos dados litoquimicos dos lateritos. O objetivo foi caracterizar quimicamente o regolito e os
lateritos e comparar com os resultados geofisicos. Os resultados obtidos nesta etapa foram
integrados as areas previsionais para a presenca de lateritos e aos dados de altimetria (SRTM),
geomorfologia, geologia e geofisica, proporcionando uma avaliagdo ampla do potencial
geoquimico e de outros aspectos da area (geologia, geofisica, geomorfologia, pedologia, etc.).

A etapa seguinte constou na elaboragao do indice de intensidade do intemperismo (WII)
que foi desenvolvido com o objetivo de destacar as diferentes intensidades de intemperismo da
area. O método ¢ similar aquele proposto por Wilford (2012) para a Australia, entretanto,
algumas alteragdes foram feitas no intuito de adaptar o modelo a area de estudo. Com a
finalidade de identificar apenas areas lateriticas com os dados gamaespectrométricos, criou-se

o indice lateritico (LI) e para tanto utilizou-se as razdes entre os elementos considerados moéveis
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e imoveis no processo intempérico (Th/K e U/K). Posteriormente, foi utilizado o indice mafico
(MI) de Pires e Moraes (2006) com o intuito de fazer interpretagdes sobre as possiveis rochas
fontes dos lateritos. Detalhes sobre os métodos, as técnicas estatisticas, correlagao com os dados
geoquimicos e demais técnicas e resultados obtidos no WII, LI, MI e mapeamento do regolito
podem ser consultados, no capitulo 3.

Na fase seguinte realizou-se o mapeamento do regolito baseado na metodologia
proposta por Anand e Smith (1993), que subdivide o regolito em trés principais classes de
regime: residual, erosional e deposicional. Os produtos utilizados na elaboragdo do mapa do
regolito foram os dados altimétricos (SRTM), os mapas pedoldgicos, geomorfologicos,
geologicos, o indice de intensidade do intemperismo (WII) e o indice lateritico (LI). Nesta etapa
foram integrados todos os produtos em ambiente SIG (sistema de informagdo geografica) e
gerado o mapa preliminar do regolito, posteriormente refinado com trabalhos de campo. O
produto cartografico final contribuiu com o entendimento do regolito da area (tipos de produtos,
distribuicdo, etc.).

Na pentltima etapa do trabalho foram comparados os modelos de deteccdo de areas
potenciais para a presenga de lateritos e fragmentos derivados de sua desagregagao, assim como
latossolos, desenvolvidos por este trabalho e por Herrera (2016), nas porg¢des sul e norte do
estado de Rondonia, respectivamente. Na etapa final foram integrados todos os resultados
obtidos nesta pesquisa. As atividades previstas e realizadas ao longo do doutorado foram
resumidas em grandes temas que sdo, em parte, correspondentes as publicagdes cientificas

relacionadas a este trabalho (Figura 1.3).

Geofisica Geofisica + Geoquimica
Modelo Previsional de presenca - Caracterizagio do regolito lateritico
de lateritos ¢ mapeamento do regolito
Iza et al., 2016a (WII + LI + MI)
v

Comparagao dos modelos
previsionais de presenga
de lateritos
Iza et al. (2016a) vs Herrera (2016)

v

Integragdo dos dados
e
consideragoes finais

Figura 1.3 — Principais atividades previstas e realizadas ao longo da elaboragio da tese. (WII — Indice de
Intensidade de Intemperismo; LI — Indice Lateritico; MI — Indice Mafico).
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ARTIGO CIENTIFICO 1

BOOLEAN AND FUZZY METHODS FOR
IDENTIFYING LATERITIC REGOLITHS IN
THE BRAZILIAN AMAZON USING GAMMA -
RAY SPECTROMETRIC AND TOPOGRAPHIC
DATA
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Airborne gamma-ray spectrometry is relatively well understood when associated with rocks, but the response
and radioelement distribution in weathered materials is less known. This work used airborne gamma-ray spec-
trometry and altimetry to identify domains with higher probability of occurrence of lateritic crust and disman-
tling products in an area located in the west of the Brazilian Amazon. Map algebra was used through the
Boolean and fuzzy techniques to create predictability digital models highlighting favorable areas for the occur-
rence of lateritic crusts. The Index Overlay Method was used in the Boolean technique. The fuzzy technique

f:éwﬁ‘:{f imst used the fuzzy algebraic product operator, fuzzy algebraic sum operator, and fuzzy gamma operator. Both models
Relief showed good correlation between the favorability predicted and the presence of crusts in the field, however, the
Geomorphology fuzzy model showed higher correlation and highlighted areas not identified by the Boolean model. In contrast,
Modeling the Boolean model allowed the visualization of the areas related to the influence of each variable or its possible
Oxisol combinations individually on the final map. Thus, the identification of lateritic crusts based on mathematic
models applied to altimetric and airborne gamma-ray spectrometric data is a new tool that will contribute signif-
icantly to geological mapping and to the understanding related to the response and radioelement distribution in

weathered materials.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction Aleva (1993) and Anand and Paine (2002) noted that the

Throughout Earth's geological history, weathering has been an im-
portant process for the modification of the landscape and formation of
soils and mineral deposits and has also had a significant impact on con-
trolling the relief and reflecting paleoclimatic variations. In humid trop-
ical climates, lateritic crusts are the final product of weathering
(Bardossy and Aleva, 1989; Tardy and Roquin, 1998). The lateritic crusts
in the Amazon and along the intertropical belt are related to the Ceno-
zoic (Lucas et al., 1989; Nahon et al., 1989; Boulangé and Carvalho,
1997; Costa, 1997; Horbe and Da Costa, 1999; Kotschoubey et al.,
2005; Horbe and Da Costa, 2005).

Climate, relief, parent rock, time, and tectonics are among the main
factors that affect intensity of the weathering and erosion processes;
thus, these factors are strongly related to geomorphologic aspects.
Thomas (1974) stated that climate is an important factor regulating
weathering and therefore it determines the nature and speed of the
chemical reactions on the Earth's surface. Pomerol et al. (2013) noted
that the main factors related to relief evolution are tectonics and cli-
mate, whose actions are measured by long geological intervals.

* Corresponding author.
E-mail addresses: edgar.iza@cprm.gov.br (E.RH.F. 1za), ahorbe@unb.br
(A.M.C. Horbe), adalene@unb.br (A.M. Silva).

http://dx.doi.org/10.1016/j.geoderma.2016.01.037
0016-7061/© 2016 Elsevier B.V. All rights reserved.

lateritization process is favored by alternation between dry and wet sea-
sons. Within this context, these authors also noted that the water table
fluctuates; such fluctuations promote alternations between more or less
oxidizing conditions, favor successive iron remobilization, concentrate
the iron, and thus lead to the generation of ferruginous nodules. Iron ac-
cumulates during lateritization, residually forming lateritic crusts. In
arid conditions, the lateritic crust tends to be preserved, thus
maintaining the planation paleosurfaces, making such crusts excellent
paleogeomorphologic records. In contrast, the permanent humid re-
gime leads to intense chemical leaching and reduced water table fluctu-
ations, thus interrupting the formation of the mottled zone and
accelerating saprolite formation and degradation of the lateritic crust,
which leads to the generation of oxisols. Horbe and Da Costa (2005)
demonstrated the direct relationship between the lateritic crust and
the overlying oxisol through textural, mineralogical, and chemical argu-
ments and noted that the latter could be derived from the chemical al-
teration and consequent disaggregation of the crusts.

Taylor and Eggleton (2001) discussed climatic and topographic fac-
tors in the construction of the landscape and exploration of regoliths, par-
ticularly for Al, Fe, Mn, Ni, Cu, Pb, and Au, in addition to aggregates for civil
construction. According to McFarlane (1976); Biidel (1982); Butt and
Zeegers (1992), and Beauvais (1999), among others, the study of regoliths
and mapping of lateritic crusts aids in the understanding of
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geomorphologic and paleoclimatic evolution and the identification of
anomalous metallogenic occurrences.

The lateritic crusts in the Amazon have not been mapped at ade-
quate scales or are located in areas with limited access. Moreover, in
this region as well as other parts of Brazil, lateritic crusts have been
mapped as undifferentiated sedimentary covers, which include prod-
ucts such as the lateritic crust itself, oxisols, nodules and pisoliths and
other dismantling products. In some of these areas, there are records
of several mineral occurrences, such as Ni-Co and Cu-Ni-EGP, and arti-
sanal gold mining (Rizzotto, 2010, 2012a,b). Therefore, the identifica-
tion and discrimination of lateritic crusts is essential in mineral
exploration and useful for the improvement of geological mapping.

The use of the airborne gamma-ray spectrometry and altimetric data
in regolith studies must be investigated, especially when applied with
mathematical techniques, raster image algebra, and in the evaluation of
multi-source data (e.g., Darnley and Grasty, 1971, Tucker et al., 1984,
Duval, 1990, Burrough et al., 1992, Graham and Bonham-Carter, 1993,
Wilford et al., 1997, Dickson and Scott, 1997, McKenzie & Ryan 1999,
Zhu et al., 2010, Carrino et al., 2011, Wilford, 2012 and Dent et al., 2013).

Airborne gamma-ray spectrometry measures the concentration of
potassium (K) and series of uranium (U) and thorium (Th) radioisotopes
in rocks and soils at depths of 30-45 cm (Gregory and Horwood, 1961;
Dickson and Scott, 1997). The intensity of gamma rays emitted from
the surface depends on the mineral composition of the rock or regolith,
nature and type of weathering, geological heterogeneity, distribution of
allochthonous or autochthonous soils and vegetal cover, and humidity,
among other factors (Wilford et al., 1997; Minty, 1997; Dickson and
Scott, 1997). In general, eU, eTh, and K are the only elements that occur
naturally and produce gamma rays with sufficient energy and intensity
to be measured by airborne gamma-ray spectrometry (Minty, 1997).

Potassium is the most abundant radioisotope in Earth's crust; it has
an average concentration of 2.4% and is generally present with high
and low contents in felsic rocks and mafic rocks, respectively (Dickson
and Scott, 1997, Minty, 1997). Potassium released during weathering
can be partially fixed as illite. In contrast, U and Th are relatively rare
compared with K, varying between 3 and 12 ppm on average. Uranium
can occur as uraninite and uranothorite, whereas Th can form thorite
and may be present in allanite, monazite, xenotime, and zircon at levels
higher than 1000 ppm (Dickson and Scott, 1997).

During weathering, radioelements are redistributed due to geo-
chemical reorganization. They can accumulate residually and combine
to form stable to weathering minerals, such as monazite, xenotime, zir-
con, and thorite; alternatively, they can be incorporated into newly
formed minerals, such as iron and titanium oxides and hydroxides and
clay minerals, or leached. In many cases, this redistribution generates
different spectrometric responses for the regolith and underlying bed-
rock. Dickson and Scott (1997) suggested that areas with lateritic
crust tend to have low K contents and relative high Th and U contents.
Moreover, Wilford et al. (1997) stated that ferruginous duricrusts, par-
ticularly those developed over greenstone, are radiometrically barren
(they appear black) in a ternary RBG diagram (KThU).

Wilford et al. (1997) noted that airborne gamma-ray spectrometry is
relatively well understood when associated with rocks, but the response
and radioelement distribution in weathered materials is less known.
Traditional geological and soil mapping can be easily performed when
the area is accessible with several outcrops; otherwise, remote tools
must be used to reach inaccessible areas, including Indian reservations,
deep forests, areas with no roads, and areas where the lateritic crust is
covered by soil. Among remote tools, remote sensing and airborne
gamma-ray spectrometry can be used to provide important information
that may be difficult to collect with other techniques. In accessible areas,
these tools can be used as a support in the planning phase of field works,
saving field time by increasing the mapping efficiency. Gamma spectro-
metric data are advantageous in that they provide the radioactive signa-
tures of eTh, eU, and %K, which provide additional information for
geologic mapping and can be used as a complementary tool.

The purpose of this work was to use airborne gamma-ray spectrom-
etry and altimetry to identify geophysical and topographic parameters
for the delimitation of domains with a higher probability of occurrence
of lateritic crust and dismantling products. Boolean and fuzzy tech-
niques are compared using relief and geophysical data (eTh/K, eU/K),
with the aim of facilitating field work and improving the final carto-
graphic products.

2. Materials and methods

The altimetric base used in this study was the Shuttle Radar To-
pography Mission (SRTM) performed in 2000, which had a spatial
resolution of 30 m. The airborne gamma-ray spectrometric images
were obtained by FUGRO AIRBORNE SURVEYS for the CPRM/Geolog-
ical Survey of Brazil in the 2005-2006 period (refer to the airborne
geophysical survey “Sudeste de Rondénia — RO" CPRM, 2006 for fur-
ther information). The data were processed by LASA Prospeccdes S.A.
and involved the application of routines in Oasis Montaj software,
version 8.2.0.5, with minimum curvature interpolators and grid
cells of 125 m. The main products generated from the interpolation
were individual images of the eU, eTh, and K channels and the ratios
eU/K and eTh/K. These products allowed for the generation of the
ternary composition of K, eTh, and eU (RGB) as well as eTh/K,
SRTM and eU/K (RGB) images. The software used to integrate the
data was ArcGIS 10.2 with the Geosoft extension that allowed the
processing of the airborne geophysical images and the integrated
handling of all of the products. The statistic data were processed
and interpreted using Statistica 12 software.

The method developed in this work used airborne geophysical
(gamma-ray spectrometric), and elevation (SRTM) images, which
were analyzed using Boolean and fuzzy mathematical modeling tech-
niques to create predictability maps for the occurrence of lateritic crusts
and verify which of the techniques is more efficient. The theoretical
base was extracted from An et al. (1991); Zimmermann (1985);
Bonham-Carter (1994); Moreira et al. (2003); McBratney et al.
(2003); Lagacherie (2005); Carranza (2008); Carrino et al. (2011) and
da Silva et al. (2015). However, some modifications were performed
to improve the results.

The modeling process consisted of a series of procedures to obtain a
simplified hypothetical vision of the studied attributes and the Boolean
and fuzzy techniques were used. These techniques are closely related to
knowledge-driven models, i.e., models based on previous information
or even hypotheses obtained by an expert (Bonham-Carter, 1994 and
Carranza, 2008). Field work was performed to verify and calibrate the
models presented, and the geologic maps from Quadros and Rizzotto
(2007) and Rizzotto (2010, 2012a) and the map of soils from the
Brazilian Institute of Geography and Statistic (IBGE — Instituto Brasileiro
de Geografia e Estatistica) were used as support.

The kappa coefficient (k) was computed to determine the concor-
dance intensity between the models (predictability maps) and field
data. The data used consist of information collected during field work
for this research, as well as files stored in the GEOBANK (Geological Sur-
vey of Brazil database) available online at www.cprm.gov.br. To calcu-
late the coefficient, 875 checkpoints were considered, classified as
lateritic crust and non-lateritic materials.

The kappa coefficient is defined as k = (n 3.1, Xij — X1y Xi. X,1)/
(n?- 3", X, x,;),where x;; is the value on line i and column i, X; ; is
the sum of line i, x . ; is the sum of column i of the confusion matrix,
n is the total number of samples and c is the number of classes
(Cohen, 1960). According to Landis and Koch (1977), kappa is con-
sidered to have a nearly perfect agreement when it is above 0.81
and reaches 1. Substantial agreement is obtained when kappa lies
within the interval 0.61-0.80. Kappa values below 0.60 are classified
as moderate agreement, with values near zero indicating poor
agreement.
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2.1. Boolean logic

Boolean logic is a mathematical system used to create logic rules or
expressions to select, analyze, and process data. Bonham-Carter
(1994) improved the Boolean technique through the index overlay
method (IOM), which consists of granting different weights to each
input map considering the level of importance according to the hypoth-
esis. The outcomes include scores appropriate for mapping. The objec-
tive is to produce a map showing areas that are arranged according to
the score, with a greater spectrum of results (Bonham-Carter, 1994).

Maps in binary format (0 and 1) were obtained in the Boolean anal-
ysis (algebraic binary map technique) and use the ratios eTh/K and eU/
K as well as the altimetric intervals (obtained from the SRTM image).
The ratios were used to emphasize the discrepancies and highlight favor-
able areas associated with ferruginous crusts. Higher values of eTh/K and
eU/K (equal or higher than the average plus one and a half times the
standard deviation) are associated with a higher probability of the occur-
rence of lateritic crusts and were therefore transformed into “1”; in con-
trast, the lower values were transformed into “0", generating new
reclassified images (0 and 1) for both ratios.

In contrast, the procedure with the SRTM elevation model (relief)
used a value of “1” for elevations lower than 300 m and higher than
500 m and a value of “0" for elevations between 301 and 499 m. The
first altimetric interval (<300 m) is associated with the domain where
the geological unit called undifferentiated sedimentary covers is pre-
dominant and some lateritic outcrops are found. The second altimetric
interval (=500 m), where the major lateritic bodies are mapped, is
mainly associated with the sandstones of the Parecis Basin.

2.1.1. Weight determination

In the IOM, a weight is given to each input map according to the
hypothesis considered. Each map is multiplied by its respective
weight, summed, and finally normalized by the sum of weights.
The final result is represented by values between 0 and 1 (Bonham-
Carter, 1994), which are appropriate for mapping. The equation for
the I0M is § = (3_'W, class (MAP;))/(3_]'W;), where Wi is the
weight of the i-th map, class (MAPi) represents the input map of
the i-th variable and n is the number of variables.

Four cases using the three main variables (eTh/K, eU/K, and relief)
were proposed to clarify the application of the IOM and determine the
best combination of weights. In all cases, the scores vary between 0
and 1 and indicate areas with the lowest (0) and highest probabilities
(1) of finding lateritic crust. The final choice of the best combination
of weights was the one that separated the set of variables into favorable
or unfavorable classes according to score, enabling the best visual differ-
entiation of each score. The procedures performed in the Boolean logic
included several stages and produced a final predictability map
(see Fig. 1).

2.2. Fuzzy logic

Fuzzy logic provides the base for the generation of powerful tech-
niques for modeling spatial data and digital maps. It allows conclusions
to be obtained and responses to be generated from information that can
be ambiguous or inaccurate (Torres, 2014). In this work, fuzzy logic was
applied to the same variables as Boolean logic. The raw data were
rasterized and then simplified using fuzzification, which allowed for
staggering in the degrees of variability or pertinence between “0" (ab-
sent pertinence) and “1” (total pertinence). The use of the large and lin-
ear fuzzy membership functions allowed for the reorganization of the
rasterized digital maps according to the type of input. The linear func-
tion was applied to the relief map, which keeps the original data, only
rescaling between 0 and 1, whereas the large function (favoring high
values) was applied to the eTh/K and eU/K maps.

The gamma spectrometric data exhibit high values of eTh/K and eU/
K on the inferior and superior surfaces. These high values can be ex-
plained by the strong association with oxisols and lateritic crusts. The
large membership function was applied to these images to highlight
the high values and consequently the areas with a higher probability
of crust occurrence.

The linear function was applied to the relief, as applying any of the
other functions (e.g., large, small, pi-shaped) potentializes (overvalues)
or minimizes (underestimates) areas considered undesirable or desir-
able, respectively, for the model. Using a small membership function
on the relief overvalues the areas on the inferior surface (<300 m) and
underestimates areas on the superior surface (=500 m), whereas a
large membership function overvalues areas on the superior surface
(>500 m) and underestimates areas on the inferior surface (<300 m).
The inverse pi-shaped membership function overvalues both low and
high altitude areas, and as a result, it highlights the same areas of the
small and large functions simultaneously. Thus, when these member-
ship functions are applied to the relief and integrated with gamma spec-
trometry images, the areas highlighted as favorable are overly extensive
and do not represent the best option for the construction of the model.

The following step was performed to combine the fuzzified maps and
reorganize them using fuzzy operators, such as algebraic product —
Fuzzy Algebraic Product Operator — FAPO (minimizes the results), alge-
braic sum — Fuzzy Algebraic Sum Operator — FASO (maximizes the re-
sults), and fuzzy gamma operator — FGO (balances the results). Details
regarding these operators are provided in Zimmermann (1985); An
et al. (1991); Bonham-Carter (1994); Eddy et al. (2006); Nykdnen et al.
(2008) and Carrino et al. (2011).

Regarding the operator “fuzzy gamma”, which was used to create
the final predictability maps, Bonham-Carter (1994) showed that vy
values between 0 and 0.35 are “decreasive”, i.e., always lower or equal
to the lowest input fuzzy member, whereas values between 0.8 and 1
are “increasive” (i.e., the output value is larger or equal to the largest
input fuzzy member) and values between 0.35 and 0.8 are neither

Rasterized Data

QOriginal Data

Binary Data

Case 1

Case3

Y
Weight;)eﬂnlﬁon

Case 4

Boolean Method - Index Overlay

(1°eUIK + 1°eTh/K + 1*relief)y/3)

Case2 o
(1°6UIK + 2°eThiK + 2relief)/5)

(1"eU/K + 2°relief + 4°eTh/K)/T)

(1°eU/K + 2°eTh/K + 4*relief)7)

Forescast Map

Definition of the best case

Fig. 1. Flowchart of procedures performed for the Boolean logic.
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“increasive” nor “decreasive”. In this last case, the values always lie
within the range of input values.

In practice, the larger “fuzzy gamma” operators tend to restrict less
the interest areas, whereas the smaller “fuzzy gamma" operators tend
to restrict more. The fuzzy result obtained in this work considered the
data equal to the average plus one and a half times the standard devia-
tion as significant, and the fuzzy result was compared with the soil map
and the Boolean model.

Different values for gamma between 0.1 and 0.9 were evaluated to
clarify the application of the fuzzy method and determine the best
gamma operator. The final choice of the best value was based on a com-
parison with the field data and Boolean results. The set of procedures
performed to create the predictability map in the fuzzy technique
used the gamma operators y = 0.7 and y = 0.3 (Fig. 2).

2.3. Regional geologic and geomorphologic context

The research area is located on the western portion of the Amazon
craton and comprises the geochronological provinces of Sunsas and
Rondbnia-Juruena (Fig. 3). Within this context, there is the Alto
Guaporé Belt, established during the evolution of the Rondoniano-San
Igndcio Orogene (1.47-1.32 Ga) (Rizzotto, 2010). Regarding evolution,
the geology is diverse, with ages from Mesoproterozoic up to the cur-
rent period.

The Mesoproterozoic is represented by para-derived, granitoids, and
mafic and ultramafic rocks (Rizzotto, 2010).The Paleozoic to Mesozoic
units are represented by sandstones, conglomerates, and siltites of the
Parecis Basin. The units associated with the Cenozoic are fluvial and
swampy clayey-sandy as well as gravel deposits and lateritic crusts.
The lateritic crusts are mainly composed of ferruginous crusts and collu-
viums originating from its dismantling process, covered by up to 1 m of
soil (Quadros and Rizzotto, 2007).

The study area has altitudes ranging between 149 and 627 m. There
are three major relief units: i) the Guaporé Depression, generally associ-
ated with a pediplained surface with elevations lower than 300 m (Ce-
nozoic); ii) the desiccated unit in the Parecis plateau, related to the
Parecis Basin (Mesozoic), with altitudes between 500 and 627 m; and
iii) the intermediate zone with altitudes between 301 and 499 m,
where there are sporadic Mesoproterozoic inselbergs and tors (Fig. 3).
These domains are correlated to the inferior planation, topo Il planation,
and intermediate planation, surfaces of Kux et al. (1979), respectively.
The lateritic crusts support the majority of the Guaporé Depression
and the Parecis plateau.

2.3.1. Lateritization on the study area
Three types of profiles were identified in the study area (Fig. 4):

i) The tabular surfaces developed over the quartz and arkose sand-
stones of the Utiariti formation of the Parecis Basin (at altitudes
above 500 m, in the east-central portion of the study area). The

profile has brown to yellow cellular lateritic crust with a thick-
ness of up to 2 m that is mainly composed of goethite, grains,
and gravels of quartz covered by red oxisol. There is occasionally
superficial colluvium with lateritic fragments and spherulites
embedded in red sandy to sandy-silty kaolinite matrix or a dis-
mantled lateritic crust between the lateritic crust and oxisol
(Fig. 4A, B, and G).
The desiccated surfaces developed over the para-derived rocks
and granitoids and, to a lesser extent, mafic—ultramafic rocks (at
altitudes between 301 and 499 m, in the northwestern to south-
western portion of the study area). The profiles are truncated
and are formed by soft mottled or saprolite horizons covered by
colluvium and, to a lesser extent, red oxisol. They are composed
of kaolinite, quartz grains, and low content of ferruginous concre-
tions. At three sites, there are blocks of ferruginous pisoliths, nod-
ular and vermiform lateritic crusts with diameters of 20-40 cm
embedded in red sandy to sandy-silty kaolinite matrix.

iii) The surfaces developed over the para-derivades, granitoids, and
subordinate mafic-ultramafic rocks (at altitudes below 300 m,
on plain and low relief with some flooded areas and sporadic in-
selbergs and tors). The profiles have ochre to red soft vermiform
lateritic crusts with thicknesses of 1-2 m. They are mainly com-
posed of goethite, kaolinite, and quartz, with lower contents of
hematite and rare gibbsite, and are covered by red oxisols. As in
profile type i, there is occasionally superficial colluvium with lat-
eritic fragments and spherulites embedded in red sandy to
sandy-silty kaolinite matrix or a dismantled lateritic crust be-
tween the lateritic crust and oxisol (Fig. 4E, F, and G).

=

3. Results
3.1. Integration of airborne gamma-ray spectrometry and altimetry images

The ternary composition (I, eTh, and eU) shows several areas with
gamma spectrometric signatures related to high values of eTh, low
values of K and low to intermediate values of eU that could be credited
to the presence of lateritic crusts and weathering materials according to
Dickson and Scott (1997); Dauth (1997); Carrino et al. (2011); Minty
(2011) and Wilford (2012). However, the airborne geophysical prod-
ucts alone were not sufficient to make a complete discrimination, as
some areas mapped as lateritic crusts present inconclusive responses
in the three channels (eU, eTh, and K). In the northeast, southwest
and northwest, there are several sectors that highlight the predomi-
nance of eTh. The spectrometric response patterns (eTh, eU and K) are
observed in profile A’ (Fig. 5), as is the outcrop location of the points de-
scribed previously (Fig. 4). There is a relative decrease in K and increase
in eU and eTh in areas where lateritic crusts are mapped. Table 1 shows
a statistical summary of the eTh/K eU/K, and relief images.
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Fig. 2. Flowchart of the procedures performed for the fuzzy logic.
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Fig. 3. Simplified geologic map, modified from Quadros and Rizzotto (2007); Rizzotto (2010), (2012a, b).

A previous evaluation of the SRTM image (relief) and the ratios eTh/
K and eU/K using field data was performed to integrate the products and
understand the response pattern associated with lateritic crusts. The
ternary composition of eTh/K, SRTM (relief), and eU/K in the RGB chan-
nels showed a higher efficiency in the previous identification of lateritic
crusts and indicated several areas with high and low elevations (often
explained by tectonics and/or geomorphology; Taylor and Eggleton,
2001; Taylor, 2008), simultaneously associated with high values of
eTh/K and eU/K (Fig. 6).

3.2, Spatial modeling and correlation with lateritization

3.2.1. Boolean logic

The four cases presented above were analyzed to choose the optimal
weight combination and obtain the best discrimination of areas with
lateritic crusts and dismantling products.

In case 1, in which all of the variables have the same importance
level (all weights equal to 1), some combinations that are likely to rep-
resent lateritic crust (eTh/K + relief) are mixed with combinations that
are unlikely to represent lateritic crusts (eU/K + relief), which hinders
the discrimination of potential areas. The combination of all variables,
with a score of 1, represents areas with the highest probability of later-
itic crust occurrence, covering 1.30% of the area.

In case 2, in which the ratio eU/K has a weight of 1 due to the higher
mobility of U compared with Th and the other variables have weights of
2, there is an increase in the percentage of the potential areas consid-
ered favorable (7.84%). However, there is still a mixture of likely and un-
likely combinations, as in case 1. This condition is undesirable for the
evaluation of the model, as it does not completely discriminate the

potential areas and does not allow for a thorough interpretation and
correlation with geologic, pedologic, and geomorphologic aspects.

In case 3, all variables have different weights arranged in a geometric
progression of common ratio 2 (A, = 2"~ '):(1 = eU/K + 2 « relief +
4 % eTh/K)/7, which allows for the visual discrimination of all possible
combinations of variables. In this case, the ratio eTh/K was considered
the most significant variable because it represents the enrichment of
Thin relation to K, which is an important condition in a weathering con-
text. The final map highlights 8 scores (Fig. 7). The combinations are
redistributed, as each score contains a single combination instead of a
mixture of combinations, as observed in the previous cases. This enables
a better understanding of the variables involved. The results considered
as favorable or extremely favorable represent 7.84% of the area and
yield a kappa value of 0.87.

Case 4 presents the same results as case 3 in terms of potential areas
(7.84%) and the kappa value (0.87); however, the combination of vari-
ables is rearranged. All of the results regarding the Boolean cases are
shown in Table 2, which provides the formulae, reasons for the weights
assigned, the different combinations, the favorability level, and the con-
fusion matrix elements and respective kappa values for each case.

3.2.2. Fuzzy logic

In the fuzzy technique, the algebraic sum and product as well as the
fuzzy gamma operator were used. The algebraic sum and product
present different responses in relation to the delimitation of potential
areas. In the case of the algebraic sum (FASO), the areas with altitudes
above 500 m are overestimated, whereas those located below 300 m
are observed less frequently. In the algebraic product (FAPO), the
areas predicted by the algebraic sum, especially those above 500 m,
are redistributed. The areas highlighted as the most favorable by FASO
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and FAPO represent 6.07% and 4.37% of the area, respectively. The infor-
mation related to the fuzzy intervals, the areas and the respective favor-
ability levels, as well as information regarding the confusion matrix
elements and kappa value associated for each operation, are provided
in Table 3.

The fuzzy gamma operator (FGO) was used to balance the results ob-
tained in FASO and FAPO. The results for fuzzy gamma values of 0.3 and
0.7, which illustrate the most pessimistic and optimistic results, respec-
tively (Table 3, Figs. 8 and 9), approximated the largest proportion of the
areas mapped as undifferentiated sedimentary covers and lateritic
crusts, as well as oxisols. The similarity between the maps is evident;
however, gamma values higher than 0.7 or lower than 0.3 increase
and restrict the areas causing a decrease in kappa, respectively. The
final maps (FGO 0.7 and FGO 0.3, Figs. 8 and 9) show new areas not rep-
resented by the FASO or FAPO. These new areas are due to the transfor-
mation suffered by the input data when the fuzzy gamma operator is
applied, i.e., there is a restaggering of the original data matrix. The

final areas obtained in both cases (0.3 and 0.7) refer to values higher
than the average plus one and a half times the standard deviation and
represent the products with the highest reliability.

4. Discussion and model validation

The results obtained considered the gamma spectrometric re-
sponses for depths of up to 45 cm and highlighted the potential areas
for the occurrence of lateritic crust or dismantling products on the
surface.

Minty (1997 considered that the intensity of the gamma rays can in-
crease or decrease according to the humidity conditions on the surface. A
20% increase in the humidity of the ground results in a 20% reduction in
the amount of rays emitted on the ground surface. Vegetal tissues con-
tain insignificant traces of Th and U and thus have an insignificant effect
on the gamma-ray response; however, they can cause attenuation of the
signal and should be considered in the gamma spectrometric
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interpretation (Wilford et al., 1997). Furthermore, Kogan et al. (1969)
showed that the absorption of K by plants can constitute up to 15% of
the signal that reaches the aircraft. Although the study region is located
within the official limits of the Amazon, it has a low vegetal cover com-
pared with the remainder of the Amazon due to deforestation.

The airborne geophysical data were acquired during the drier sea-
son, providing the best possible conditions for data collection. Minty
(2011) stated that when gamma spectrometric ratios are used, there
is a tendency to remove environmental artifacts in the data due to soil
moisture, vegetation, or the effect of non-radioactive overburden. In
any case, the final results showed good correlation between the pro-
posed models and field data.

Regarding the cases for weight determination for the IOM (Boolean
method), cases 1 and 2 are not ideal combinations of weights, as they
exhibit classes (scores) in which there is a mixture of variables consid-
ered favorable and not favorable, which prevents a complete evaluation
of the models. Cases 3 and 4 are equivalent, only showing a rearrange-
ment in the order of classes. They can be considered the best represen-
tation for the identification of lateritic crusts, as they allow the
individualization of all possible variable combinations, which favors
the evaluation and full judgment of the model.

The integration of the images in the Boolean logic exhibits a strong
correlation between relief and the values of eTh/K in several sites, espe-
cially those over 500 m that were classified as extremely favorable. This
identification was enabled using weights of 1, 2, and 4 on the eU/K, re-
lief, and eTh/K images, respectively. The areas with elevations lower

Table 1
Statistical summary of the eTh/K, eU/K, and relief airborne geophysical products.
Product Min Max Sum Mean Standard
deviation
eTh/K 038 107.73 12,463,240.24 1136 7.06
eU/K 13 48.7 15,217,718.95 13.87 454
Relief 149 627 582,263,520 283.51 98.25

than 300 m also have high values of eTh/K and thus a direct correlation
with lateritic crusts or dismantling products. In general, these areas
strongly overlap with the geologic units called undifferentiated sedi-
mentary covers and also indicate new potential areas for the occurrence
of lateritic crusts.

[n areas classified as not favorable, the crusts were either not found or
registered as restrict occurrences. The sites considered favorable or ex-
tremely favorable (i.e., influenced by relief, eTh/K, and eU/K) represent
approximately 7.84% of the area and tend to show lateritic crusts in accor-
dance with field data (x = 0.87). Therefore, there is a good correlation be-
tween the favorability predicted and the presence of crusts in the study
area, which confirms the efficiency of the Boolean model proposed.

This model is considered simple, and when combined with weights
(IOM), it allows for the separation of the results in terms of scores that
vary from O to 1. In this sense, the application of weights arranged in a
geometric progression allows for not only the discrimination of the clas-
ses but also the visualization of the areas related to the influence of each
variable or its possible combinations individually in logical order on the
final map.

The other combinations of weights showed similar results as those
observed in cases 1 and 2 (class overlapping) or cases 3 and 4 (total dis-
crimination of classes). Therefore, it is important to guarantee that all
combinations are represented visually through the choice of weights
that result in distinct classes and representative of all possible
combinations.

The fuzzy method FASO tends to overestimate the potential areas
with altitudes over 500 m, whereas FAPO tends to overestimate areas
below 300 m, although it shows potential sectors in the intermediate
zone (altitudes of 301 to 499 m). Therefore, none of these methods rep-
resent the real data satisfactorily. The fuzzy gamma operator result is
sufficiently correlated with the occurrence of lateritic crusts. A fuzzy
gamma operator of 0.7 highlights areas not identified on the Boolean
map, especially on the southeast and north central portions of the
area, with excellent correlation, and it represents the most optimistic
option for the occurrence of lateritic crusts and dismantling products.
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Table 2
Results of the Boolean logic.
Case Formulae Reasons Products within each score Scores Area  Favorability Confusion S
% matrix”
1 (1+eU/K + 1«eTh/K + 1 «relief)/3 All variables have the same NONE 0 26.93 Extremely not favorable 19-86-730-40 0.84
importance eU/K, Relief OR eTh/K 033 63.90 Not favorable
Relief + eU/K, eTh/K + eU/K OR  0.67 7.86  Not favorable
Relief + eTh/K 1 130  Extremely favorable
eU/K + Relief + eTh/K
2 (1+eU/K + 2 +«eTh/K + 2 +relief)/5 The ratio eTh/K and relief are more  NONE 0 26.93 Extremely not favorable 52-53-715-55 0.87
relevant than the ratio eU/K due to  eU/K 0.2 033  Not favorable
the higher mobility of uranium Relief OR eTh/K 0.4 63.57 Not favorable
compared with thorium Relief + eU/K OR eTh/K + eU/K 0.6 132 Not favorable
eTh/K + Relief 0.8 6.54  Favorable
eTh/K + Relief + eU/K 1 1.30  Extremely favorable
3 (1=eU/K + 2 «relief + 4 « eTh/K)/7 The ratio eTh/K is more relevant ~ NONE 0 26.93 Extremely not favorable 64-41-710-60 0.87
because it emphasizes areas with  eU/K 014 033  Not favorable
higher enrichment of thorium Relief 029  63.49 Not favorable
related to potassium, whichisan  eU/K + Relief 0.43 1.30  Not favorable
important condition in a eTh/K 057 008 Not favorable
weathering context eTh/K + elU/K 071 0.02  Not favorable
eTh/K + Relief 0.86 654 Favorable
eTh/K + Relief + eU/K 1 130  Extremely favorable
4 (1+eU/K + 2 +eTh/K + 4 «relief)/7 The relief has more influence NONE 0 26.93 Extremely not favorable 64-41-710-60 0.87
because it has a close relation with  eU/K 0.14 0.33  Not favorable
the genesis and development of eTh/K 0.29  63.49 Not favorable
lateritic crusts, and it also presentsa  eU/K + eTh/K 0.43 1.30  Not favorable
wide continuity and forms vast Relief 0.57 008 Not favorable
regional planation surfaces Relief + eU/K 0.71 0.02  Not favorable
eTh/K + Relief 0.86 6.54  Favorable
eTh/K + Relief + elU/K 1 130  Extremely favorable

* Respective values for laterites predicted as laterites, laterites predicted as non-laterites, non-laterites predicted as non-laterites and non-laterites predicted as laterites.

A gamma operator of 0.3, although highly similar to 0.7, is slightly
more restrictive in some areas. However, it also delimits some favorable
sectors on the southeast portion of the area that were not highlighted in
the Boolean method. This value represents the most pessimistic option
for the prediction of crust occurrence. Thereby, the “fuzzy gamma”
method tends to balance the influences of the FASO and FAPO and con-
sequently the input variables. In particular, the areas with intermediate
altitudes (between 301 and 499 m) were not highlighted in the Boolean
model, as they were not considered in the relief input binary map. This
fact may be the reason for the slightly lower values of kappa observed in
the Boolean cases compared with the FGO with a gamma value of 0.7,

which considers intermediate input values in all of the products, includ-
ing altimetric data.

In general, the fuzzy method allows for the generation of images
with favorable areas and high correlation, but it is not able to discrimi-
nate the influence of the input products individually (relief, eTh/K and
eU/K), i.e., it is not possible to visually identify the influence of each var-
iable. In contrast, the Boolean model generates favorable areas with only
good correlation, but it enables the individualization of the influence
of the input images (eTh/K, relief, eU/K), consequently allowing for
an analysis of each variable involved in the construction of the
model.

Table 3
Results of the fuzzy logic and the respective favorability classes.

Case Formulae Fuzzy intervals Areas % Favorability Confusion matrix" K

FASO 1-((1-Elevation) » (1-eTh/K) « (1-eU/K)) 0.012-0.256 15.39 Not favorable 48-57-715-55 0.86
0.256-0.43 2221 Not favorable
0.43-0.597 21.88 Not favorable
0.597-0.87 34.46 Not favorable
0.87-1 6.07 Extremely favorable

FAPO (Elevation) » (eTh/K) « (eU/K) 0-0.013 78.59 Not favorable 88-17-680-90 0.86
0.013-0.55 17.04 Not favorable
0.55-0.13 3.28 Extremely favorable
0.13-0.27 0.81 Extremely favorable
0.27-0.69 0.29 Extremely favorable

y=07 pGamma = (LFASO)®” « (nFAPO)' — ©7 0-0.073 65.99 Not favorable 89-16-718-52 0.91
0.073-0.20 11.12 Not favorable
0.20-0.3 12.18 Not favorable
0.3-0.48 931 Extremely favorable
0.48-0.89 1.40 Extremely favorable

vy=103 pGamma = (LFAS0)%* » (WFAPQ)! — 02 0-0.024 71.42 Not favorable 83-22-719-51 0.90
0.024-0.079 1735 Not favorable
0.079-0.1 3.90 Not favorable
0.1-0.325 6.78 Extremely favorable
0.325-0.77 0.55 Extremely favorable

* Respective values for laterites predicted as laterites, laterites predicted as non-laterites, non-laterites predicted as non-laterites and non-laterites predicted as laterites.
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Fig. 8. Predictability map of the occurrence of lateritic crust based on the fuzzy gamma operator (y = 0.7).

The correlation between the FGO 0.7 model and the map of soils is
significant (Fig. 10) and even stronger when considering areas mapped
as lateritic crusts and checkpoints. The overlap is substantial when com-
pared with the geologic map, especially with the units referred to as un-
differentiated sedimentary covers and with crusts mapped by previous
works.

An aspect to be considered is the spatial resolution of the images and
the expectation of the results. The images have pixels with 125 m

(airborne geophysics) and 30 m (SRTM), which limits the study to scales
lower than 1:100,000. Therefore, the extension and the mode of occur-
rence of the crusts (e.g., blocks, boulders, pisoliths) must be considered.

The model developed highlights not only areas with lateritic crust
(blocks and boulders) but also dismantling products (crust fragments,
ferruginous concretions), with oxisols occasionally covering these
ferruginous products. Although there is an excellent correlation with
the field data, the models used were not able to discriminate or
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Fig. 9. Predictability map of the occurrence of lateritic crust based on the fuzzy gamma operator (y = 0.3).
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individualize the type of product (e.g., crusts, mottled horizon, oxisol) or
response patterns of each individually.

5. Conclusions

The identification of lateritic crusts based on mathematic models ap-
plied to altimetric and airborne gamma-ray spectrometric data showed
good reliability and good overlap with preexistent maps. From both
methods applied, the fuzzy method was slightly more reliable than
the Boolean method. Nevertheless, both methods can be used to identi-
fy potential areas for the occurrence of lateritic crusts and dismantling
products, which will contribute significantly to geological mapping.

However, widespread and integrated support of the geological char-
acteristics, regolith formation, and the relationship with relief are re-
quired to improve the interpretation. Areas that have high lithological
variability with lateritic crusts or have gamma spectrometric responses
that vary significantly must be evaluated carefully, as in some cases,
high relief and the association with high values of eTh/K and eU/K
could be associated with materials other rather than lateritic crust.
This work highlighted that areas with low elevations and high values
of eTh/K and eU/K show positive responses to the occurrence of lateritic
crusts; however, field work is mandatory. The application of these
mathematic models integrated with geomorphology, topography and
remote sensing in other areas will enable the refinement of the applica-
tion and increase its reliability, thus improving the model proposed in
this work.
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Abstract

In tropical regions like the Amazon, there are extensive lateritic covers not properly mapped,
despite the economic bearing mineral and the importance related to the denudation and regolith
landscape studies. To consolidate tools for regolith cartography, geochemical and geophysical
data (airborne gamma ray spectrometry and magnetometry) were integrated. Regional indexes
(weathering intensity index — WII, lateritic index - LI and mafic index - MI) were generated
and applied, which allowed the identification of regolith properties. The WII highlighted areas
with high weathering level located between 149 and 300 m and between 500 and 627 m of
altitude that are related to the lower planation surface (LPS) and upper planation surfaces
(UPS), respectively. The LI ratified the WII and highlighted areas with high Th/K and U/K
ratios associated to lateritic duricrusts. The correlation between LI and MI showed lateritic
duricrusts related to mafic and felsic substrates, especially on altitudes below 300 m, confirming
the geochemical data. All these products leaded to the reinterpretation of areas previously
considered sedimentary as residual associated to oxisols and lateritic duricrusts, and allowed
the proposal of regolith mapping techniques and models generation (weathering intensity and
lateritic indexes) with good level of reliability. The consolidated techniques are extremely
useful in regions similar to the Amazon (tropical areas), where there are significant areas with
difficult or restricted access (indigenous lands, areas of environmental preservation, etc.).

Keywords: Th/K; U/K; weathering intensity index; lateritic duricrust; lateritic index.
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1 Introduction

The application of gamma-ray spectrometric data using mathematical techniques
integrated with geology and altimetry, has increasingly contributed to the development of
mapping techniques in order to interpret geomorphological and weathering processes (Wilford
et al. 1997; Moreira et al., 2003; McBratney et al., 2003; Carranza, 2009; Wilford, 2012; Arhin
et al., 2015). Wilford (2012), for example, developed the weathering intensity index (WII) for
Australia using gamma-ray spectrometric and altimetric data, and obtained excellent results in
a regional scale defining areas with different levels of weathering. Other authors confirm that
high values of eU and eTh, often above the earth crust average, together with low values of K,
identify lateritic products (lateritic duricrust, gossan, bauxites, etc.) and their respective parent
rocks (Dickson and Scott, 1997; Dauth, 1997; Isles and Rankin, 2000; Carrier et al., 2006;
Carrino et al., 2011; Barbosa, 2013; Iza et al., 2016). On the other hand, Minty (2011) states
that the radiometric ratios tend to remove environmental artefacts related to humidity and
vegetation. The previously mentioned results make the gamma-ray spectrometry a useful and
reliable tool in the study of the regolith.

Brazil, with about 65% of its land with lateritic regolith, has important supergene
mineral deposits, especially in the Amazon (e.g. Costa, 1997; Boulangé¢ and Carvalho, 1997;
Kotschoubey et al, 2005; Oliveira et al., 2016, Albuquerque et al., 2017). However,
multisource techniques for mapping the regolith, have not yet been developed or applied widely
and systematically. In this sense, the objective of this research was to compare and evaluate
geophysical and geochemical data in order to characterize the regolith, and to develop and
consolidate tools for its cartography, applicable in other tropical regions. To achieve it, the
lateritic index (LI) and the weathering intensity index (WII) were developed, and the mafic

index (MI) of Pires and Moraes (2006) was applied.
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2 Location, geological and geomorphological aspects

The study area is located in the southwest of the Brazilian Amazon, border with Bolivia,
and has about 17,000 km? (Figure 1). The climate is type Aw — Tropical rainy with
precipitations between 1400 and 2600 mm/year. The area consists of three major
geomorphologic domains according to Iza et al. (2016): 1) Upper Planation Surface (UPS), with
altitudes between 500 and 627 m, and associated with Mesozoic sedimentary (Parecis basin)
and Paleozoic mafic rocks covered by lateritic duricrusts; ii) Lower Planation Surface (LPS),
with altitudes below 300 m, locally limited by abrupt scarps and related to undifferentiated
sedimentary covers, lateritic duricrusts and recent deposits of clay, silt, sand and gravel. On
altitudes below 250 m the flooded areas are frequent, especially near rivers and lakes; and iii)
Intermediate Zone (IZ), with altitudes between 301 and 499 m, with convex to sharp tops,

related to Mesoproterozoic mafic rocks, gneisses, schists and granitoids (Figure 1).
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I Basalts, diabases and gabbros
Elevation
Mesoproterozoic 300 m
B Mafic granulites —_— 500 m

Supracrustals represented by calc silicatic gneiss, ferriferous formation, amphibolite, metamarl, paragneiss,

muscovite schist, hematite quartzite.
I Plutonic igneous rocks, represented by syenogranites and monzogranites, tonalites, granodiorites, sometimes deformed.

Figure 1 — Simplified geologic map of the area, modified from Quadros and Rizzotto (2007).
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3 Materials and methods

3.1 Regolith geochemistry

The regolith geochemistry was performed in 586 samples of stream sediments collected
in the main drainage channel with a nylon sieve (1mm), 428 soil samples collected prioritizing
horizon B and 35 samples of lateritic duricrusts. The stream sediments geochemical survey
covered 11,550 km?, resulting in approximately one sample/19 km?, while soil samples were
collected in a regular grid with spacing of 4 km. The stream sediments and soil samples were
sieved at 80 mesh (Imm), pulverized and digested with aqua regia to analyze 54 elements by
ICP-OES and ICP-MS (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cu, Cr, Cs, Fe, Ga, Ge,
Hf, Hg, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Tb,
Te, Th, Ti, T, U, V, W, Y, Yb, Zn, Zr). The lateritic duricrusts samples were crushed and
pulverized in a puck mill and the same trace elements of the stream sediments and soil
geochemistry (except for Hg, B and Re), besides REEs were analyzed. The major oxides in the
lateritic duricrust (Al2O3, Fe2O3, Si0,, CaO, K>0, Na,O, MgO, TiO; and P>Os) were analyzed
by x-ray fluorescence. The preparation of the samples was performed in the Mineral Analysis
Laboratory of the Brazilian Geological Survey and the chemical analysis in the SGS Geosol
Laboratory LTDA, Brazil.

The data were analyzed through univariate statistic (summary of estimators, histograms
and plots of normal probability), multivariate statistic (correlation matrix and principal
component analysis) and interpreted with the support of the geological base. The samples with
more than 30% of the chemical analysis below the detection limit were discarded and those
with sporadic results below the detection limit were multiplied by 0.5, according to Reimann e¢
al. (2008). In the correlation matrix, the intervals considered were: weak (0 to £0.29); regular
(£0.3 to £0.79); strong (+0.8 to £0.89); very strong (£0.9 to £0.99) and perfect (£1). In the

principal component analysis (PCA) the elements with correlations above 0.60 were used. In
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the selection of the factors, the eigenvalues higher than 1 were used, and, to maximize the
variance, the varimax rotation was used (Kaiser, 1958). The scores of the samples, defined for
each factor, were interpolated by the inverse of the distance (ISW deterministic weighted
univariate interpolation) and used in the preparation of the geochemical maps (anomalous

zones) of stream sediments and soil.

3.2 Airborne y-ray spectrometry and magnetometry

The gamma-ray spectrometric and magnetometric data used in this paper were acquired
by FUGRO AIRBORNE SURVEYS for the Brazilian Geological Survey (CPRM) between
2005 and 2006 (Projeto Sudeste de Rondonia — Southeastern Ronddnia Project). The main
products used were the dose, K, Th, U and the Th/K and U/K ratios. The softwares used were
Oasis Montaj 8.5 and ArcGis 10.3 with the Geosoft extension, which permitted the processing
of the aerogeophysical images and management of all data, including altimetry (SRTM —
Shuttle Radar Topography Mission).

To determine the weathering intensity index (WII), the procedure from Wilford (2012)
was used (Australian context), with some adaptions to fit the study area (Amazon context). The
WII was calculated in three stages: a) classification of the regolith in 5 weathering classes (WC)
using data from 174 sites (Table 1). The weathering classes were divided according to the
presence or absence of outcrops, preservation of the fabrics of the rock, proportion of clay
minerals and degree of mottling and ferruginization. The areas considered unweathered were
those where rocky outcrops are predominant (>70%) with rare signals of decomposition and no
soil cover. The areas considered more intensely weathered and less eroded were those where
lateritic duricrusts and soil covers are predominant (presence of clay minerals); b) statistical
parameters (average, maximum, minimum, standard deviation, asymmetry, etc.) and correlation

analysis, considering altimetry, Th, U, K, Th/K, U/K and dose with the weathering classes (WC)
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(Table2). The correlation (1) intervals used (weak to perfect) were the same mentioned above

(item 3.3) and the results are shown on Table 3; and c¢) generation of the regression equation

and final WII map.

Table 1 — Classification of regolith level of weathering for the study area (modified from Wilford, 2012).

Level Weathering
(WC) Intensity

Descriptions

1 Unweathered Unaltered rock with no signs of decomposition or discoloring. Rock outcrops are very common
(>70%).
2 Slightly Rock slightly discolored with eventual staining. The overall fabric of the rock is well preserved and
weathered the outcrops are common (20-70%). Soils are typically lithosols. Primary minerals are largely
preserved, however feldspars can be slightly weathered.
3 Moderately  Residual sands and clays are common in the upper part of the weathering profile. Rock partially
weathered weathered but still cohesive. Most of the feldspars are weathered. Primary minerals still present, as
well as smectite, kaolinite and iron oxi-hydroxides. Outcrops are rare or absent <20%.
4 Highly Residual sands and clays are common in the upper part of the weathering profile. The fabric of the
weathered rock is weakly preserved. Saprolite commonly mottled and ferruginous. The material can be broken
with the hands. The mineral content is dominated by clays, quartz and oxi-hydroxides and the main
primary minerals like feldspars, are weathered. Minor outcrops frequently highly weathered.
5 Intensely Residual sands and clays are common in the upper part of the profile; mottling and leaching are
weathered intense and frequent. Lateritic duricrust and lateritic gravels are common. Saprolite is soft with
primary minerals completely weathered forming clays or oxi-hydroxides. Quartz is the only
remaining primary mineral and quartz veins can still appear. The few outcrops are typically
weathered and indurated by oxi-hydroxides.
Table 2 —Basic statistics
N Average Minimum Maximum St. Dev. Asymmetry
Altimetry 174 346.5 187.0 611.7 104.4 0.34
Dose 174 43 1.6 11.7 1.9 1.37
K 174 1.3 0.4 4.6 0.9 1.62
Th 174 6.8 1.0 22.0 43 1.48
U 174 1.2 0.0 2.8 0.5 0.41
ThK 174 10.8 1.9 51.1 8.6 1.59
U/K 174 10.1 1.7 21.7 5.1 0.33
Table 3 — Pearson correlation coefficient. WC = Weathering classes described on table 1.
WwC Altimetry* Dose K Th U Th/K U/K
WC 1.00 -0.51 -0.29 -0.70 0.32 0.08 0.71 0.82
Altimetry* 1.00 0.25 0.35 -0.01 -0.02 -0.26 -0.38
Dose 1.00 0.67 0.59 0.28 0.09 -0.40
K 1.00 -0.06 -0.08 -0.58 -0.82
Th 1.00 0.13 0.72 0.25
U 1.00 0.15 0.16
Th/K 1.00 0.77
U/K 1.00
*SRTM
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In the correlation phase (WII), 7 variables (altimetry, Th, U, K, Th/K, U/K and dose)
were considered and correlated with field data (WC). Those with correlations between -0.5 and
0.5 were discarded. Thus, only the variables altimetry (SRTM), the K channel, and the Th/K
and U/K ratios were used in the multiple regression procedure. The method of regression used
was the backward stepwise regression, which begins with all highly correlated variables and,
according to the significance factor p (p<0.05), the variables are kept or removed, one by one,
in order to obtain the best fit of the model.

After the first regression, it was observed that, even though there was an acceptable
inverse correlation of K with WC (-0.70), the significance factor for such variable was too high
(p>0.05), which carried its removal from the regression process. After the second regression
was performed with the remaining variables (SRTM, Th/K and U/K), there were values of “p”
within the limits, indicating that the multiple regression equation has an overall good
significance and that it is statistically appropriate for weathering predictions. The statistic F
ratifies the significance of the regression showing values above the critical limit calculated for
the sample set (3.1161). Such value was obtained based on the degrees of freedom (3 to 170)
acquired on the calculation of the regression (Table 4). The result is the linear regression line

with equation 1:

Eq. 1: WII =2.2688 — 0.003*SRTM + 0.411*Th/K + 0.167*U/K

Where: WII is the weathering intensity index of the area.

On the next stage, altimetric (SRTM) and gamma-ray spectrometric images (Th/K and
U/K) were used in the equation of weathering (WII), in ArcGis software, through map algebra,
to obtain the final WII map. The WII was later correlated with geochemistry, in order to
understand the weathering patterns and other associations (geomorphology, landscape

evolution, etc.).
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Table 4 - Summary of stepwise regression.
Variables included Multiple R Multiple R squared F Statistic P-level

Altimetry* 1 0.5035 0.2535 58.3975 0.0000
Th/K 2 0.7856 0.6172 137.8591 0.0003
U/K 3 0.8566 0.7337 156.1413 0.0000
*SRTM

The lateritic index (LI), developed in this paper and used to highlight the favorable areas
for the occurrence of lateritic duricrusts, was determined based on the direct relationship
between the WC and the Th/K and U/K ratios (Table 3), according to Eq. 2:

Eq.2: LI=(eTh/K) x (eU/K) = (eTh x eU)/K?

The mafic index (MI = ASA / (K*U*Th); Pires and Moraes, 2006) was applied in order
to differentiate the parent rocks of lateritic duricrusts (basic rocks vs acidic rocks). The ASA
(Analytic Signal Amplitude) is calculated through the combination of the horizontal (Dx and
Dy) and vertical (Dz) first-order derivatives of the magnetic anomaly (Eq. 3) and is independent
from the magnetization direction or the earth magnetic field direction (Roest ef al., 1992). The
horizontal derivatives highlight the eventual sources of anomalies, while the vertical derivative
amplifies the short wavelength in detriment of the long wavelength. The MI contributes with
the delimitation of domains with higher or lower magnetism without the influence of the most

superficial portions represented by soils and/or overlying duricrusts rich in iron.

Eq.3: ASA = \/dx?+ dy? + dz?

Where: ASA is the amplitude, dx and dy are the horizontal derivatives and dz is the vertical derivative.

The final products of the LI and the MI are presented in maps where the favorable areas
for the occurrence of lateritic duricrusts are highlighted (LI) with the different magnetic

domains (MI).
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3.3 Regolith mapping

The procedure to map the regolith considered descriptions of 875 sites, including those
studied for this paper and other from the CPRM database (Geosgb), WII, LI, MI, altimetry
(SRTM) and the geomorphological and geological bases of the area. These data were associated
with the genetic model of Anand et al. (1993) that subdivides the regolith in three main regime
classes: residual, erosional and depositional. In the regolith map, the units were divided into: in
situ regolith and transported regolith. /n situ regolith was subdivided in pedolith, in which soils
and lateritic duricrusts are predominant (residual) and saprolith, in which saprolite and saprock
are predominant (erosional). Alluvial deposits were included in transported regolith
(depositional); while rocky outcrops were described as bedrock in the referred map. The
geophysical products of this study (WII, LI, MI) supported the construction of the regolith map
and contributed with the final interpretations. The flowchart on figure 2 shows the products
used in the preparation of the WII (black arrow), LI (red arrow), MI (blue arrow) and the
regolith map, as well as the integration with the geochemistry and geophysics, which led to the

final interpretations and discussions (yellow arrow).

lateritic crust) maps y A 4 A\ 4 A\ 4 A\ y
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Map Geochemical and
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v

Figure 2 — Summary of procedures for mapping the regolith and lateritic duricrusts, and geochemical and
geophysical integration. ASA = Analytic Signal Amplitude, WII (Weathering Intensity Index), MI (Mafic
Index), and LI (Lateritic Index).
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4 Results
4.1 Geochemistry

4.1.1 Stream sediments

In the stream sediments analysis Ag, As, Au, B, Ge, Hg, S, Sb, Re, Se, Ta, Te and W
have 30% or more of the samples below the detection limit and, therefore, were not used in the
statistical calculations. All the other elements mentioned on item 3.3 were included.

The univariate statistic identified 41 anomalous elements when compared to the regional
background (Al, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Hf, In, K, La, Li, Lu, Mg, Mn,
Mo, Na, Nb, Ni, P, Pb, Rb, Sc, Sn, Sr, Tb, Th, Ti, Tl, U, V, Y, Yb, Zn and Zr) and 149
anomalous sites that delimited three anomalous zones (I, IT and III) represented by two or more
contiguous watersheds (Figure 3). The anomalous zone I, defined by the association of Cu-Fe-
Ni-V, covers 135 km? on the northeast side of the area and consists of watersheds draining
basalts, diabases, gabbros, conglomerates, sandstones, siltstones and claystones. The
anomalous zone 11, defined by the association of Al-Co-Cu-Cr-Fe-Ga-Ni-Sc-V, covers 158 km?
on the central-north region of the area and corresponds to watersheds draining basalts, diabases
and gabbros. The anomalous zone 111, defined by the association Ce-Hf-La-Nb-P-Tb-Th-U-Y-
Yb-Zr covers 628 km? on the central-southwest region of the area and corresponds to
watersheds draining granitoids, supracrustals, sandstones and associated lateritic duricrusts. On
other parts of the area, there were isolated anomalies, highlighting Cd-Zn; Ca-Mg-Na; Bi-TI;
Be-Cs-K-Li-Rb-TI; Al-Ga, Bi-Cd-Tl, or single anomalies of Bi, Ca, Cd, Co, Cr, Cs, Cu, Hf, In,
La, Ni, Pb, Sr, Ti, TI, U and V.

The principal component analysis (PCA) determined three main factors that account for
74.13% of the variance. Factor 1 (Al-Co-Cr-Cu-Fe-Ga-In-Lu-Mn-Ni-Sc-Sn-V-Zn) corresponds
to 44.69% of the variance and is associated to basalts, diabases, gabbros and subordinately

schists and paragneisses. Factor 2 (Ce-La-Tb-Th-U-Y-Zr), accounts for 17.18% of the variance
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and is related to granitoids and associated lateritic duricrusts, supracrustals and sandstones.
Factor 3 (Ba-Be-Ca-Cs-K-Li-Mg-Na-Rb-Sr), corresponds to 12.26% of the variance and is
related to supracrustals and its saprolites, located in the intermediate zone and LPS (figure 3).

The other factors have low variance (<5%) and have no geological meaning.

Factor | Al-Co-Cu-Cr-Fe-Ga-In-Lu-Mn-Ni-Sc-Sn-V-Zn
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Figure 3 — A) Anomalous zones (I, II and III) represented by two or more contiguous watersheds. B, C e D)
Maps of stream sediments geochemical zones (interpolated scores) (high scores regions above the regional
background in red and orange).

4.1.2 Soil

Among the elements analyzed for the soil samples, V (689 ppm), Cr (717 ppm), Cu (516
ppm), Ni (312ppm), Ce (280 ppm), La (111 ppm) and Y (125 ppm) showed the highest
concentrations, but still within the averages found on the earth crust, rocks and/or weathered
products (Wedepohl, 1969). Silver, Au, As, B, Ge, Hf, Hg, Na, Re, Se, Ta, Te and W are below
the detection limit in at least 30% of the samples and were discarded. The PCA highlighted four
factors that account for 69.71% of the variance. Factor 1 was defined by the association of Cd-
Lu-Mn-Tb-Y-Yb-Zn, corresponding to 34.53% of the total variance and is related mainly to the

paragneisses and schists located in the intermediate zone and, locally, to the sandstones of the
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UPS. The association of Al-Cu-Fe-Ga-In-Sc-Ti-V-Zr defined factor 2, and it accounts for
18.83% of the variance; it is associated to great part of the intermediate zone and UPS, in the
northwest and central part of the area, where there are basalts, diabases and gabbros, besides
sandstones and siltstones. Factor 3 was defined by the association of Ce-La-Th-U,
corresponding to 10.51% of the variance and is related to granitoids and lateritic duricrusts
associated, distributed over the LPS and, subordinately, to the sandstones in the intermediate
zone and UPS. Factor 4 was defined by the association of Be-Cs-K-Li-Mg-Rb-T1, accounting
for 5.84% of the variance and it is related to the granites, gneisses, para-derived rocks and their

saprolites located on the intermediate zone, UPS and subordinately on the LPS (Figure 4).

Factor | Cd-Lu-Mn-Tb-Y-Yb-Zn Factor 2 Al-Cu-Fe-Ga-In-Sc-Ti-V-Zr
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Figure 4 — Maps of anomalous soil geochemical zones (interpolated scores) (high scores regions above the

regional background in red and orange), integrated with the relief.

4.1.3 Lateritic duricrust
The samples of the LPS have an inverse relationship between Fe;Os and SiO»
(Fe203/S102 average of 1.36), while Al,O3 shows no relationship with SiO, (dispersion),

presenting an Al,O3/S10, average of 0.53 (Figure 5). TiO2, K>O, P>Os, CaO, MgO and Na,O
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have contents below 2% (Appendix) and the correlation with major oxides showed dispersion.
Among the trace elements, Ba, Cd, Cr, Cs, K, Ni, P, Pb, Rb, Sr, Ta and V are above the regional
background in 17 sites. From those, only Ta (10.47 ppm) and V (2723 ppm) are three to five
times above the average concentration of lateritic duricrusts (Wedepohl, 1969; Tardy, 1993;
Hill et al.,, 2001; Kotschoubey et al., 2005) indicating relevant anomalies. REEs have an
average of 72.9 ppm, there is an enrichment of LREEs in detriment of HREEs (Lan/Ybn = 3.22)
and the average of the Eu/Eu* and Ce/Ce* anomalies are 0.64 and 2.75 respectively (figure 6,
Appendix). The plot AlO3 - Fe2O3 - (CaO+K,0+MgO+Na,O+P20s) highlights samples with
higher values of alkali and less content of iron when compared to the samples of the UPS and
intermediate zone (Figure 7B). These samples are classified as laterite and subordinately
ferruginous and fersiallitic laterites, and related to moderate lateritization (Schellmann, 1981
and 1983; Dury, 1969) (Figures 7A and 7C).

Similar to the LPS, the samples of the UPS have an inverse relationship between Fe>O3
and SiO; (figure 5), however, the average ratio is higher, 3.01. A[,O3; and SiO; are directly
proportional (Figure 5) and have an average ratio higher than the LPS (average of 0.7). TiOx,
K>0, P,0s e CaO, MgO and Na,O have concentrations lower than those found on the LPS,
except for P2Os, and show a dispersion pattern when correlated individually to major oxides.
Among the trace elements, only Ta and V have concentrations (11.29 and 1,849 ppm,
respectively) above lateritic duricrusts and bauxite average (Wedepohl, 1969; Tardy, 1993; Hill
et al., 2001; Kotschoubey et al., 2005). REEs have average concentration of 52.4 ppm, strong
enrichment of the LREEs (Lan/Ybn = 6.61) and ratios Euw/Eu* and Ce/Ce* of 0.64 each, which
is generally lower than those found on the LPS (Figure 6), while the ratio Lan/Ybn is
approximately two times higher. In general, there is a lower concentration of Co+Cr+Ni and
higher Th/K ratio when compared to the LPS (Figures 7D and E). The plot Al,O3 - Fe;Os -

(CaO+K20+MgO+Na2O+P20s) highlights high content of Fe;Os; and simultaneously low
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content of alkali on the UPS (Figure 7B). These samples are classified as ferruginous and
fersiallitic laterites and are related to intense lateritization (Dury, 1969; Schellmann, 1981 and
1983), (Figures 7A and C).

The samples of the intermediate zone have Fe;O3 and alkali concentrations similar to
those observed on the UPS, i.e., high values of Fe>O3 and simultaneously low values of alkali
(Figure 7B). The average Fe>O3/Si0; ratio is 1.74, while the average Al>O3/S10; ratio is 0.54.
Ti0,, K»0, P05, CaO, MgO and Na>O have lower contents than those found on the LPS. None
of the trace elements are above the regional background. REEs have average concentration of
43 ppm, average Eu/Eu* of 0.56, Lan/Ybn ratio of 4.3, and Ce/Ce* of 0.90. The REEs
concentrations and the Eu/Eu* and Ce/Ce* ratios are lower than those found on the other
surfaces, but the Lan/Ybn ratio is higher than that found on the LPS. The Th/K-U/K-SiO2/Fe>O3
and REE-CoCrNi-ScYZr plots are similar to the UPS, as well as high Th and low K and U
concentrations (Figure 7B and E). These samples are categorized as moderate lateritization, and
are classified as laterite/ferruginous and fersiallitic laterite (figures 7A and C).

The PCA identified 6 factors that account for 81.6% of the variance and define the
following geochemical associations: REE-(La+Ce) (factor 1); In -La-Mo-Sn-Ta-Te-W (factor
2); Cs-Ge-K-Ni-Rb-Sr-Y (factor3), Hf-Th-Zr (factor 4), Cu-Sc-U (factor 5) and Ba-Ce-Nb-Pb

(factor 6), mostly associated to residual minerals (zircon, monazite, muscovite, etc.).
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Figure 7 — A) Ternary plot SiO> —Al,O3 —Fe»O3 (Schellmann, 1983), and degree of lateritization. B) Ternary plot
Al203 — Fe203 — alkali evidencing the decrease of alkali on the UPS. C) Ternary plot SiO, — Fe;O3 - Al,O3 (Dury
1969) highlighting the fersiallitic classification of most of the samples. D) Ternary plot Th/K-U/K-Si0,-Al,03/100
emphasizing higher values of Th and Fe;Os3 and lower values of K on the samples of the UPS. E) Ternary plot

REE-CoCrNi-ScYZr remarking the samples of the LPS with high values of CoCrNi and low values of REE, and
lower values of CoCrNi and high values of REE on lateritic duricrusts derived from sandstones.

The weathering indexes CIA and WIP (Nesbit and Young, 1982 and Parker, 1970,
respectively), indicate weathering rates similar to those found on lateritic duricrusts from
Africa, Guyana and India (Harrison, 1934; Giorgis et al., 2014, Wimpenny et al., 2007) (Figure
8), and predominantly higher than those from Iran, Ireland, China and Australia (Asghar

Calagari et al., 2015; Hill et al., 2000; Xiao et al., 2014; Cornelius et al., 2007).
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Figure 8— Plot of WIP vs CIA of lateritic duricrusts of the study area and other parts of the world.

4.2 Weathering intensity index (WII)

The classification of the weathering level allowed the distinction of areas with similar
weathering characteristics (Table 1). The WII highlighted four major domains: i) south-
southwest-west side of the area (altitudes below 300 m) and mainly marked by high weathering
intensity (WC = 4 and 5; red on figure 9) that corresponds to alluvial deposits, lateritic
duricrusts, dismantling products and oxisols; i1) southeast-central-northwest region of the area
(altitudes between 300 and 500 m) and marked by intermediate weathering intensity (WC = 3;
green and yellow on figure 9) that correspond to the sites with weathered rocky outcrops
(saprolite); 1i1) southeast-central-northwest areas (altitudes between 300 and 500 m), low
weathering intensity (WC = 1 and 2, blue on figure 9) with mafic rock outcrops, schists and
granites with weak or no weathering at all; and iv) north and northeast parts of the area (high
weathering intensity; WC = 4 and 5; red and pink on figure 9) with the presence of lateritic

(1344
1

duricrusts and oxisols. Both domains and “iv” are partially coincident with the areas
predicted as favorable for the occurrence of lateritic duricrusts and oxisols proposed by Iza et

al. (2016).
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Figure 9 — Weathering Intensity Index (WII) overlying the shaded altimetry highlighting main domains of
weathering.

4.3 Lateritic index (LI)

The calculation of the LI highlighted 4 major domains: 1) South-southwest-west regions
of the area (altitudes below 300 m) mainly marked by high lateritic index (red to pink on figure
10); i1) southeast-central-northwest portions of the area with altitudes between 300 and 500 m,
marked by intermediate lateritic index (green and yellow on figure 10); iii) southeast-central-
northwest regions of the area associated with altitudes between 300 and 500 m and marked by
low lateritic index (blue on figure 10); and iv) north and northeast side of the area with high
lateritic index (red to pink on figure 10). In a general view, the domains previously described
cover the same geological domains as the WII. The main differences between the WII and the

[13%4)
1

LI, are on the and “1i1” domains where there are areas slightly more weathered (more

continuous) on the WII than on the LI.
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Figure 10 — Lateritic Index (LI) overlying the shaded altimetry of the altimetry highlighting the main domains.

The predicted areas for the occurrence of lateritic duricrusts defined by the LI and
WII represent about 7.5% and 8% of the area, respectively. These values are lower than those
found by Iza et al. (2016) using the fuzzy gamma operator 0.7, which determined about 11%
of the area with potential for the occurrence of lateritic duricrusts. These areas have a strong
relationship with flat areas (slopes <5%) and with altimetry below 300 m and above 500 m.
This disparity is probably associated to the methods and mathematical techniques used on the
corresponding models. In any case, these areas are considered to have higher probability of
occurrence of lateritic duricrusts and therefore related to the predominance of residual

Processes.

4.4 Mafic index (MI)

The mafic index (MI) defined 4 major domains of substrates according to the magnetic
degree: 1) north side with a predominant magnetic substrate, associated mainly with mafic rocks
(red to pink on figure 11); ii) central-southeast and southeast side of the area of predominantly

less magnetic materials, associated with granitoid rocks (blue on figure 11); iii) northwest-
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368  central-south portion where there is an alternation of magnetic materials with less magnetic
369  materials, related to para-derived rocks, gneisses, granitoids, etc. (blue and pink on figure 11);
370  and iv) northeast-central portion where there is an alternation of magnetic materials with less
371  magnetic materials, related to the Parecis Basin that consists of sandstones and siltstones, (blue
372  and pink on figure 11). The areas with high LI (more intensely lateritized, represented by the
373  areas with the average plus 1.5 times the standard deviation) present an overlap on the northeast
374  side with domains that are less magnetic (sandstones), and an overlap on the northwest and
375  south region with domains that present high and low MI (mafic and felsic rocks, respectively)
376  (Figure 11). These results are important to clarify the origin of the lateritic duricrusts (parental
377  rocks), especially those on the LPS (iii-northwest-south) where the area is mainly covered by

378  soils and sediments.
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380 Figure 11 — Lateritic Index (black) overlying the mafic index (MI) highlighting the 4 main domains.
381
382

383 4.5 Regolith map
384 The regolith map, which is pioneer in the Amazon, was developed based on field work
385  and supported by the WII, LI and the results of 1za et al. (2016). This integration showed an

386  expansion of the areas more intensely weathered and strongly related to residual materials
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(Figures 1 and 12). It was confirmed that the highly weathered domains (figures 9 and 10) are
associated with lateritic duricrusts and oxisols on the UPS and on the LPS, as indicated by Iza
et al. (2016). The area mapped as undifferentiated sedimentary covers (Quadros and Rizzotto,
2007) was interpreted and mapped as consisting only of residual materials since it represents

oxisols, lateritic duricrusts and dismantling products.
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Alluvial deposits consisting mostly of sand, gravel, clay and silt, mainly associated with the flood plain of the Guaporé river tributaries and subject to periodic
Qoods. The reliel is plain and related o [uvial plains and (erraces with altitudes below 300 m. On altitudes below 250 m swampy lerrains consisting of clay
and silt may occur.
IN SITU REGOLITII
Pedolith
- Laleritic crusts and dismantling products besides oxisols, associated with plain reliel occwrring mainly in altitudes below 300 m and above 500 m.
Quarlzipsamment and coarse saprolite derived from sandstones, arcoscan sandstones and siltsiones. The landforms have (lat tops and altitudes
I:l between 300 and 500 m.
’—‘ Red to yellow dystrophic ultisols with rare occurrence of coarse and fine saprolite, basalts, diabases and gabbros located on altitudes below 400 m.
The reliet has tabular and convex tops,
| Red-yellow eutrophic ultisol with frequent occurrence of coarse and fine saprolite derived from granitic rocks, located on altitudes of up to 400 m.
‘The landforms have convex tops and sometimes evidence structural control.

l:| Red-yellow cutrophic ultisol with eventual occurrences of fine saprolite derived from granitic rocks, located on altitudes of up to 300 m.
- Red-yellow dystrophic ultisol with medium to fine texture mainly associated to paraderived rocks. Outcrops of fine saprolite are rares and altitudes reach 300 m.

Saprolith
I:] Fine saprolite, clayey horizon and colluvium derived from paraderived rocks. The relief is plain with eventual convex tops, with maximum altitudes of 350 m.

|:‘ Sandstones, arcosean sandstones and siltstones commonly associated with coarse saprolite 10 quartzipsamment. The landforms have flat tops and altitudes
are below 500 m.
l:] Coarse and fine saprolite, consisting of basalts, diabases and gabbros located on altitudes below 400 m. The ocurrence of red-yellow dystrophic ultisols is common.
The reliet has tabular and convex tops.
’—‘ Coarse saprolite, and colluvium locally derived from paraderived rocks. The landforms have convex tops and, in general, evidence structural control.
The altitudes vary between 350 and 500 m, The soils are mainly ultisols and subordinately alfisols.

Bedrock
Sandstones, arcosean sandstones and siltstones with eventual coarse saprolite. The landforms have flat tops and are rarely convex. The altitudes are above 500 m.
- Granitic rocks sometimes with little signs of decomposition and cventual occurrence of coarse saprolite, located on altituted of up to 400 m. The landforms have
convex lops and sometimes evidence structural control.

E Paraderived rocks with very rare presence of coarse saprolite. The landlorms have convex tops and, in general, evidence structural control. Altitudes vary between
350 and 500 m.

Figure 12 — Regolith map.
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5 Integration of geochemical and geophysical data

The regolith study using gamma-ray spectrometric data is discussed by several authors
(Dauth, 1997; Carrino, 2011; Barbosa, 2013; Wilford, 2012; Iza et al., 2016). They remark that
high Th/K and U/K ratios (in this paper between 254 and 1148 and between 29 and 111
respectively) have excellent correlation with lateritic duricrusts.

The WII and LI contributed to the regolith mapping and the identification of lateritic
domains (residual) previously considered sedimentary by other authors. This statement can be
extrapolated to all the western portion of the Brazilian Amazon, expanding, thereby, the areas
with mineral potential related to supergene enrichment. The correlation between WIP and CIA
reflects the high weathering indexes registered in the Amazon when compared to those in
China, India, Iran, Ireland and Australia (Figure 8). Additionally, the WII, as well as the LI,
have excellent spatial correlation with geochemical data from soil and stream sediments. In any
case, the WII shows to be more robust because it considers the altimetry and delimits
weathering areas (high and low) and not only the domains with higher probability of occurrence
of lateritic duricrusts.

The MI, ratified by the geochemical results (stream sediments and soil), discriminated
lateritic duricrusts developed on substrates with different magnetic signatures responses (mafic
and felsic). The respective averages of the LPS and UPS lateritic duricrusts samples of Ba (134
and 15 ppm,), Co (10 and 2.5 ppm), Cr (335 and 138 ppm), Ni (21 and 8 ppm), Rb (12 and 2
ppm), Th (23 and 41 ppm) (Apendix) ratify the influence of the mafic bedrock on the LPS. On
the other hand, the lower concentration of Co+Cr+Ni and simultaneous higher concentration of
Sc+Y+Zr (Figure 7E) of a set of samples reflect the felsic parent rock of those lateritic
duricrusts. The stream sediments zones I and II and PCA factor 1, together with soil PCA factor
2 show a good spatial overlap and delimit the weathering area of mafic rocks, confirming part

of the MI results and high WII response.
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The high concentrations of Al, Ce, Co, Cr, Cu, Fe, Ga, Hf, Ni, Th, U, V and Zr, and
simultaneous lower concentrations of alkali is another geochemical criteria for the
determination of highly weathered areas and identification of lateritic domains. These results
are particularly true when compared with areas showing high WII and/or LI (Figures 9, 10 and
13).

The integration of geophysics and geochemistry, through gamma-ray spectrometry and
analysis of stream sediments, soil and lithochemistry of lateritic duricrusts, allowed the
subdivision of the study area in two major weathering domains: 1) central-southeast portion of
the area: with lower WII (WC =1 and 2, table 1) and geochemical association of Ba-Be-Ca-
Cs-K-Li-Mg-Na-Rb-Sr. This domain is between 300 and 500 m high, has undulated relief and
slopes between 10° and 65° corresponding to the intermediate zone of Iza et al. (2016), where
the erosive process, which exposes rocks and saprolite, is dominant over the weathering
process; ii) south-southwest-west and northeast portions of the area, with higher WII (WC =4
and 5, table 1) related to lateritic duricrusts and geochemical association of Al-Ce-Ga-Hf-La-
Tb-Th-U-Y-Zr. In this domain, between 149 and 300 m and between 500 and 627 m high,
which corresponds mostly to the LPS and UPS of Iza et al. (2016), respectively, the weathering
process is dominant over the erosive process.

The lateritic duricrusts of the UPS, where the sedimentary parent rocks are predominant,
show higher content of Fe;O3 and Th, and lower of SiO; and CaO+K>O+MgO+Na,O+P>0:s.
These results allowed the differentiation of these lateritic duricrust from those on the LPS. The
LI, WII and the data from Iza et al. (2016), ratify these findings, as they highlight high
weathering level on the UPS, high eTh/K ratio and intense lateritization. Table 5 shows the

main characteristics of the lateritic duricrusts in the respective geomorphological domains.
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Figure 13 — Map of WII, with anomalous watersheds, highest scores of geochemical associations (stream
sediments and soil) and the areas with high probability of occurrence of lateritic duricrusts (defined by the
Lateritic Index - LI).

Table 5 — Main characteristics of lateritic crusts and respective geomorphological domains.

Upper Planation Surface Lower Planation Surface (LPS)
(UPS) Intermediate Zone (1Z)

Cellular; Pisolithic; Nodular Pisolithic; Nodular; vermiform/columnar
+Hem; +Gt; -Kln; +Qz + Gbs +Hem; + Gt; Kln; -Qz; -Gbs

Blocks < 3 m (mainly) and restrict outcrops

Texture/Structure
Macro-mineralogy

Type of occurrence Blocks and large outcrops

Altimetry

Preserved fabrics (parent rock)
Lithology

Geochemistry (SS) Intersection with PM*
Geochemistry (Soil) Intersection with PM*
Lithochemical anomaly

Major elements (Crust)

REE

Th/K

Alkali (CaO, MgO, KO, Na,0)
Lateritization (Schellmann, 1983)
Classification (Dury 1969)

Wil

LI

M

Plateaus above 500m

Not observed

Sandstones (Parecis Basin), mainly.

Zone I (restrict)
Factor 3
V-Ta
Fe,0; > SiO; (trend)
LREE>HREE
Th>>K
Lower concentration
Intense (trend)
Fersiallitic
High index
High Index

Low (predominantly)

Floodplains below 300 m/>300 and <500m
Present, very rarely (schist)

Varied (bedrock) and recent deposits
(absence of sedimentary rocks).
Zone 111/ Zone 1 and II; Factor 1
Not observed

V-Ta

Fe,05 < SiO; (trend)

LREE>HREE (Ce anomaly)

Th>K

Higher concentration

Moderate (trend)

Fersiallitic

High/low index

High/low index

High and low (variable)

*PM = Predictability Model



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

48

6 Final remarks

The integration of geophysical indexes WII, LI and MI with geochemical data, altimetry,
as well as the relationship between the geochemical weathering indexes (WIP vs CIA), are
efficient tools for regolith characterization and mapping and should be considered tools of wide
spectrum. This multisource integration provided, besides the generation of the regolith map, the
reinterpretation of geological units.

The WII highlighted areas with different weathering levels, including those propitious to
the occurrence of lateritic duricrusts (high WII and LI) and those with rocks weakly weathered
or unaltered. The LI and MI, as well as integration techniques of multisource data (Iza ef al.,
2016), are complementary tools and contribute directly to the identification of lateritic
duricrusts and respective parent rock. The geochemistry confirms the efficiency of these tools,
as they support the identification of areas with different weathering levels. Thus, the
combination of these techniques can be used to refine geologic maps in scales of 1:100.000 or
of less detail and consequently open new prospective frontiers related to supergene deposits.
This approach can be confidently applied in areas with difficult access (Amazon rainforest),
with restrict access (indigenous and environmental preservation lands) and/or areas with a lack

of mapping works in detail and semi-detail scale, like the Brazilian Amazon.
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477 Appendix — Lateritic duricrusts samples analyzed at GEOSOL Laboratories (Belo Horizonte, Brazil); Eu/Eu* “[EuN/(SmN + GdN)/2]; LOI

2;3 Y4 loss on ignition; major elements in wt,% and trace elements in ppm.
Sample TB-191 TB-74 TB-70 TB-197 TB-187 TB-68 TB-165 TB-211 EI-7 EI-39 TB-134 TB-124A
Surface LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS
Altitude m 199 204 214 214 219 222 228 232 234 255 258 258
SiO, 452 28.8 29.3 29.1 31.5 30.3 30.8 342 42.1 45.8 45.8 33.1
TiO2 0.78 1.07 1.15 0.58 0.65 1.16 0.9 0.78 0.56 0.24 0.37 0.65
ALO; 16.2 19.6 20.2 8.83 16.6 20.4 222 20.3 14.7 5.47 8.47 18.3
Fe;0; 28.8 37.2 373 51.2 39.5 34.7 35 33.2 33.1 45.1 37.5 37.8
CaO 0.02 0.02 0.02 0.02 0.04 0.03 0.08 0.06 0.005 0.01 0.01 0.02
K,O 0.13 0.08 0.1 0.01 0.08 0.1 0.1 0.04 0.13 0.03 0.01 0.05
P,05 0.07 0.112  0.096  0.145 0.135 0.107 0.109 0.066 0.169 0.078  0.168 0.06
MgO <0.1 <0.1 <0.1 <0.1 <0.1 0.11 0.13 0.11 <0.1 <0.1 <0.1 0.11
Na,O <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
LOI 9.3 1224 1156  10.23 11.29 12.03 11.1 10.78 9.21 3.96 6.8 10.04
Total 100.6 99.5 100.0  100.1 99.8 99.1 100.4 99.5 100.0  100.7 99.2 100.1
Fe,03/A1,0; 1.78 1.90 1.85 5.80 2.38 1.70 1.58 1.64 2.25 8.24 443 2.07
Fe,053/ SiO, 0.6 1.29 1.76 1.273 1.25 1.15 1.14 0.97 0.78 0.98 1.14 0.81
ALO5/SiO, 0.36 0.68 0.30 0.69 0.53 0.67 0.72 0.59 0.35 0.12 0.55 0.18
Ag <0.01 <0.02 <0.02 <0.02 <0.02 <0.02  <0.02 <0.02 <0.02  <0.02 1.54 3.08
As 186.0 227.0 2350 77.0 32.0 237.0 188.0 130.0 29.0 141.0  168.0 147.0
Ba 28.0 20.0 26.0 14.0 27.0 27.0 38.0 11.0 1525.0 17.0 22.0 20.0
Be 1.10 0.80 0.80 1.10 2.00 0.90 1.20 0.80 0.90 0.30 0.40 0.70
Bi 0.40 0.59 0.57 0.12 0.17 0.65 0.28 0.26 0.13 0.02 0.29 0.22
Co 11.80 3.10 3.60 11.10 10.80 4.00 5.90 7.40 2430 290 2.20 10.20
Cd 0.03 0.04 0.02 0.01 0.01 0.07 0.01 0.03 0.05 0.02 0.09 0.06
Cr 505.0 1221.0 1138.0 102.0 113.0  1052.0  304.0 170.0 28.0 64.0 196.0 215.0
Cs 0.88 0.72 0.84 0.10 1.01 0.83 0.78 0.98 0.76 0.17 0.12 0.54
Cu 45.80 4830 41.60  75.20 184.10  58.40  24.50 31.70 83.10  10.00  28.50 55.50
Ga 31.70 51.20 47.10 1290 24.70 56.40  48.00 33.10 2920  11.00  18.90 34.30
Ge 0.90 0.90 0.50 0.50 0.70 0.60 0.40 0.90 0.50 1.00 0.60 1.50
Hf 8.79 11.04 11.89 5.32 4.56 11.45 12.62 6.20 9.50 442 6.99 5.21
In 0.24 0.35 0.34 0.09 0.14 0.39 0.31 0.16 0.14 0.10 0.45 0.18
Mo 5.85 9.75 9.27 2.75 5.02 9.22 7.62 5.74 6.27 1.16 4.58 6.40
Na 0.06 0.01 0.01 0.03 0.06 0.01 0.01 0.19 0.01 0.01 0.01 0.15
Nb 8.89 12.65 13.27 6.26 6.94 13.41 13.84 7.01 2624 549 7.70 4.76
Ni 17.10 1720 17.90  17.20 17.90 19.40 15.80 19.40 8.70 4.20 6.80 19.90
P 420.0 412.0 4210  708.0 630.0 548.0  497.0 333.0 588.0 328.0  685.0 279.0
Pb 88.30 25.10 2970  13.80 28.60 28.20 19.10 17.10 12120 3470  70.70 27.00
Rb 7.30 5.00 6.10 0.70 430 6.30 9.70 4.00 6.80 3.10 1.00 3.60
Sn 2.20 2.00 2.50 0.90 3.30 240 2.60 1.70 3.80 1.80 2.10 1.50
Sr 9.70 6.90 10.00 8.50 8.30 11.10 11.00 7.80 7.30 9.40 13.30 7.20
Sb 1.68 1.98 2.62 0.50 0.57 1.94 091 1.66 0.45 0.80 1.85 1.32
Sc 30.30 1490 4500  26.10 50.50 42.00  26.40 37.40 3290  7.00 44.50 51.70
Th 24.10 3240 3540  10.10 15.50 35.10 3230 16.00 32.10  20.00  30.40 17.00
Ta 0.61 0.13 0.02 0.39 0.73 0.07 0.07 0.85 3.35 0.31 0.14 0.44
Te 0.25 0.26 0.53 0.02 0.02 0.31 0.02 0.29 0.13 0.39 1.08 0.19
U 5.69 6.83 593 4.55 9.34 6.97 5.74 5.34 6.36 1.61 433 5.17
A% 365.0 721.0 5720  196.0 404.0 608.0  389.0 538.0 253.0 649.0 2723.0 645.0
w 0.90 0.80 1.80 0.30 0.50 0.80 0.30 0.60 0.60 0.30 0.80 0.40
Y 12.54 1485 1492 1639 12.64 14.97 15.00 5.16 1472 420 6.62 7.66
Zn 78.00 58.00 66.00  51.00 98.00 77.00  43.00 22.00 66.00  10.00  16.00 39.00
Zr 288.70  356.50 379.60 189.50  148.00 366.30 428.60  201.50  188.40 143.50 180.10 145.50
La 152 49 9.4 10.5 7.9 10.3 12.4 2 12.1 6.1 32 3.4
Ce 359 26.2 18.5 30 21 30 25.4 9.1 483.3 11.1 38.5 19.7
Pr 3.51 2.6 241 3.77 324 3.77 2.97 0.57 3 0.92 3.74 1.24
Nd 12 9.1 7.9 16.4 13.6 16.4 10 2.1 11.2 32 11.8 4.9
Sm 2.7 2 1.8 3.9 4.1 2.1 2.1 0.8 33 0.8 22 1.4
Eu 0.52 0.45 0.35 0.97 0.84 0.41 0.35 0.13 0.49 0.14 0.44 0.26
Gd 2.51 1.79 1.77 3.8 3.24 1.89 2.06 0.77 3.18 0.7 1.66 1.34
Tb 0.44 0.42 0.38 0.63 0.58 0.4 0.38 0.17 0.58 0.1 0.25 0.22
Dy 2.46 2.69 2.53 3.59 324 2.77 2.61 0.89 4.14 0.69 1.41 1.26
Ho 0.54 0.63 0.59 0.74 0.64 0.64 0.63 0.23 0.78 0.15 0.29 0.31
Er 1.75 2.07 1.88 22 2.02 2.01 2.05 0.77 2.57 0.51 0.93 1.07
Tm 0.28 0.33 0.34 0.34 0.29 0.34 0.3 0.11 0.44 0.1 0.16 0.17
Yb 1.7 23 2.1 22 2.1 23 22 0.8 3.1 0.6 1 1.1
Lu 0.24 0.33 0.31 0.32 0.3 0.32 0.3 0.09 0.35 0.05 0.14 0.14
REE 79.75 5581 5026  79.36 63.09 73.65 63.75 18.53 52853 25.16  36.31 33.94
LREE 69.83 4525 4036  65.54 50.68 62.98 53.22 1470 51339 2226  30.70 27.31
HREE 9.92 10.6 9.9 13.8 12.4 10.7 10.53 3.83 15.1 2.9 5.61 6.63
LREE/HREE 7.04 4.29 4.08 4.74 4.084 59 5.05 3.84 339 7.68 5.472 4.119
Eu/Eu* 0.61 0.58 0.73 0.77 0.7 0.60 0.51 0.51 0.46 0.57 0.67 0.58
Ce/Ce* 1.15 232 1.72 1.12 0.97 0.91 0.98 2.00 18.8 1.10 1.24 1.69

Lan/Ybx 6.04 1.97 1.44 3.23 2.54 3.02 3.81 1.69 2.64 6.87 2.65 1.64
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Appendix - Lateritic duricrusts samples analyzed at GEOSOL Laboratories (Belo Horizonte, Brazil); Ew/Eu* Y4[EuN/(SmN + GdN)/2]; LOI

Y4 loss on ignition; major elements in wt,% and trace elements in ppm.

Sample TB-124C___ El-4 CC-152  CC-151  RO-23 CC-51 CC-1__TB-205 EI-29 EI-28 RO-10 GS-10
Surface LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS LPS
Altitude m 258 259 267 269 278 282 283 286 292 300 300 300
SiO, 43 254 25.2 19.8 44.7 31.6 24.1 25 30.3 42 29.5 20.9
TiO, 0.89 0.56 1.2 1.08 0.7 1.53 0.59 0.62 0.67 0.76 0.55 0.42
ALO; 20.1 22.1 21.3 16.7 12.3 17.4 12.8 15.6 19.8 17.1 9.45 10.4
Fe,03 26.5 41.6 41.2 54.3 344 38.6 53.7 47.9 36.9 31.7 53.8 64
CaO 0.02 0.03 0.1 0.04 0.06 0.07 0.05 0.1 0.05 0.08 0.01 0.08
K20 0.07 0.06 0.78 0.57 0.62 0.07 0.02 0.08 1.44 1.02 0.02 0.05
P205 0.057 0.069 0.068 0.081 0.109  0.061 0.101 0.259  0.085 0.071 0.069 0.076
MgO 0.13 <0.1 0.18 0.13 0.15 0.11 0.14 0.25 0.19 <0.1 <0.1 <0.1
Na,O 0.12 <0.1 0.28 0.23 <0.1 <0.1 <0.1 <0.1 0.14 <0.1 <0.1 <0.1
LOI 10.05 11.48 10.52 7.75 7.57 1035 9.16 10.09 9.36 7.77 7.92 5.54
Total 100.7 101.3 100.5 100.5 100.5 99.7 100.6 99.7 98.6 1006 1013 10L5
Fe,03/A1L,05 1.32 1.88 1.93 3.25 2.80 2.22 420 3.07 1.86 1.85 5.69 6.15
Fe;03/ SiO, 0.62 1.63 1.63 2.74 0.76 122 2228 1.916 1.22 3.06 1.82  0.755
AL O5/Si0, 0.47 0.87 0.85 0.84 0.28 0.55 0.53 0.62 0.65 0.50 0.32 0.41
Ag 1.62 <0.02 <0.02 <0.02 <0.02 <0.02 1.28 <0.02 <0.02 <0.02 <0.02 <0.02
As 82.0 93.0 222.0 263.0 74.0 123.0 131.0 28.0 142.0 550 141.0 189.0
Ba 15.0 14.0 213.0 160.0 248.0 11.0 94.0 58.0 217.0 268.0 13.0 17.0
Be 0.80 0.50 1.20 1.00 1.10 0.40 1.70 1.70 2.20 1.10 0.60 0.40
Bi 0.14 0.25 0.18 0.14 0.05 1.33 0.08 0.18 0.24 0.18 0.79 0.96
Co 9.80 5.20 12.20 11.00 19.40 1.50  23.30 15.60 830 2040 9.90 3.00
Cd 0.08 0.03 0.02 0.04 0.34 0.02 0.13 0.14 0.01 0.03 0.06 0.08
Cr 142.0 104.0 457.0 642.0 100.0 106.0  98.0 148.0 122.0 1550 93.0 120.0
Cs 0.48 0.50 1.34 1.03 3.51 0.15 0.74 1.05 3.45 3.55 0.09 0.16
Cu 60.40 36.90 76.10 61.30 51.60 3430 5850 3130 62.70 30.50 2220 17.40
Ga 30.90 37.20 29.30 23.00 16.80  29.60 28.00 21.80 31.70 2790 3190 37.60
Ge 0.90 1.80 1.10 1.40 1.00 1.20 1.30 0.80 2.30 2.30 1.10 1.00
Hf 5.98 5.01 4.60 4.23 4.69 9.51 5.56 4.73 7.21 9.90 9.07 6.61
In 0.16 0.14 0.13 0.13 0.06 0.49 0.17 0.09 0.09 0.08 0.28 0.32
Mo 3.79 6.51 4.11 433 1.36 8.72 6.94 423 4.02 2.71 5.35 6.32
Na 0.06 0.02 0.16 0.11 0.04 0.02 0.03 0.05 0.19 0.05 0.02 0.07
Nb 6.63 5.47 7.59 5.94 6.49 1338  4.96 6.53 17.80 14.65 1095 820
Ni 20.60 13.80 57.90 48.60 28.40 550  24.80 1720 3770 39.60  9.50 6.30
P 310.0 265.0 286.0 404.0 452.0 382.0 197.0 1183.0 347.0 307.0 301.0 346.0
Pb 19.50 22.90 15.90 21.00 22.80  50.60 26.10 22.00 39.80 28.00 29.80 33.70
Rb 3.80 4.20 22.10 17.50 41.50 1.40 6.10 6.60 81.70 5690  2.00 3.90
Sn 1.70 3.20 1.40 1.70 1.90 3.50 1.80 1.20 2.50 2.90 3.00 3.30
Sr 4.50 6.10 54.00 35.60 28.40 7.70 5.40 8.70 28.00 34.60 6.80 14.90
Sb 0.47 1.46 0.96 2.69 0.37 243 0.59 0.79 0.48 0.46 2.29 2.18
Sc 41.50 4230 26.00 28.70 13.10  29.60 13.50  21.80 1690 1530 34.60 28.70
Th 12.30 22.80 11.10 12.40 10.80  57.10 12.70 6.90 31.50  27.10 43.10 48.10
Ta 0.22 10.47 0.11 0.25 1.24 0.75 0.42 0.42 9.96 5.47 242 3.14
Te 0.02 0.49 0.02 0.18 0.02 0.86 0.02 0.02 0.02 0.19 0.69 0.67
U 4.50 5.00 2.16 2.00 2.77 4.54 2.12 3.34 5.10 3.69 5.37 4.47
\% 431.0 605.0 655.0 801.0 256.0 485.0 8340 407.0 2250 262.0 448.0 581.0
w 0.30 1.20 2.00 2.10 0.30 1.70 0.30 0.30 1.60 1.50 1.30 1.00
Y 9.58 5.23 15.58 13.10 14.47 7.41 797 7.76 26.07 21.39  9.09 9.81
Zn 41.00 33.00 51.00 44.00 119.00 22.00 52.00 51.00 99.00 66.00 12.00 16.00
Zr 176.50 121.20  122.80 102.60 161.20 25490 135.10 15590 199.20 289.40 31530 241.80
La 18.2 22 2.5 4.7 7.5 1.1 4.7 2.1 10.4 5.8 7.7 18.3
Ce 15.4 6.9 25.9 223 24.1 15.5 14.5 13.9 524 84.2 11.9 17.9
Pr 1.34 0.66 1.21 22 1.98 0.81 1.61 0.97 2.06 3.33 1.32 2.06
Nd 5.4 2.6 43 9.3 7.3 3.7 53 4.1 7.6 11.1 53 7.6
Sm 1.5 0.8 1.4 2.4 1.9 1.2 1.4 1.3 1.8 2.4 1.4 2
Eu 0.27 0.14 0.39 0.64 0.43 0.29 0.28 0.24 0.47 0.51 0.3 0.41
Gd 1.35 0.76 1.99 2.36 22 1.45 1.15 1.27 247 231 1.32 1.93
Tb 0.28 0.14 0.39 0.39 0.38 0.28 0.23 0.22 0.51 0.45 0.27 0.37
Dy 1.56 0.96 2.76 2.53 2.55 1.59 14 1.49 4.05 3.59 1.83 2.29
Ho 0.39 0.2 0.58 0.53 0.56 0.38 033 0.35 0.91 0.83 0.39 0.47
Er 1.26 0.67 1.79 1.69 1.68 1.28 1.07 1.12 3.09 2.71 1.31 1.48
Tm 0.19 0.11 0.27 0.22 0.24 0.21 0.19 0.16 0.48 0.41 0.21 0.27
Yb 1.4 0.8 1.8 1.6 1.5 1.6 1.2 1.2 32 29 1.5 1.6
Lu 0.2 0.05 0.24 0.23 0.13 0.23 0.18 0.17 0.36 0.3 0.12 0.11
REE 80.72 16.99 4552 51.09 5245  29.62 33.54  28.59 89.8 1208 34.87 56.79
LREE 74.88 13.30 35.70 41.54 47.61 226 2779  22.61 7473 107.34 27.92 48.27
HREE 5.84 3.69 9.82 9.55 9.24 7.02 5.75 5.98 15.07 135 6.95 8.52
LREE/HREE 12.82 3.60 3.63 435 4.68 322 4.83 3.78 4.96 7.95 4.02 5.67
EwEu* 0.70 0.55 0.63 0.71 0.64 0.82 0.67 0.57 0.68 0.66 0.67 0.64
Ce/Ce* 1.09 1.34 1.13 3.49 1.47 1.62 3.85 2.28 2.65 4.49 0.87 0.68
LaN/LuN 12.30 1.86 3.03 0.94 3.38 1.99 0.46 1.18 2.20 1.35 3.47 7.73
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Appendix - Lateritic duricrusts samples analyzed at GEOSOL Laboratories (Belo Horizonte. Brazil); Ew/Eu* Y4[EuN/(SmN + GdN)/2]; LOI
Y4 loss on ignition; major elements in wt.% and trace elements in ppm.

Sample CM-16 TB-88B  TB-266 TB-215A TB-215C _EI-55 EI-56 EI-52A EI-52B_ EI-54  EI-53
Surface 1z 1z 1Z UPS UPS UPS  UPS UPS UPS UPS UPS
Altitude m 318 323 488 500 500 530 546 556 556 564 572
SiO, 28.4 26.8 27.1 18.3 24.7 149 20.7 273 19.3 18.8 13.4
TiO, 0.36 0.89 0.5 0.47 0.33 049  0.67 0.76 0.61 0.47 0.38
ALO; 9.42 18.5 16.6 13.7 15.9 11.2 15.1 14.7 14.9 10.7 10.9
Fe;0; 56.1 43.9 43.7 55.8 48 61.6 51.7 47.9 533 60.3 64.5
CaO 0.03 0.03 0.02 0.02 0.02 0.01  0.005 0.005 0.005 0.005 0.005
K20 0.02 0.03 0.03 0.03 0.05 0.01 0.02 0.01 0.03 0.01 0.01
P205 0.062 0.07 0.044 0.06 0.071 0.103  0.104 0.133  0.096  0.087  0.064
MgO <0.1 <0.1 <0.1 <0.1 <0.1 <0.1  <0.1 <0.1 <0.1 <0.1 0.11
Na,O <0.1 <0.1 <0.1 <0.1 <0.1 <0.1  <0.1 <0.1 <0.1 <0.1 0.05
LOI 7.13 10.41 11.82 11.95 12.06 11.33 1127 10.14 1214 1095 1249
Total 101.6 100.7 99.9 100.4 101.2 99.7  99.6 101.0 1004 1013  101.8
Fe,05/A1,0; 5.96 237 2.63 4.07 3.02 550 342 3.26 3.58 5.64 5.92
Fe;03/ SiO, 1.98 1.64 1.613 3.05 1.94 4.13 2.49 2.76 1.75 3.20 4.81
ALO5/SiO; 0.33 0.69 0.61 0.75 0.64 0.75 0.73 0.77 0.54 0.57 0.81
Ag <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
As 161.0 135.0 204.0 218.0 162.0 231.0 213.0 2090 219.0 266.0 147.0
Ba 14.0 11.0 20.0 15.0 26.0 13.0 9.0 18.0 25.0 8.0 10.0
Be 0.50 0.30 0.60 0.90 1.40 050 030 0.30 0.40 0.50 0.40
Bi 0.74 1.91 1.15 1.00 0.43 087  0.85 0.96 1.00 0.84 0.51
Co 2.50 1.00 3.40 3.20 2.00 220 250 2.10 2.20 3.50 2.80
Cd 0.03 0.01 0.01 0.29 0.04 0.03 0.01 0.04 0.01 0.01 0.03
Cr 117.0 160.0 202.0 188.0 105.0 110.0 2090 1120 1570 103.0 58.0
Cs 0.17 0.17 0.23 0.19 0.26 0.13 0.16 0.14 0.26 0.14 0.14
Cu 12.60 36.90 43.50 132.30 29.70 70.50 11030 4620 11470 144.00 102.60
Ga 31.60 38.20 41.30 34.80 25.10 4720 56.00 47.50 5450  33.50  28.30
Ge 0.80 1.10 0.60 0.80 0.60 0.40 1.10 1.50 1.00 0.50 0.50
Hf 6.04 10.05 10.51 6.06 10.95 526 620 8.97 7.10 5.01 4.08
In 0.23 0.42 0.39 0.54 0.14 044 057 0.42 0.50 0.49 0.26
Mo 4.29 11.04 8.66 15.93 3.92 13.06 17.62 11.92 14091 19.57 7.93
Na 0.01 0.01 0.05 0.03 0.17 0.03 0.01 0.07 0.04 0.01 0.03
Nb 6.79 17.01 10.31 8.20 9.71 855 1337 1539 1217 8.39 7.00
Ni 5.60 9.80 6.60 8.20 4.70 680  8.70 7.30 10.90 7.90 7.70
P 271.0 292.0 248.0 241.0 360.0 3740 451.0 4980 417.0 3420 301.0
Pb 49.60 43.70 27.30 62.80 30.00 27.10 4580 34.60 2990 69.70  21.30
Rb 3.10 1.80 2.10 1.80 3.40 1.80  2.00 1.80 2.90 1.70 1.80
Sn 2.50 4.00 2.20 230 1.40 390 440 4.80 6.30 3.30 3.20
Sr 6.50 12.40 14.20 11.00 10.50 13.00 1560 1540  22.50 8.80 10.00
Sb 1.92 2.82 5.35 8.25 4.55 3.83 391 2.77 4.08 6.17 2.59
Sc 32.10 24.20 34.40 67.60 22.50 43.10 45.00 32.10 44.60  40.00 5550
Th 46.80 49.00 43.10 43.40 36.00 41.30 4150 4270 39.60  37.60  28.90
Ta 1.54 0.11 0.53 0.38 0.63 292 2.66 6.24 11.29 2.14 5.06
Te 0.54 0.66 0.89 1.07 0.91 1.14 098 0.81 2.18 1.33 0.80
U 4.88 3.79 7.80 11.29 9.11 5.21 4.86 3.83 6.66 8.51 9.32
v 531.0 451.0 636.0 1253.0 772.0 885.0 749.0 4700 763.0 1849.0 560.0
W 0.80 1.40 1.50 1.40 0.80 1.40 1.90 2.00 4.20 1.30 1.40
Y 6.73 9.17 9.87 7.92 10.10 6.35 9.59 8.73 8.55 7.28 4.84
Zn 11.00 28.00 22.00 47.00 19.00 39.00 47.00 30.00 51.00 33.00 38.00
Zr 203.90  327.20 328.80 231.20 310.50 17830 217.30 304.40 24340 171.00 130.70
La 7.1 10.3 11.2 6.4 7.7 10.8 15.8 13.5 20.5 11.9 8.8
Ce 13.9 19.6 19.6 20.7 22.6 19.5 24.2 233 34.2 17.6 13.7
Pr 1.56 2.16 2.06 225 1.4 1.96 293 2.39 3.98 2.28 1.48
Nd 5.9 6.5 6.6 8.2 5.1 6 10.4 7.8 12.5 8.6 4.8
Sm 1.7 1.4 1.5 1.9 1.4 1.3 22 1.4 2.1 22 1.1
Eu 0.32 0.22 0.24 0.38 0.31 026 041 0.29 0.39 0.41 0.16
Gd 1.44 1.16 1.35 1.59 1.4 1.11 1.72 1.22 1.62 1.65 0.87
Tb 0.24 0.24 0.24 0.26 0.3 019 032 0.22 0.28 0.27 0.15
Dy 1.69 1.43 1.53 1.64 1.77 126 2.05 1.63 1.59 1.8 1.11
Ho 0.32 0.36 0.38 0.32 0.43 0.25 0.44 0.35 0.34 0.36 0.21
Er 1.13 1.23 1.32 1.08 1.28 0.84 1.3 1.15 1.15 1 0.71
Tm 0.22 0.21 0.21 0.17 0.25 0.14 0.2 0.21 0.18 0.2 0.11
Yb 1.4 1.5 1.6 1.4 1.6 0.9 1.5 1.4 1.3 1.2 0.8
Lu 0.06 0.22 0.2 0.18 0.26 0.05 0.08 0.08 0.06 0.07 0.05
REE 36.98 46.53 48.03 46.47 45.8 4456 63.55 5494  80.19 4954  34.05
LREE 30.48 40.18 41.2 39.83 38.51 39.82 5594 48.68  73.67 4299  30.04
HREE 6.5 6.35 6.83 6.64 7.29 474  7.61 6.26 6.52 6.55 4.01
LREE/HREE  4.69 6.33 6.03 6.00 5.28 840 735 7.78 11.30 6.56 7.49
Eu/Eu* 0.63 0.53 0.52 0.67 0.68 0.66  0.64 0.68 0.65 0.66 0.5
Ce/Ce* 0.98 0.97 0.96 1.28 1.61 099  0.83 0.96 0.89 0.79 0.89
LaN/LuN 3.43 4.64 4.73 3.09 3.25 8.11 7.12 6.52 10.66 6.70 7.43
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CAPITULO 4

COMPARACAO ENTRE OS RESULTADOS
DOS MODELOS PREVISIONAIS PARA A
PRESENCA DE LATERITOS NO SUDOESTE

DA AMAZONIA.
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4.1 INTRODUCAO

Neste capitulo foram comparados os resultados do modelo de deteccao de areas potenciais
para a presenca de lateritos, aplicado em duas areas distintas, localizadas no sudoeste da
Amazonia brasileira, doravante denominadas de area norte (Herrera, 2016) e area sul (Iza et al.
2016a). A area norte foi escolhida devido a expressividade das ocorréncias de lateritos, ao
contexto geoldgico/geofisico similar e/ou relativamente proximo a area de estudo principal
(area sul) e a possibilidade de integrar futuras interpretagdes regionais sobre a evolug¢ao do
regolito e dos aspectos geomorfologicos.

O objetivo ¢ enfatizar as discrepancias e similaridades entre os resultados, discutir sobre
as variaveis envolvidas e padrdes de respostas radiométricas associados aos lateritos,
enaltecendo a importancia e eficiéncia da integragao dos dados multifonte como ferramenta de

apoio ao mapeamento de lateritos em areas distintas.

4.2 LOCALIZACAO DAS AREAS, GEOLOGIA E MODO DE OCORRENCIA DOS
LATERITOS

As areas estao localizadas na porcao sudoeste da Amazonia brasileira (figura 4.1) e, em
termos geoldgicos, inseridas no sudoeste do craton amazonico. A area norte esta localizada na
provincia Rondonia-Juruena, constituida por tonalitos, quartzo-dioritos, granitos, anfibolitos e
supracrustais subordinados, com idades Paleo a Mesoproterozoicas. O Cenozoico ¢
representado por lateritos, terracos fluviais e coberturas sedimentares indiferenciadas (Quadros
e Rizzotto, 2007). Os lateritos do leste da area norte (margem direita do rio Madeira) ocorrem
nos topos dos platds em dois principais intervalos altimétricos: 1) entre 120 e 150 m e; ii) entre
180 e 204 m. Em ambos os casos as declividades sdo inferiores a 2% e a drenagem tem
densidade muito baixa. As espessuras dos perfis lateriticos sao de até 6 m, e sdo normalmente
ferruginosos, compostos por goethita, hematita, caulinita, gibbsita e quartzo e exibem textura
pisolitica/nodular e estrutura colunar. Os lateritos da margem esquerda ndo estdo associados a
platds e ocorrem apenas entre 80 e 110 m de altitude, entretanto, t€ém caracteristicas similares
em termos mineralogicos, texturais, estruturais e gamma espectrométricos (Herrera, 2016)
(figura 4.2).

O contexto geologico da area sul foi apresentado nos capitulos anteriores e ndo sera
abordado aqui. Entretanto, destaca-se que nesta area os lateritos ndo formam platos isolados e
ocorrem principalmente na superficie de aplanamento superior (planalto) e na superficie de

aplanamento inferior (planicie), (figura 4.3).
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Figura 4.1 — Mapa tectonico simplificado e de localizagdo das areas (modificado de Quadros e Rizzotto 2007).

Figura 42-A) Aspecto geral do aﬂorameo com presenca de lateritos (topo). B) Relevo plaﬁo (plato).
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Figura4.3— A) Aspecto geral do afloramento tipo de lateritos (relevo plano), superficie de aplanamento inferior.
B) Detalhe do afloramento com altura aproximada de 3 metros.

4.3 MATERIAIS E METODOS DAS AREAS NORTE E SUL

Os trabalhos desenvolvidos na éarea norte e sul tiveram como objetivo a integracdo e
interpretagdo altimétrica, geomorfologica, pedologica e geologica nas respectivas areas além
dos dados de aerogeofisica. A base de dados altimétricos utilizada em ambos os trabalhos foi a
do SRTM.

A base geomorfologica ¢ a do Projeto Planafloro (Ronddnia, 2002), junto com as
informacdes de hidrografia, cobertura vegetal, uso e ocupacao de solos, entre outros, além da
base geomorfoldgica do IBGE (2013). Os mapas geologicos utilizados foram aqueles
publicados por Quadros e Rizzotto (2007), Rizzotto (2010 e 2012) e Oliveira e Filho (2013)
que serviram como base para a determinagao dos alvos a serem visitados nas etapas de campo.

A gamaespectrometria foi realizada pela FUGRO AIRBORNE SURVEYS para o
Servico Geologico do Brasil/CPRM por meio do projeto “Rondonia Central — RO” (CPRM,
2010), para a area norte, e “Sudeste de Rondonia” (CPRM, 2006) para a area sul.

O processamento das imagens foi realizado, em ambas as areas, exatamente com o

mesmo software e interpoladores, de acordo com o apresentado nos capitulos 2 e 3. Dentre os
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produtos utilizados destacam-se: os canais do eTh, eU, e K e as razdes eU/K, eTh/K, além das
composicdes ternarias RGB: K, eTh e eU, e eTh/K, SRTM e eTh.

Os dados aerogamaespectrométricos e de elevagao (SRTM) foram analisados com apoio
do método booleano (index overlay) e fuzzy, este Gltimo por meio da soma e produto algébrico
e o operador gamma fuzzy, com a finalidade de criar mapas de potencialidade para presenca de
lateritos. Em termos gerais, o embasamento tedrico foi fundamentado pelos trabalhos de
Zimmermann (1985); An et al. (1991), Bonham-Carter (1994); Moreira et al. (2003);
McBratney et al. (2003); Lagacherie (2005); Carranza (2009); Carrino et al. (2011), entre
outros. Para verificar e calibrar os modelos apresentados, foram usados como suporte atividades
de campo, mapas geologicos, pedoldgicos e geomorfoldgicos disponiveis (Rondonia, 2002;

IBGE, 2013; Quadros e Rizzotto, 2007). A figura 4.4 exibe as etapas desenvolvidas neste

capitulo.
Materiais e métodos
(Area norte
Herrera, 2016) Y
Comparagao e discussio dos ) = ;

materiais, métodos e i C(()jnsmlz_cri(;oc's f(;mals < del
principais resultados analise da eficiéncia dos modelos

Materiais e métodos i

(Area sul
Iza et al., 2016a)

Figura 4.4 — Fluxograma dos principais procedimentos realizados neste capitulo.

4.3.1 Area Norte
4.3.1.1 Logica Booleana

Na area norte, as imagens eU/K, eTh/K, e altimetria (SRTM) foram redefinidas para
valores 0 e 1 (binarios) com o objetivo de determinar areas potenciais para a presenca de
lateritos. Os valores menores do que a média mais 1 vez o desvio padrio (X + 1c) de eTh/K e
eU/K foram associados a menor probabilidade de ocorréncia de lateritos e assim, transformados
em “0” e os valores iguais ou mais altos foram transformados em “1”, gerando novas imagens
reclassificadas (0 e 1) para ambas as razdes.

No procedimento com o modelo de elevacao (SRTM), a area foi dividida em dois setores.
O primeiro correspondeu a porgdo oeste (margem esquerda do rio Madeira) e o segundo ao
centro-leste (margem direita). A distingdo foi realizada devido aos diferentes modos de
ocorréncia dos lateritos e as diferentes caracteristicas geomorfologicas associadas. Para a

margem esquerda, o valor “0” foi atribuido a altitudes menores que 80 m, por sua vez o valor
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“1” foi relacionado a altitudes entre 80 e 110 m. Por outro lado, na margem direita considerou-

se o valor “0” para altitudes abaixo de 120 m e “1” para elevacdes acima.

4.3.1.1.1 Método Index Overlay (MIO)

Nesse método, cada imagem (SRTM, eTh/K e eU/K) tem um peso diretamente
relacionado a hipotese avaliada. Os pesos pertencem a uma progressao geométrica de razdo 2
(An = 2™1): ((eU/K + 2*eTh/K + 4*SRTM)/7). Nesta primeira hipotese a altimetria (SRTM)
tem peso maior considerando sua relagdo com platés. Para a margem esquerda a equagao
aplicada, foi distinta: 2 (An = 2™") ((eU/K + 2*SRTM + 4*eTh/K)/7). Nesta segunda hipotese
atribui-se maior peso a gamaespectrometria, pois os lateritos associados a platds ndo sdo
expressivos, diminuindo consequentemente a importancia da altimetria (SRTM).

O resultado final ¢ o mapa com classes que variam entre 0 e 1 as quais indicam areas
com menor (0) e maior probabilidade (1) de ocorréncia de lateritos e fragmentos derivados de
sua desagrega¢do, assim como latossolos. Em todo caso, a combinagdo de pesos possibilitou
diferenciar classes favoraveis ou desfavoraveis, permitindo a visualizacdo de cada uma, e

respectiva individualizagcdo das varidveis ou suas combinagdes.

4.3.1.2 Logica Fuzzy

Na logica fuzzy foram utilizadas as mesmas variaveis da logica booleana. Os dados foram
rasterizados e entdo simplificados usando a fuzzifica¢ao, o que permitiu o reescalonamento em
graus de variabilidade ou pertinéncia entre “0” (menor favorabilidade) e "1" (maior
favorabilidade). O reescalonamento dos dados considerou os valores proximos a “1” aqueles
relacionados ao alto intemperismo (altas razdes U/K e Th/K, ou seja, maiores que X + 16) e
para tanto foi utilizada a fun¢@o /arge que tende a ressaltar os altos valores. No que diz respeito
a altimetria (SRTM) optou-se apenas por manter os dados fuzzificados utilizando-se a fungdo
linear que reescalona os dados entre 0 e 1 mas ndo ressalta nenhum intervalo de dados
especifico. Os produtos fuzzificados foram utilizados em trés etapas principais: i) Na geracao
do Fuzzy Algebraic Product Operator — FAPO; ii) Na gera¢do do Fuzzy Algebraic Sum
Operator — FASO; e ii1) Na geracao do fuzzy gamma operator — FGO.
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4.3.2 Area Sul
4.3.2.1 Logica Booleana

O procedimento realizado na légica booleana considerou os mesmos produtos utilizados
na area norte, ou seja, as razdes eTh/K, eU/K e dados altimétricos (SRTM). Os valores
considerados altos (X + 1,56) de eTh/K e eU/K foram vinculados a maior potencialidade de
ocorréncia de lateritos e, portanto, transformados em “1” e aqueles menores foram
transformados em “0”, gerando novas imagens reclassificadas (0 e 1) para ambas as razdes.

Para o modelo digital de elevacdo, a abordagem foi distinta daquela realizada na area
norte devido as caracteristicas geomorfoldgicas diferenciadas. Assim como citado no capitulo
2, atribuiu-se valor 1 para altitudes abaixo de 300 m e acima de 500 m, e valor “0” para as
elevacoes entre 301 ¢ 499 m. As altitudes abaixo de 300 m estdo associadas as coberturas
sedimentares indiferenciadas e a alguns afloramentos lateriticos, enquanto as altitudes acima de
500 m estao principalmente associadas aos arenitos da Bacia dos Parecis e secundariamente a

ocorréncias de crostas lateriticas.

4.3.2.1.1 Método Index Overlay (MIO)

Neste método, 1za et al. (2016a) propds inicialmente quatro hipoteses considerando a
combinacgdo de trés variaveis (eTh/K, eU/K, e SRTM). Nas diferentes hipoteses as varidveis
receberam pesos iguais (caso 1), ou eTh/K ou o SRTM receberam os maiores pesos (casos 3 e
4). Nos casos 2, 3 e 4 o eU/K recebeu o menor peso. Os casos estudados representaram uma
progressao geométrica de razdo 2 exatamente como seguido por Herrera (2016). Em cada um
dos resultados as classes variaram de 0 a 1 e indicaram areas com menor € maior potencial de
ocorréncia de lateritos, respectivamente.

Os casos 3 e 4 foram aqueles que mostraram os melhores resultados entre todos os casos
apresentados por Iza et al. (2016a). Foi escolhido o caso 3 como o mais significativo para a
previsao de lateritos (eU/K + 2*SRTM + 4*eTh/K)/7) pois atribuiu a razdo Th/K o maior peso
devido os altos valores (altas razdes Th/K) serem frequentes em um contexto de alto

intemperismo.

4.3.2.2 Logica Fuzzy
Na logica fuzzy foram utilizadas as mesmas varidveis da logica booleana. Os
procedimentos do método fuzzy foram exatamente os mesmos realizados na area norte e

considerou, portanto, a geracdo dos mesmos produtos (FAPO, FASO e FGO).
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4.4 PRINCIPAIS RESULTADOS
4.4.1 Area Norte

O modelo booleano, por meio do método index overlay (MIO), permitiu a geracao de 8
classes de favorabilidade para a presenga de lateritos e fragmentos derivados de sua
desagregacgdo, assim como latossolos. Na regido centro-leste (margem direita do rio Madeira)
os dominios considerados como potenciais representam aproximadamente 6% do total da area.
Esses dominios sdo aqueles com influéncia da altimetria (SRTM) (classe 4), do SRTM com o
eU/K (classe 5), do SRTM com o eTh/K (classe 6) e de todas as varidveis somadas (classe 7).

A utilizacao da respectiva metodologia na porcao oeste da area (margem esquerda do
rio Madeira) gerou resultados inconclusivos, pois a auséncia de platos interferiu na definig¢do
das areas potenciais, portanto, a altimetria mostrou-se menos importante como variavel
discriminante para a ocorréncia de lateritos. Desse modo, Herrera (2016) optou por atribuir peso
4 a razdo Th/K. Assim, as classes consideradas com maior potencial tém influéncia da razio
eTh/K e de suas combinac¢des com a razao eU/K, com o SRTM, e com todas as variaveis
supracitadas (classes 5, 6 e 7). Essa reorganizacao dos pesos gerou resultados extremamente
satisfatorios e destacou 0,5% da area total como favoravel. O somatorio das areas favoraveis,
para a ocorréncia de lateritos, da margem esquerda (0,5%) e direita do rio Madeira (6%)
totalizam aproximadamente 6,5% da area total (Figura 4.5).

A aplicagdo do método fuzzy na area norte mostrou-se ineficiente para a identificag@o
dos lateritos e produtos derivados. Os resultados incluiram praticamente toda a area de estudo
e nao contribuiram na delimitacdo de dreas com maior potencial para a presenca de lateritos.
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Figura 4.5 — Mapa de previsibilidade de presenca de lateritos e fragmentos derivados de sua desagregacdo, assim
como latossolos, por meio do método index overlay.
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4.4.2 Area Sul

Na 4rea sul tanto o modelo booleano quanto o modelo fuzzy mostraram-se eficientes na
delimitagdo das areas previsionais para a presenca de lateritos. O modelo booleano, por meio
do método index overlay (MIO), assim como na area norte, proporcionou a obtencdo de 8
classes de favorabilidade. O referido modelo foi utilizado para toda a 4rea sul e delimitou 7,84%
de areas potenciais para a presenca de lateritos e fragmentos derivados de sua desagregacao,
assim como latossolos. As areas consideradas com alto potencial tém influéncia pelo menos da
razao eTh/K (classe 4) e de suas combinac¢des com a razao, eU/K e altimetria (classes 5, 6 € 7),
(figura 4.6).

O método fuzzy, ao contrario da area norte, mostrou-se extremamente eficiente na
delimitagdo de areas potenciais para a presenca de lateritos. Nele foram utilizados o produto
(FAPO) e a soma algébrica (FASO) que apresentaram diferentes respostas em relacdo a
delimitagdo das respectivas areas potenciais. Os resultados subestimaram ou superestimaram as
areas potenciais (em relagdo aos dados de campo) e por este motivo foi utilizado o operador
fuzzy gamma (FGO), que contribui para balancear os resultados e delimitou cerca de 10,71%
da area como potencial para a ocorréncia de lateritos. O operador fuzzy gamma 0,7 foi
sobreposto ao modelo digital de terreno e corresponde ao resultado mais otimista para a
ocorréncia de lateritos e fragmentos derivados de sua desagregacgdo, assim como latossolos.
(Figura 4.7). As areas destacadas (extremamente favoraveis) sao referentes aos valores iguais
ou superiores 2 média mais uma vez e meia o desvio padrio (X + 1,50) dos dados e estio

fortemente relacionadas as superficies de aplanamento superior (SAS) e inferior (SAI).

Legenda
Elevagdo (m)
lj 149-200 Extremamente
favorivel

200-300
[ 300-400
B +00-500

0 10 25k

I 500627 - e .

Figura 4.6 - Mapa de previsibilidade de presenca de lateritos e fragmentos derivados de sua desagregacao, assim
como latossolos por meio do método booleano (index overlay).
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Figura 4.7 - Mapa de previsibilidade de presenca de lateritos e fragmentos derivados de sua desagregacao, assim
como latossolos por meio do operador fizzy gamma (y = 0.7).

45 AVALIACAO E COMPARACAO DOS MODELOS E RESPECTIVOS
RESULTADOS

As areas norte e sul apresentam diferengas geomorfolégicas e as principais
discrepancias entre os modelos estdo relacionadas principalmente a esta variavel. Em termos
gamaespectrométricos a area norte apresentou razdes eTh/K e eU/K mais altas do que as da
4rea sul. Na 4rea sul o parametro de corte (X + 1,55) delimitou de forma coerente a ocorréncia
de lateritos. Na éarea norte o parametro de corte também foi eficiente, mas foi menos restritivo,
ou seja, considerou valores um pouco mais baixos (X + 16) na correlagio com a presenca de
lateritos.

Na area norte os lateritos estdo restritos a trés intervalos altimétricos bem definidos
sendo o primeiro entre 80 e 110 m (margem esquerda do rio Madeira) e os outros 120 ¢ 150 m
e 180 e 204 m, esses dois ultimos associados a platds, o que favorece a eficacia do modelo
booleano especialmente no dominio centro-leste da area (Figura 4.5).

Na area sul o método booleano gerou bons resultados, mas a auséncia de platds isolados
e a maior variedade altimétrica (<300 e > 500 m) contribuiu com resultados um pouco menos
eficientes do que os observados na area norte € no método fuzzy. Portanto, no método booleano
adotado hé a necessidade de um rigido controle da variavel altimétrica.

O método fuzzy utilizado na area norte mostrou-se menos eficiente e ndo destacou
satisfatoriamente todas as areas com lateritos, provavelmente devido ao seu modo de ocorréncia

e a existéncia de 3 intervalos altimétricos em trés dominios distintos da area, além de apresentar
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respostas radiométricas localmente diferentes para os mesmos produtos (lateritos). Trabalhos
futuros realizados em porgdes mais restritas (subareas) ou com auxilio de filtros, tais como Pi-
shaped, Pi-shaped invertido, etc. podem contribuir com resultados mais animadores.

Em todo caso, na area sul, os intervalos de ocorréncia de lateritos sao mais amplos e
continuos, e portanto, menos restritivos quando comparados com a area norte. Além disso, os
padrdes radiométricos sdo mais homogéneos. Desse modo, os resultados apresentados por meio
do método fuzzy foram mais representativos (otimistas) para a ocorréncia de lateritos.

No geral, o método booleano ¢ indicado quando os lateritos se destacam em platds e/ou
quando o intervalo altimétrico de ocorréncia de lateritos ¢ bem definido e/ou restrito. Na
auséncia de platds isolados, amplos intervalos altimétricos de ocorréncia de lateritos e/ou
intervalos pouco conhecidos, a indicacao ¢ pelo uso do método fuzzy. Em termos gerais, os
modelos apresentados contribuiram na discriminacao das areas de ocorréncia de lateritos,
contudo, fica evidente que cada drea possui caracteristicas unicas (geoldgicas, geomorfologicas,
altimétricas, etc.) que devem ser consideradas no modelamento. A tabela 1 destaca os principais

resultados e discrepancias entre os modelos.

Table 4.1 — Principais discrepancias entre os modelos previsionais (Herrera 2016 e 1za et al. 2016a)

Area Norte Area Sul
Area previsional de lateritos  6,6% (booleano) 10,71% (maximo-FGO)
Razao eTh/K 355-2020 (X + 1 o) 254-1148 (X + 1,5 o)
Razdo eU/K 45-174 29-111
Geomorfologia Platds isolados Planicie / Planalto
Altimetria dos lateritos 80 a 110 m* / 120 a 150 <300 me>500m
m/180a204 m
Eficiéncia dos métodos Booleano (muito bom) Booleano e fuzzy (muito bom)

Onde X é a média e G ¢ o desvio padrio. *Margem esquerda do rio Madeira.
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5.1 CONSIDERACOES FINAIS

No dominio sudoeste do craton amazonico os perfis lateriticos sdo tipicamente imaturos
e podem variar desde poucos centimetros de espessura até¢ 6 metros. Os perfis sdo completos
ou incompletos e as melhores exposi¢des podem ser observadas nos topos dos platos e bordas
de escarpas, tanto no sul do Estado de Ronddnia quanto no norte, nas cercanias de Porto Velho.
Os lateritos sdo principalmente vermiformes, celulares e pisoliticos a nodulares e
frequentemente apresentam estruturas colunares a megacolunares. Essas ultimas sdo mais
facilmente observadas no norte de Rondonia. Os lateritos ndo aflorantes sdo normalmente
cobertos por latossolos que podem atingir cerca de 3 metros de espessura, especialmente na
superficie de aplanamento inferior.

A definicao de areas potenciais para a presenga de lateritos, por meio da integragdo de
dados multifonte mostrou-se eficiente. Ficou patente que o modelo previsional para a presenca
de lateritos deve considerar as caracteristicas locais (geofisica, geomorfologia, altimetria, etc.)
de cada area. Nesse ponto de vista, ndo ha um modelo nico representativo de toda e qualquer
area de estudo, e sim modelos adaptados a cada area/contexto de acordo com suas
peculiaridades. Iniciativas como as apresentadas por este trabalho além daquelas desenvolvidas
por Carrino et al. (2011), Wilford (2012), Arhin ef al. (2015), Mota e Faria Junior (2016), entre
outros, corroboram as assercdes supracitadas e ratificam a eficiéncia dos métodos e da
integragcdo multifonte para o mapeamento do regolito.

Apesar das crostas lateriticas macroscopicamente apresentarem caracteristicas similares
em diversas partes do mundo (mineralogia, textura, estrutura, etc.), a correlagdo entre o CIA e
o WIP evidenciou diferencas geoquimicas importantes entre elas. A correlagdo entre os
respectivos indices de intemperismo pode ainda servir como parametro para trabalhos futuros
que busquem eventuais correlacdes entre dados gamaespectrométricos e padrdes geoquimicos.

O indice de intensidade de intemperismo mostrou-se uma ferramenta robusta e
perfeitamente adequada a regido amazonica. Nesse aspecto, apesar da gamaespectrometria
atuar em profundidades de até 45 cm, contribuiu significativamente para a propria constru¢ao
do indice de intemperismo e do indice lateritico e consequentemente para o mapeamento dos
lateritos e latossolos (determinacao de areas potenciais para a presenga de ambos).

O indice lateritico ndo considera dados altimétricos, mas € respaldado pela forte relacdo
de enriquecimento de Th e U e perda de K no processo intempérico. Nesse sentido, constitui-
se em uma ferramenta complementar, mas do mesmo modo eficiente para a delimitagdo de

dominios lateriticos. Por outro lado, a elaboragdo do LI exige apenas dados
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gamaespectrométricos ao contrario do WII que, além da aerogeofisica, exige dados altimétricos
e trabalhos de campo.

Os dados de geoquimica de solo, sedimento de corrente, assim como litoquimica dos
lateritos, mostraram excelentes correlagdes com o WII, LI e MI. As associagdes geoquimicas
relacionadas aos elementos alcalinos e alcalinos terrosos igualmente evidenciaram excelentes
correlagcdes com as areas de menor indice de intemperismo e/ou exposicdo do embasamento
pouco ou nada alterado. Por outro lado, as associa¢des dos elementos Al, Ce, Ga, La, Th, U, V
e Zr evidenciaram boas correlacdes com os dominios lateriticos.

Os resultados geoquimicos ndo destacaram, na area de estudo, anomalias significativas
a tal ponto de gerar alvos de interesse metalogenéticos associados a processos supergénicos.
Em todo caso, foi fundamental para o apoio e correlagdo com os dados geofisicos e para as
interpretagdes subsequentes.

Em termos gerais, existem entendimentos equivocados na literatura em relacao a génese
e descrigdes pouco claras dos lateritos, que contribuem negativamente na individualizacao
cartografica correta das unidades lateriticas. Por outro lado, ha escassez de dados geoquimicos
sistematicos integrados a dados geofisicos e principalmente geocronologicos de unidades
lateriticas no Brasil. Além disso, a auséncia de mapas do regolito contribui negativamente para
as discussoes relacionadas aos aspectos evolutivos e sua individualizagdo mais criteriosa como
unidade geologica/regolitica.

Nesta perspectiva, os resultados aerogeofisicos, geoquimicos e geomorfologicos
apresentados nesta pesquisa permitiram a reinterpretacao das dreas mapeadas como coberturas
sedimentares indiferenciadas para simplesmente lateritos e latossolos associados. Nesse
sentido, as areas associadas aos processos supergénicos foram ampliadas abrindo novas
perspectivas de prospeccao na porgao sudoeste do craton amazonico, especialmente associadas
ao Sn, Au, Ni, Mn, entre outros.

O mapa preliminar do regolito gerado a partir de dados aerogeofisicos, altimétricos,
geologicos, geomorfologicos, pedologicos e de campo permitiu o reconhecimento do regolito
e dos principais materiais associados. O WII, o modelo previsional para a presenga de lateritos,
o LI e MI, assim como citado anteriormente, também representam ferramentas importantes para
o entendimento do regolito, e para o proprio mapeamento dos lateritos.

As razdes gamaespectrométricas (eTh/K, eU/K) evidenciam padrdes distintos entre os
produtos residuais e aqueles transportados, fato que reforca a importancia de sua utilizagao nas

etapas pré-campo e campo. Por outro lado, nas etapas de campo, sugere-se a realizagdo de
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descrigdes e mapeamento dos lateritos sempre vinculados ao processo de intemperismo
(residual) e formacao do solo (pedogénese). As descrigdes associadas aos fragmentos derivados
de sua desagregagao que passaram por algum tipo de transporte local, como aqueles associados
a coluvios, devem ser descritos dentro dos proprios coluvios e cartografados de acordo com a
escala e area de exposi¢do. Os mapeamentos de detalhe devem se referir a tais coluvios como
“constituidos por produtos derivados da desagregacdo de lateritos” ou simplesmente
“constituidos por fragmentos de lateritos”. Portanto, os lateritos (autoctones) devem ser
referenciados como depdsitos residuais e relacionados a processos pedogenéticos (in situ) que
frequentemente estdo vinculados a relevo de topo tabular por vezes associados a colivios e
nunca tratada como produtos sedimentares.

Em todo caso a integragdo multifonte focada em estudos do regolito deve, especialmente
na regido amazonica e em areas de dificil acesso, seguir um protocolo minimo de acordo com

o apresentado na figura 5.1.

!

Mapeamento
dos lateritos

|
v

Figura 5.1- Principais produtos gerados neste trabalho e respectivas aplicabilidades. WII — Indice de intensidade
de intemperismo. MPPL — Modelo Previsional para a Presenca de Lateritos. LI — Indice Lateritico. MI — Indice
Mafico

Nessa perspectiva, o mapa do regolito e os demais produtos gerados nesta pesquisa

podem ser aplicados com diferentes fins, dentre eles destacam-se:

1) No planejamento das atividades de coleta de amostras (rocha, solo, sedimento de corrente);
2) Em estudos hidrogeoldgicos, no caso da identifica¢do de dreas com embasamento exposto,

solos, etc.;
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3) Na determinagdo de areas potenciais para a ocorréncia de insumos para a construgao civil,
tais como, cascalho lateritico e outros agregados;

4) No apoio ao mapeamento geoldgico, geomorfoldgico, pedoldgico e do regolito; e

5) No apoio a determinagdo de areas favoraveis ou nao para agricultura (uso e ocupacgdo do
solo). Ex.: areas com ocorréncia de lateritos podem inviabilizar o cultivo devido a sua
resisténcia mecanica e/ou impor a necessidade de significativo uso de corretivos agricolas

(latossolos associados).

Por fim, a integracao multifonte apresentada e os diversos produtos gerados constituem
procedimentos/produtos que contribuem para garantir um bom nivel de confiabilidade do
planejamento das atividades de campo e das respectivas interpretacdes (geologica,
geomorfologica, pedologica, etc.), representando um avango para diversos estudos realizados

especialmente na regido amazonica € em outras areas invias.
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