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Epigrafe

Vamo acordar, vamo acordar porque o sol ndo espera. Demord, vamo acordar!

O tempo ndo cansa. Ontem a noite vocé pediu... Vocé pediu... Uma oportunidade
Mais uma chance, como Deus € bom, né ndo nego? Olha ai, mais um dia todo seu.
Que céu azul louco hein?

Vamo acordar, vamo acordar, agora vem com a sua cara, Sou mais VOcé nessa guerra.
A preguiga é inimiga da vitoria, o fraco ndo tem espaco e o covarde morre sem tentar.
Né&o vou te enganar, o bagulho ta doido e eu ndo confio em ninguém.

Nem em vocé. Os inimigos vém de graca.

E a selva de pedra, eles matam os humildes demais.

Vocé é do tamanho do seu sonho, faz o certo, faz a sua.

Vamo acordar, vamo acordar. Cabeca erguida, olhar sincero, t& com medo de qué?
Nunca foi facil, junta os seus pedacos e desce pra arena.

Mas lembre-se: Aconteca 0 que aconteca, nada como um dia apos outro dia

“Sou mais vocé”- Racionais Mc’s

...in the morning

they're out there
making money:
judges, carpenters,
plumbers, doctors,
newsboys, policemen,
barbers, car washers,
dentists, florists,
waitresses, cooks,
cabdrivers...

and you turn over

to your left side

to get the sun

on your back

and out

of your eyes.

Poem for my 43rd birthday - Charles Bukowski
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RESUMO

A regido sudeste do Amazonas é composta por embasamento vulcanico do
Grupo Colider (1,80-1,78 Ga), recoberto por sequéncia vulcano-sedimentar (Supergrupo
Sumaudma), subdivida nos grupos Vila do Carmo (1,76-1,74 Ga) e Beneficente (1,43-
1,08 Ga), corpos graniticos reunidos nas suites intrusivas Teodosia (1,756 Ga), Igarapé
das Lontras (1,754 Ga) e Serra da Providéncia (1,57-1,53 Ga) e didbasio Mata-Mata
(1,57 Ga). Sobrepondo estas unidades h& sucessdo sedimentar Siluro-Devoniana do
Grupo Alto Tapajos.

O Supergrupo Sumauma tém alto contetdo de MnO em grauvacas e siltitos, ao
passo que o Grupo Alto Tapajds concentra P,Os nas grauvacas, o que implica em fontes
distintas. Além disso, arenitos do Supergrupo Sumauma com grdos de quartzo bem
esféricos e arredondados miram contribuicdo de fontes distais. Ja os grdos de quartzo
subarredondados e subesféricos dos arenitos e alto teor de K,O nas grauvacas, indicam
fontes proximais para 0 Grupo Alto Tapajés. As fontes do Supergrupo Sumauma,
reveladas pelos isotopos de Nd, estdo atreladas a Provincia Rondénia Juruena. Além
disso, as provincias Tapajos-Parima e Amazo6nia Central supriram o Grupo Vila do
Carmo, e fontes distais relativas as provincias Carajas e Sunsas fomentaram sedimentos
para o Grupo Beneficente. Vale ressaltar que o Grupo Vila do Carmo foi fonte para o
Grupo Beneficente, prova disso é a discordancia angular entre as unidades, altos
conteddos de Fe,O3, TiO,, rutilo, Ti-magnetita e populacdo de zircdo entre 1,76 e 1,74
Ga nos arenitos do Grupo Beneficente. As mesmas fontes do Supergrupo Sumauma
foram identificadas pelos isétopos de Nd para o Grupo Alto Tapajos, contudo boas
correlacBes entre %'Sr/**Sr vs CIA e ¥Sr/*®Sr vs Rb/Sr atestaram seu caréter autoctone e
intraformacional relacionado a incisdo do Grabén do Cachimbo no Supergrupo
Sumadma e Grupo Colider serviram de fontes para o Grupo Alto Tapajos.

A exposicdo destas rochas formou espessas crostas Mn, Mn-Al-Fe, bauxiticas,
Fe, Fe-Al-Fe e collvios, recobertos por latossolos. Os protdlitos de Mn estdo
relacionados aos grupos Vila do Carmo e Beneficente, Supergrupo Sumaima. Contudo,
ha diferencas mineraldgicas e geogquimicas entre eles, enquanto os do Grupo Vila do
Carmo sdo caracterizados pela presenca de Pb-hollandita, coronadita e criptomelana e
altos conteudos de Pb e Cu, aqueles do Grupo Beneficente tém romanechita como fase
dominante e Ba mais elevado. Crostas Mn e Mn-Al-Fe macicas, vermiformes,
protopisoliticas, pisoliticas e collvios foram formadas a partir destas rochas. Assim
como nos protolitos, crostas Mn desenvolvidas sobre o Grupo Vila do Carmo também
formaram hollandita, Pb-hollandita, criptomelana e coronadita e tém altos teores de
K.O, Ag, Cu, Pb e TI, ja aquelas do Grupo Beneficente formaram romanechita
supergénica.

A presenca de galena, Ag nativa, coronadita, Pb-hollandita, alto Cu, Tl e
anomalias positivas de Gd nas crostas Mn desenvolvidas sobre o Vila do Carmo séo
similares aos contetdos de gossans, minérios sulfetados e depdsitos de Mn de origem
hidrotermal. Aléem do mais, a fonte hidrotermal do Mn do Grupo Vila do Carmo, a
mesma que originou os sulfetos, é a ratificada pelas relacdes 2*°Ph/?’Pb vs 2°®Pb/2°°Pb,
(Zn x Ni)/MnO; vs (Cu/Zn)/Fe,0O3 e pelos altos teores de Cu, Pb e Zn, similar aos
Gossans Australianos, e pode classificar o Mn supergénico como dubhito. Por outro
lado, o Mn do Grupo Beneficente tem assinatura sedimentar e pode ser classificado
como supergénico marinho.

A relagdo Rb/Sr vs eNd permitiu agrupar rochas, crostas lateriticas (Mn,Mn-Al-
Fe, bauxiticas, Fe e Fe-Al) e solos desenvolvidos a partir dos grupos Vila do Carmo,
Beneficente e Alto Tapajos, o que ratifa o uso de crostas lateriticas no mapeamento de
rochas mées. A razdo ETR/(Zr+Hf) >1 indica controle por minerais de Mn e cerianita.
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A0 passo que, ETR/(Zr+Hf) < 1 atesta que minerais pesados como zircdo controlam a
variacdo dos ETR ao longo do perfil lateritico. A redistribuicdo de minerais em todo o
perfil lateritico com concentracdo residual de zircdo ou lixiviagdo de minerais de Mn
(coronadita, holandita e criptomelana) e fixacdo na cerianita, controla a assinatura
isotopica de Nd.

As razdes isotopicas de Sr apresentaram dois tipos de comportamento distintos:
1- A razéo ®Sr/*®*Sr aumenta em direcdo ao topo dos perfis onde predominam crostas Fe
e Mn-Fe-Al, sugerindo a entrada de Sr proveniente da atmosfera, &gua da chuva e lencol
freatico. 2- A intensa lixiviacdo que resultou na formacdo de caulinita e gibbsita liberou
Sr dos protélitos em solucdo e diminuiu a raz&o ®’Sr/*®Sr em diregéo aos solos.

As razdes isotopicas de Pb sdo mais elevadas nas crostas lateriticas e solos do
que nos protolitos, como nédo sdo afetadas pelo intemperismo, essa diferenca pode estar
relacionada ao decaimento do ***U para 0 ®®Pb ou misturas de fontes. A excelente
correlagdo entre “*Nd/***Nd, 2*°Pb/*’Pb e 2°®Pb/ *®*Pb no balanco de massa dos perfis
P1 e P2 ratifica o ndo francionamento dos isétopos de Pb durante a intemperismo
extremo.

A gammaespectometria aliada a altimetria e métodos estatisticos como Booleano
e Fuzzy, designaram areas favoraveis as ocorréncias de crostas lateriticas. Os dois
modelos apresentaram boa correlacdo para bauxitas, crostas manganesiferas e solos,
apesar de que o Booleano € capaz de identificar 67% das crostas ferruginosas, 20% a
mais que os modelos Fuzzy. No entanto, os modelos Fuzzy foram eficientes em
descartar pedras de ferro localizadas na porcao oeste da area. A combinacéo relevo, eTh
fuzzy (indice Kappa-0.8), estratigrafia e mapa de solos permitiu sugerir 100 Km? de
areas propicias a ocorréncia de Mn, 700 Km? para bauxitas e 83 Km? para crostas
fosfaticas.

A datacdo U-Th-He indicou que o inicio da lateritizacdo remete ao Permiano e
se estende até o Juréssico-Cretdceo com agradacdo de crosta ferruginosa macica. A
auséncia de dados Ar-Ar em crostas manganesiferas impede afirmar sua época precisa
de formacdo, no entanto, por correlacdo de crostas manganesiferas em Burkina Faso,
Carajas e Quadrilatero ferrifero, apontam para o fim do Cretaceo (~70 Ma) o inicio de
formagdo dessas crostas, se estendendo até o fim do Mioceno. Neste contexto, na regido
de Apui houve a segunda fase de agradacdo de crosta ferruginosa (Oligoceno médio ao
inicio do Mioceno). A partir de entdo, houve dois intervalos distintos de degradagdo de
crostas lateriticas (formacdo de goethita); o primeiro entre 22,5+2,3 e 17,1£1,7 Ma e
segundo entre 13,1+1,3 e 16.6 +1,7 Ma.

Palavras chave: Lateritizacdo, is6topos, Fuzzy, Booleano, dubhito
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ABSTRACT

The southestern of Amazonas state is composed by volcanic basement related to
Colider Group (1.80-1.78 Ga), followed by two volcano-sedimentary sequences related
to Vila do Carmo (1.76-1.74 Ga) and Beneficente (1.43-1.08 Ga) groups, framed into
Sumalma Supergroup; granitic bodies gather into Teodosia (1.756Ga), lgarapé das
Lontras (1,754) and Serra da Providéncia (1.57-1.53 Ga) intrusive suites and Mata-Mata
diabase sills (1.57 Ga). Overlapping these units there is a Silurian-Devonian
sedimentary sucession of the Alto Tapajos Group.

The Sumauma Supergroup has high contents of MnO in greywackes and
siltstones, whereas the Alto Tapajés Group concentrates P,Os in greywackes, what
implies in distinct sources. Moreover, the Supergroup Sumaldma sandstones displays
spherical and rounded quartz grains mirror distal source. While the subrounded and
subspherical quartz grains of the sandstones and high amounts of K,O in the
greywackes indicate proximal sources to the Alto Tapajos Group. The sources of the
Sumaidma Supergroup identified by Nd isotopes are assigned to Ronddnia Juruena
Province. Moreover, the Tapajos-Parima and Amaz6nia Central provinces supplied the
Vila do Carmo Group, and distal sources relative to Carajas and Sunsas provinces
fomented sediments to the Beneficente Group. It is worthy to be highlighted that the
Vila do Carmo Group was source of the Beneficente Group, proof of that is the angular
discordance between these units, high amounts of Fe,O3, TiO,, rutile, Ti-magnetite and
zircon population between 1.76 to 1.74 Ga in the sandstones of the Beneficente Group.
The same sources of Sumaima Supergroup have been identified by Nd isotopes to the
Alto Tapajos Group, however the good correlations between #’Sr/%°Sr vs CIA and
87Sr/%8Sr vs Rb/Sr ratified their autochthony and intraformational signature are related to
the Cachimbo graben incision in the Colider Group and Sumadma Supergroup, sources
to the Alto Tapajos Group.

The exposure of these rocks developed thick Mn, Mn-Al-Fe, bauxitic, Fe and
Fe-Al duricrusts and colluviums, overlapped by oxisols. The Mn protoliths are related
to Vila do Carmo and Beneficente groups, Sumauma Supergroup. Nevertheless, there
are mineralogical and geochemical differences among them, while those from Vila do
Carmo Group are characterized by Pb-hollandite, coronadite and cryptomelane and high
amounts of Pb and Cu, the other ones linked to Beneficente are featured by romanechite
as main phase and more Ba. Mn and Mn-Al-Fe massive, vermiforms, protopisolitic,
pisolitic and colluvium have been developed from these rocks. As well as in the
protoliths, Mn duricrusts developed over Vila do Carmo Group also formed hollandite,
Pb-hollandite, cryptomelane and coronadite and have K,O, Ag, Cu, Pb and TI, whereas
those from Beneficente Group formed supergenic romanechite.

Galena, native Ag, coronadite, Pb-hollandite, high Cu, Tl and positive Gd
anomalies in the Mn duricrusts developed from Vila do Carmo Group are similar to the
gossan contents, sulphide ores and hydrothermal Mn deposits. Besides that, the
hydrothermal source of the Mn from Vila do Carmo Group is ratified by *°Pb/2°’Pb vs
208pp2%%ph, (Zn x Ni)/MnO, vs (Cu/Zn)/Fe,0; ratios, and by Cu, Pb and Zn content,
similar to the Australian gossans, and may classify the supergenic Mn as duhbite. By
the other hand, the Mn from the Beneficente Group has sedimentary signature and may
be classified as marine supergenic.

The Rb/Sr vs eNd allowed gather together rocks, lateritic duricrusts (Mn,Mn-Al-
Fe, bauxitics, Fe and Fe-Al) and oxisols developed over Vila do Carmo, Beneficente
and Alto Tapajos groups, what ratifies the use of lateritic duricrusts as tool of bedrocks
mapping. The REE/(Zr+Hf) ratio >1 indicate control by Mn minerals and cerianite.
Whereas, < 1 claim that heavy minerals as zircon are risponsible by the REE variations
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along the lateritic profile. The redistribution of minerals in the lateritic porfiles with
residual concentration of zircon or leaching of Mn minerals (coronadite, hollandite and
cryptomelane) and fixation in cerianite controls the Nd isotopic signature.

The Sr isotopic ratios displays two distinct behaviors:1- The 8'Sr/®Sr increase in
to the top of profiles where predominate Fe and Mn-Fe-Al duricrusts, suggesting the Sr
input from the atmosphere, rainwater and groundwater. 2- The harsher leaching which
culminated in the kaolinite and gibbsite formation release Sr in solution from protoliths
and decrease the ¥Sr/*®Sr to the oxisols.

Pb isotopic ratios are higher in the lateritic duricrusts and oxisols than in the
protoliths, as they are not affect by the weathering, this difference may be assingned to
28 decay to “®Pb or mixing of sources. The excellent correlation between
SNdANd, 2°Pb/Pb and 2°8Pb/ 2°°Pb showed by the mass balance of the profiles P1
and P2 ratifies the Pb isotope immobility during extreme weathering

The gammaspectometry together with the altimetry, and Boolean and Fuzzy
statistical methods allowed recognize favorable areas to the duricrust occurrences. Both
models displayed good correlation to bauxites, manganiferous duricrusts and oxisols,
despite the Boolean model be able to identify 67% of the Fe duricrusts, 20% more than
Fuzzy models. However, the Fuzzy models have been efficient when they discarded
ironstones located in the western of the area, once it does not have relationship with the
lateritization. The combination between relief, eTh fuzzy (best kappa index- 0.8),
stratigraphy and soil map allowed identify/suggest 100 Km? of the possible areas to Mn
lateritic duricrust occurrence, 700 Km? to bauxites and 83 Km? to phosphatic duricrusts.

The beginning of lateritization refers to the Permian and extends to Jurassic-
Cretaceous with aggradation of massive Fe duricrust. The absence of Ar-Ar data in
manganese duricrusts in the southeastern Amazonas state prevents to assert its precise
formation time; however, by correlation of manganese duricrusts in Burkina Faso,
Carajas and Iron Quadrangle, they point towards the end of the Cretaceous (~ 70 Ma) of
these duricrusts, extending to the end of the Miocene. In this context, there was the
second phase of ferruginous duricrust aggradation (Oligocene medium at the beginning
of the Miocene) in the study area. From then on, there were two distinct intervals of
lateritic duricrusts degradation (goethite formation); the first one between 22.5 + 2.3 and
17.1 £ 1.7 Ma and second between 13.1 £ 1.3 and 16.6 + 1.7 Ma.

Keywords: Lateritization, isotopes, Fuzzy, Boolean, dubhite
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CAPITULO I: APRESENTACAO, INTRODUCAO E
OBJETIVOS
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1 APRESENTACAO

A presente tese de doutorado relne um conjunto de dados, discussdes e
conclus@es obtidas ao longo de quatro anos de estudo. A tese esta subdividida em trés
artigos que enfocam a composicao quimica e isotdpica (is6topos Pb, Sr e Nd) das rochas
sedimentares dos grupos Vila do Carmo, Beneficente e Alto Tapajos, e das crostas
lateriticas e solos desenvolvidas a partir estas unidades litoestratigraficas. Essas
informagdes compdem o artigo publicado na Ore Geology Reviews n°89 (2017; paginas
270-289) e outro submetido a Chemical Geology. Além disso, foram abordados
parametros geofisico-estatisticos (I6gica fuzzy e booleana) que visam identificar locais
favoraveis a ocorréncia de crostas lateriticas (3°. Artigo em preparacdo). Por ultimo, e
ainda em fase preliminar, é enfocada a evolucdo da lateritizacdo na regido sudeste do
Amazonas com base nos dados de (U-Th)/He. Para complementar esses dados foram

feitas andlises Ar-Ar, mas os resultados ainda ndo foram finalizados.

2 INTRODUCAO

A descoberta de matérias primas e bens minerais que possam suprir a demanda
tecnoldgica, siderdrgica e agricola esta cada vez mais rara, de modo que, a medida que
grandes depdsitos minerais estdo se exaurindo, a atencdo tem se voltado a depositos de
pequeno porte e com mais baixo teor. No entanto, had diversos inibidores do
mapeamento em detalhe de possiveis rochas mineralizadas, que incluem matas
fechadas, redes de drenagem bem desenvolvidas e o intemperismo. O intemperismo,
qguando em regifes de clima quente e Umido com curtas estacdes secas promove 0
desenvolvimento de espessos regolitos com latossolos que alcangcam dezenas de metros
de espessura. Os regolitos sdo registros de mudangas climéticas e erosivas ocorridas ao
longo do tempo geoldgico, configuram importantes ferramentas prospectivas e
concentram metais oriundos do enriquecimento supergénico como bauxita (Al), fosfatos
de aluminio, Ni, ouro, manganés, caulim, dentre outros. (Bardossy & Aleva 1990;
Costa, 1990; Oliveira et al. 1992; Varentsov, 1996; Costa, 1997, Costa & Moraes, 1998;
Larizzati et al. 2008; Bogatyrev et al. 2009).

O estudo dos lateritos ganhou importancia na regido Amazonica gragas a
descoberta de grandes depdsitos de bauxita, ferro, caulim e manganés e rendeu
inimeros trabalhos que discutem o0s aspectos mineralogicos, geoquimicos e
geomorfoldgicos independente da natureza parental sobre as quais se desenvolveram
(Dennen & Norton 1977, Grubb 1979, Kronberg et al. 1979 e 1982, Lucas 1997,
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Boulangé & Carvalho 1997, Horbe & Costa 1999, Costa 1997, Costa et al. 2005,
Kotschoubey et al. 2005, Costa et al. 2014, Oliveira et al. 2016 entre varios outros).
Esses estudos estdo centrados na composi¢do mineral e na geoquimica dos perfis com a
definicdo dos padrdes de distribuicdo dos elementos nos diferentes horizontes. Apesar
dos avancos, ha necessidade de estudos mais amplos, que permitam correlacionar perfis
lateriticos, solucionar problemas como autoctonia e aldctonia de solos, idade de
formacdo das crostas lateriticas e a consequente implicagio na evolugdo
geomorfoldgica.

Na Amazonia, sdo reconhecidos dois tipos perfis lateriticos classificados como
imaturos e maturos, que sustentam serras, platos e colinas (Costa, 1991; Costa, 2007).
Assim, sobre rochas expostas por mais tempo ao intemperismo desenvolveu-se bauxita,
enguanto nas mais jovens do Nedgeno ha apenas crostas ferruginosas (Lucas, 1997;
Boulangé & Carvalho, 1997; Horbe & Costa, 1999; Costa, 1997; Costa et al. 2005;
Kotschoubey et al. 2005; Costa et al. 2014; Oliveira et al. 2016).

Apesar dos terrenos lateriticos serem bem conhecidos e estudados na regido
Amazonica, ha inimeras ferramentas, técnicas analiticas e aplicacdes pouco exploradas
que serdo apresentadas nesta tese, como isotopos (Sr, Pb e Nd), aerogeofisicas e

geocronoldégicas ((U-Th)/He).

3 OBJETIVOS GERAIS E ESPECIFICOS

o Estudar os efeitos da lateritizacdo nas rochas dos grupos Vila do Carmo,
Beneficente e Alto Tapajos, regido sudeste do Amazonas, que deram origem a
oito perfis lateriticos. Dentre 0s quais, cinco apresentam crostas lateriticas
manganesiferas a Mn-Fe-Al e em trés foram desenvolvidas bauxitas e crostas Fe e
Fe-Al.

o Identificar as variagdes mineraldgicas e quimicas ao longo dos perfis lateriticos

o Reconhecer a fonte do Mn, o ambiente de formacéo e as assembléias minerais que
identificam os perfis com crosta manganesifera e Mn-Fe-Al.

o A partir dos dados mineraldgicos, quimicos e isotopicos, correlacionar 0s
produtos da lateritizacdo com as rochas maes.

o Identificar a proveniéncia das rochas sedimentares da regido com o auxilio dos

isétopos de Sr e Nd
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Compreender o comportamento dos is6topos de Nd, Pb e Sr sob intemperismo
agressivo e identificar os minerais responsaveis pelas mudancas nas razdes
isotopicas ao longo dos perfis.

Identificar crostas lateriticas com o auxilio da gamaespectometria aérea de acordo
com os modelos estatisticos Booleano e Fuzzy.

Propor mapa de favorabilidade para crostas lateriticas

Designar regides favoraveis as ocorréncias minerais baseados na altimetria,
estratigrafia e gamaespectometria.

Datar as crostas ferruginosas por (U-Th)/He e estabelecer a evolugédo dos lateritos
na regido

Ratificar o potencial dos lateritos como ferramenta de mapeamento e prospeccéo,

de inferéncia de paleoambiente e de evolucdo geomorfoldgica.
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4 REVISAO BIBLIOGRAFICA

4.1 Localizacao, estrutura, formacéo e posicionamento topografico dos horizontes e

paisagens lateriticas

Lateritos sdo abundantes e espalhados nas paisagens profundamente
intemperizadas do cinturdo intertropical, particularmente nas terras continentais entre
latitude 35° N e 35° S onde a média da temperatura é superior a 20° C e a umidade
supera 1200 mm/ano, bem como nas Américas Central e do Sul, Africa, parte da Asia e
Oceania (Figura 1). S&o formados por crostas, cascalhos e diversas impregnacoes
resultantes de complexo intemperismo quimico e fisico durante longos periodos de
tempo geoldgico. Constituem a parte superior do perfil que é tipicamente composto por

rocha mae, saprélito, mosqueado, crosta lateritica e solo.

Cassiporé (Au e Mn)

t

Vila Nova (Cr e Fe)

Serra do Navjo (Mn)

[C] Perfis Maturos
1- Pitinga- Bauxita
2-Porto Trombetas-Bauxita
3-Juruti-Bauxita
4-Almerim, Monte Dourado e Felipe- Bauxita e caulim 4 .
5-Gurupi-Lateritos fosfatico R
6-Paragominas-Bauxita e caulim L Do
7-Rondon do Pari-Bauxita : } R4S T i (Fe
_“'Manaus{Caul ucurui (Fe)
8-Carajis- Lateritos ferrugi g iferos, J - ) PA ®
bauxiticos, niqueliferos e auriferos . . ¢ MA
@ Chapéus de ferro-Maraconai (PA),
Maicuru (PA)e Seis Lagos (AM) o m
O Depésitos de pequeno porte —_— Quatipuru (Cr)®
® Capitais

TO

0 250 500 Km

. Areas de ocorréncia de lateritos

Figura 1: Regides de ocorréncia de lateritos no mundo, com énfase aos depositos supergénicos
de maior porte na Amazonia. Modificado de Bardossy & Aleva (1990) e Costa (1991)

Na regido Amazonica perfis maturos se diferenciam dos imaturos por serem mais
antigos e, consequentemente, mais lixiviados, o que permitiu a formacdo do horizonte
bauxitico e/ou de fosfato de aluminio (Costa, 1991; Costa, 2007; Figura 1 e 2). No que

se refere & estruturagdo dos perfis, o saprdlito é a parte inferior do regolito, correlato ao
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horizonte C do solo. No atual modelado da paisagem, aflora em vales e/ou encostas
ingrimes (Anand et al. 2002; Bitom et al. 2013), representa a rocha mée parcialmente
alterada, preserva 0s constituintes minerais primarios do material original em
coexisténcia com argilominerais neoformados (Anand & Paine, 2002; Costa, 2007). A
parte inferior do saprolito, denominada “saprock” ou saprolito grosso, exibe menos que
20% dos minerais primarios alterados, € constituida por grandes blocos individualizados
pelo intemperismo ao longo de fraturas, falhas, acamamentos, contatos, vénulas, veios,
dentre outros. Nesta interface ha illita e esmectitas e auséncia de oxi-hidroxidos de
ferro. A porgéo superior, conhecida como saprolito fino ou litomarge, apresenta mais de
20% dos minerais primarios alterados, além disso, 0s minerais primarios sao
substituidos pseudomorficamente para a caulinita, goethita e hematita; restando apenas
quartzo em estado parcial de dissolucdo e resistatos. Proximo ao contato com o
horizonte mosqueado, a medida que a propor¢cdo de argilominerais, cimentacdo por
silica secundéaria, goethita e hematita aumentam, o saprolito tende a perder
progressivamente o “fabric” da rocha mae (Anand & Paine, 2002; Costa, 2007).

O horizonte mosqueado, que se sobrepGe ao saprolitico e geralmente aflora em
vales ou meia encostas, representa a transicdo entre o saprolito e a crosta lateritica, onde
isolam-se zonas esbranquigadas ricas em caulinita (neoformadas in situ) e em quartzo
(herdados da rocha mée) de porcdes ferruginosas, geralmente avermelhadas a violetas
(Tardy, 1993; Beauvais, 1999). De acordo com Ollier et al. (1988) e Eggleton (2001),
manchas menores que 10 mm sdo denominadas “minimottles/minimosquedas” e
aquelas maiores que 200 mm, “megamottles/ megamosqueadas”. Sua formagao esta
atrelada ao dissolvimento do quartzo nas zonas ricas em caulinita com aumento da
porosidade, e por consequéncia, caulinita passa a ser substituida por hematita e goethita
que formam manchas avermelhadas, violetas e amarelas (Aleva, 1994; Rosolen et al.
2002). Os “megamottles/ megamosqueadas”, mais comuns sobre sedimentos que
preenchem vales, tém sua origem relacionada a mobilizacdo e segregacdo do Fe ao
longo de sistemas radiculares antigos, resultando em “cilindros” argilosos de coloragdo
palida e depletados em Fe (Anand et al. 2002). Por fim, Costa (2007) sugere que 0
horizonte mosqueado juntamente com o saprolitico seja denominado “argiloso”, uma
vez que ha mosqueamentos que preservam o fabric da rocha mée (Anand and Paine,
2002; Anand and Butt, 2010).

A crosta lateritica € o material mais duro, denso e coeso do perfil lateritico

devido a formacdo e recristalizagcdo de 6xidos de ferro e aluminio e, quando aflorante
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sustenta plats, serras e colinas devido a sua maior resisténcia a erosdo. A formacao das
crostas pressupde longo processo de lixiviacdo, acimulo de ferro e aluminio, clima
sazonal e estabilidade tectonica (Valeton, 1972, Bardossy & Aleva, 1990). Na sua base
ou zona inferior, quando em lateritos maturos, mais expostos ao intemperismo, ha
presenca de fosfatos de aluminio e/ou crosta bauxitica (Costa, 2007). No topo ou zona
superior, a crosta é abundante em hematita e goethita. Os principais tipos de crostas
lateriticas sdo colunares, macicos, vermiformes, protopisoliticas/protonodulares,
brechdides/fragmentada e pisolitica, nodular ou oolitica descritos na Tabela 1.

Segundo Rosolen et al. (2002) o endurecimento do topo de mosqueados oriundo
da acumulacdo de ferro, leva a formacdo das crostas lateriticas. Nesse contexto,
acredita-se que crosta com estrutura colunar esteja relacionada a ac¢fes de raizes, uma
vez que forma prismas ou elementos cilindros posicionados na vertical ou com leve
inclinacdo gque remetem a colunas. Entre as colunas ha espacos vazios que podem estar
preenchidos por material friavel e caulinita com filmes de goethita recobrindo poros e
tubos (Castro, 2015). Ademais, este tipo de feicdo se sobrepde a textura da crosta, por
exemplo, ha crostas colunares com textura vermiforme, macica e pisolitica.

Na evolucdo do perfil lateritico é entendido que a crosta macica se encontra no
topo dos perfis e a partir da sua degradacdo se formam outros facies, tal qual relatado
por Théveniaut & Freyssinet (1999), Bitom et al. (2003), Beauvais (2009) e
Albuquergque & Horbe (2015). H& quem afirme que crostas vermiformes, que em geral
ocupam meia encosta e baixas vertentes das paisagens (Beauvais, 1991), resultam do
endurecimento direto do horizonte mosqueado em clima mais quente e seco, a partir da
ferruginizacdo da caulinita e dissolugdo de quartzo resultando no aumento de cavidades
e poros (Anand & Paine, 2002). As crostas protonodulares e protopisoliticas, ocupam 0s
topos dos platds e meia encosta de vertentes ingrimes que recobrem mosqueados e
saprolitos, respectivamente. De acordo com Beauvais (1999), crostas protonodulares
consistem de uma mistura de plasmas hematiticos e cauliniticos, onde hematita sempre
apresenta Al em sua estrutura. A segregacdo do Al leva a formagdo de plasmas
micronodulares de gibbsita que suportam nodulos ferruginosos. A progressiva
degradacdo em meia encosta, geralmente sem ou com pouca cobertura vegetal leva a
individualizagdo de pisolitos e ao estabelecimento das crostas protopisoliticas
(Beauvais, 2009).

Crostas brechoides e/ou fragmentadas ocupam topo dos perfis, geralmente em

contato direto com o mosqueado e/ou saprolito. Anand & Paine (2002) sustentam a
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hipdtese que tais crostas derivam do colapso do topo de crostas vermiformes, horizontes
mosqueados e saproliticos em funcdo do aumento de espagos vazios com subsequente
cimentacdo dos fragmentos. Enquanto que, Anand and Butt (2003) descreveram crostas
fragmentadas provenientes da bauxitizagdo direta do “saprock”, sem formagdo de
caulinita, seguido de ferruginizacéo e preservacao do fabric original da rocha mae.

Crostas nodulares resultam da individualizacdo e endurecimento de nodulos
ferruginosos em horizontes mosqueados, podendo haver cimentagdo por gibbsita em
periodos mais quente e imido. Os pisélitos resultam da atividade pedogénica na parte
superior do perfil e sdo formados por lixiviacdo, migracdo e acumulagdo de oxidos de
Fe na matriz argilosa ou em espacos vazios. Podem se formar a partir de qualquer
material proveniente da segregacdo e ferruginizacdo de fragmentos argilosos,
ferruginosos, quartzosos ou mesmo liticos (Clarcke & Chenoweth, 1996). A
mobilizacdo, segregacdo e acumulacdo do ferro estdo associadas as flutagdes do lencol
freatico que promove a formacgdo de Fe®". Além disso, a matéria organica mobiliza e
segrega 0 Fe, tais como observado na atividade de raizes que tem relagdo com as
manchas subverticais em mosqueados. A individualizacdo de pisolitos, nodulos e
odlitos com formas concéntricas e formacdo de cutans de goethita, estdo relacionados a
degradacdo in situ da crosta lateritica. Posteriormente esses nédulos, pisélitos e oo6litos
podem ser cimentados por plasmas ricos em ferro ou Al (Anand & Paine, 2002; Anand
et al. 2002). Anand & Butt (2003) também advogam que pisolitos também podem ser
transportados, depositados e em seguida cimentados.

O horizonte nodula e/ou pisolitico, que se sobrepBe a crosta lateritica, sdo
comuns na regido Amazonica e recebem o nome de horizonte desmantelado. Os nddulos
podem ser irregulares e ovalados, enquanto que os pisélitos podem ser subdivididos em
homogéneos, liticos, pseudomorficos (compostos por minerais secundarios como
argilominerais e gibbsita) e concéntricos (multiplos cutans) (Anand et al. 1989).

Os latossolos amarelos a avermelhados, também denominados “Argila de
Belterra” (Sombroek, 1966), sdo os principais tipos de solos que recobrem crostas
lateriticas na Amazdnia. Tratam-se de solos espessos (até dezenas de metros),
isotropicos, ricos em caulinita, goethita e anatasio/rutilo com quantidades razoaveis de
quartzo e, por vezes, concrecdes de gibbsita (Horbe & Costa, 1999). Sua origem €
controversa, enquanto Sombroek (1966) sugere fonte andina e deposi¢cdo em ambiente
lacustre durante o Plioceno-Pleistoceno; Klammer (1971) e Dennen & Norton (1977)

consideram-na como horizonte A do perfil de solo derivados das crostas aluminosas
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sotopostas. Grubb (1979) também atesta a relagdo da “Argila de Belterra” com as
crostas aluminosas, no entanto, credita sua origem a depoésitos coluvionares, devido a
presenca de nddulos de gibbsita na base do solo. Truckenbrodt & Kotshoubey (1981),
na mesma linha de pensamento de Sombroek (1966) sugerem exposicdo subarea das
sequéncias lateriticas e deposicao da “Argila de Belterra” por fluxos de lama ou “sheet
flows”. No entanto, podem simplesmente representar o retrabalhamento in situ das
bauxitas adjacentes e/ou sobrepostas, das crostas ferruginosas ou mesmo de saprolitos
expostos (Horbe & Costa, 1999 e 2005).

Contudo, em Carajas e Maicuru no Para, Seis Lagos no Amazonas e ao longo do
rio Madeira em Rond6nia hé sedimentos lacustres recobrindo crostas lateriticas (Costa,
1991; Correa, 1996; Costa et al. 2005b; Figura 2).

H& ainda perfis truncados pela neotectdnica, que expdem linhas de pedras e

demarcam superficies erosivas (Horbe & Horbe, 2005, Figura 2).
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Figura 2: Principais tipos de perfis lateriticos na regido Amazoénica (Costa, 1991)
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Tabela 1: Principais tipos de crostas lateriticas descritas na regido Amazonica (Costa, 1991;
Kotschoubey et al., 2005; Costa et al. 2005; Costa, 2007; Peixoto & Horbe, 2008; Albuquerque
& Horbe, 2015; Castro, 2015)

Tipo de crosta/ estrutura Descricéo
Apresenta textura homogénea, sem nédulos, pisolitos ou odlitos, ou
elementosgeométricos definidos. Pode apresentar poros, vesiculas e

Macica tubos preenchidos por argilominerais e quartzo. Além disso, pode
apresentar variacdo de cores dependendo da composicdo mineral.
Assemelha-se a favos-de-mel, geralmente é a mais fridvel dos tipos de
. crosta. Apresenta "esqueleto” frequentemente composto por hematita e
Vermiforme

goethita ou Oxidos e hidroxidos de manganés, e péros, tubos e
cavidades parcialmente preenchidos por material argiloso a arenoso.
Crostas protopisoliticas/protonodulares sdo aquelas na qual ha
individualizacdo incipiente dos pis6litos/n6dulos. Podem se
desenvolver em crostas macigas e vermiformes, por exemplo.

Este tipo de crosta exibe fragmentos angulosos que podem ser
ferruginosos, manganesiferos e aluminosos cimentados por plasma. O
plasma também pode variar desde o gibbsitico, passando pelo
manganesifero e ferruginoso. Ha ainda, casos em que o plasma tem
composicdo oolitica, o que confere a crosta maior porosidade. Nos
fragmentos é comum a presenca de cOrtex goethitico.

Assemelham-se as crostas brechéides/fragmentadas, no entanto,
pisolitos e odlitos sdo ovalados ou apresentam forma elipsoidal,
Nodular/Pisolitica/oolitica | enquanto que os ndédulos podem ter forma irregular. Diferenciam-se
pelo tamanho dos componentes, de modo que, nédulo (>64mm)>
pisolito (2- 64mm)> odlito (0,25-2mm)

Protopisolitica/
Protonodulares

Brechdéide/Fragmentada

4.2 Métodos geocronoldgicos, termocronoldgicos e paleomagnéticos aplicados a
datacdo de crostas lateriticas

Segundo Retallack (2010) a idade de crostas lateriticas pode ser inferida por
condicGes estratigraficas especificas, como por exemplo, quando ha formacéo de crostas
em meio a sedimentos pantanosos, calcarios fossiliferos e em meio a derrames
basalticos. No entanto, a aplicacdo dos métodos Ar-Ar e (U-Th)/He em 6xidos de Mn e
Fe, respectivamente, tem evoluido ao longo das décadas e os resultados mostram-se
correlatos nas diversas regides do mundo onde foram aplicados.

O primeiro trabalho realizado na Amazonia a utilizar o método Ar-Ar em crostas
lateriticas foi o de Vasconcelos et al. (1996). As idades obtidas em crostas
manganesiferas atestaram que a lateritizagdo na regido de Carajas iniciou em 72 Ma e a
partir de entdo houve precipitacdo episodica de oxidos de manganés em 65-69, 51-56,
40-43, 33-35, 20, 24, 12-17 Ma, refletindo alternancias climaticas e as condicdes
intempéricas da regido. Ruffet et al. (1996) e Costa et al. (2005) também empregaram
métodos geocronoldgicos nas crostas manganesiferas da Mina do Azul que ratificaram

as idades de Vasconcelos et al. (1996) comprovando a eficicia da datacdo de
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criptomelana por **Ar -“°Ar. O método (U-Th)/He em goethita e hematita, foi utilizado
em crostas lateriticas ferruginosas de Carajds (Shuster et al. 2005) e no nordeste do
Brasil (Lima, 2008) ambos obtiveram idades de 61 a8 Mae 31,4 +1 Mae 0,8+ 0,4 Ma,
respectivamente. Esses dois métodos também foram utilizados em crostas lateriticas de
outras regides do Brasil, Africa, Australia e India (Hécnoque et al. 1998; Pidgeon et al.
2004; Colin et al. 2005; Spier et al. 2006; Beauvais et al. 2008; Bonnet et al. 2014 e
Monteiro et al. 2015), os resultados obtidos mostram-se correlatos a aqueles
encontrados em crostas lateriticas da regido Amazénica.

H4, contudo, dificuldades analiticas na utilizacdo desses métodos relacionadas as
caracteristicas dos minerais das crostas lateriticas. Os minerais de Fe e Mn lateriticos
por serem produtos da transformacdo de minerais priméarios tém contaminantes que
devem ser removidos durante a fase de preparacdo das amostras, além disso, por
formarem diminutos agregados de minerais, separar fases puras, seja de goethita,
hematita, holandita e criptomelana torna-se um desafio a ser superado (Lima, 2008). Por
exemplo, Lima (2008) ressalta a importancia da remocdo de argilominerais
impregnados na goethita, uma vez que estes trazem consigo residuos de Th e implicam
em contaminacdo da amostra e em idades espurias. Vasconcelos et al. (1996), Ruffet et
al. (1996) e Costa et al. (2005) relatam problemas relacionados & perda de “°Ar e/ou
contaminacéo e Vasconcelos (1999) e Lima (2008) discutem que o aquecimento gradual
permite testar a presenca de argénio herdado ou em excesso, separar gases atmosféricos
dos gases radiogénicos e detectar as varias geracGes do mineral datavel.

Outros métodos também surgem como alternativa para se estabelecer idades em
crostas lateriticas da Amaz6nia, tais como o paleomagnetismo. Neste método, a idade
das crostas lateriticas é estimada pela comparacdo dos pdlos paleomagnéticos obtidos
nas crostas em relacdo ao South American apparent polar Wander path (APWP). Diante
disto, Théveniaunt & Freyssinet (1999) e Théveniaunt & Freyssinet (2002)
identificaram dois eventos de lateritizacdo na regido da Guiana Francesa e Suriname: 0
primeiro denominado Ciclo Sulamericano de lateritizagdo é bem demarcado do
Paleoceno ao Eoceno (60 e 40 Ma), e o segundo correspondente ao Neo-Mioceno
estabelece ciclos entre 13 e 5 Ma. Posteriomente, Horbe (2014) estudou sete perfis que
abrangeram boa parte da regido Amazoénica. Os dados indicaram que a lateritizacdo se
deu entre 80 e 10 Ma (Neo-Cretaceo ao Eo-Paleoceno), e mostrou correlagdo com 0s
dados de Ar-Ar obtidos por Vasconcelos et al. (1996), Ruffet et al. (1996) e Costa et al.

(2005) em crostas manganesiferas de Carajas. Além disso, demonstraram que as crostas
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ferruginosas e bauxitas datam entre 70 e 80 Ma e corresponde a primeira fase de
bauxitizacdo, no entanto, entre 28 e 50 Ma a segunda fase de bauxitizacdo esta atrelada
as bauxitas porcelanadas de topo de perfis. A autora ainda advoga que sdo necessarios

50 Ma de anos para a formacéo de bauxita na regido Amazonica.

4.3  Historico dos principais depositos de manganés e bauxita da Amazénia

Na atual conjectura, o Brasil € um dos grandes produtores de manganés e
bauxita. Detém cerca de 4,6 bilhdes de toneladas de manganés, 10% das reservas
mundiais, atras apenas da Ucrénia (24%), Africa do Sul (22%) e Australia (16%); e 7,5
bilhGes de toneladas de bauxitas, terceira maior reserva mundial, atrds de Guiné (25
bilhGes de toneladas) e Australia (9,8 bilhGes de toneladas) (DNPM, 2017)

Na Amazbnia, a corrida mineral teve inicio em 1945 com a descoberta de
manganés na Serra do Navio, no Amap4; ouro, no Tapajds, e, 1957 com o ferro de
Carajas, no Pard. Em meados da década de 1960, grandes depositos de bauxitas foram
reconhecidos sobre rochas siliciclasticas da bacia do Amazonas e Parnaiba

(Paragominas, Almerim, Porto Trombetas e Juruti), alguns destes operam até hoje.

4.3.1 Manganés
O Mn hospedado em rochas sedimentares ou associado a BIFs tende a formar

depdsitos grandes a gigantes (média de 51 Mt e 31% de MnO) (Roy, 2006; Maynard,
2010). Quando sequéncias sedimentares manganesiferas sdo metamorfizadas, minerais
primarios sdo convertidos em silicatos ou carbonatos de Mn (p. Ex., rodonita,
espessartita, Mn calcita, tefroita) e podem formar depdsitos pequenos ou grandes (<1
Mt a 43 Mt) (Roy & Purkait , 1968; Rodrigues et al., 1986; Nicholson et al., 1997,
Chisonga et al., 2012). Contudo, a acdo do intemperismo sobre 0 minério primario
aumenta os teores de MnO, produz novos minerais e/ou os remobiliza em ambiente
supergénico dando origem a uma segunda fase de precipitacéo.

Deste modo, os principais depdsitos de Mn da Amazonia (Mina do Azul, Serra
do Navio e Buritirama) estdo associados a sequéncias sedimentares Proterozoicas
depositadas em ambiente marinho (Formagdo Aguas Claras, Formagao Serra do Navio e
Grupo Buritirama, respectivamente), que permaneceram inalterados ou foram
submetidas a metamorfismo de facies anfibolito. O manganés da mina do Azul (65 Mt
de MnO), regido de Carajas, Pard, esta hospedado em arenitos finos e siltitos brancos a
vermelhos com camadas lenticulares de siltito cinza a folhelhos ricos em matéria

organica, MnO e rodocrosita (Anderson et al. 1974; Costa et al. 2005). De acordo com
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Costa et al. (2005), o minério primario é composto em ordem de abundancia por
criptomelana, todorokita e hollandita, o que Ihes confere assinatura quimica com média
de 40% de MnO; 10% de Al,O3; 6% de Fe,O3, e 1,5% de K,O. Sobrepondo 0 minério
primario, os produtos do enriquecimento supergénico gque contém manganés Sao o
saprolito e a crosta lateritica de carater brechdide, nodular e macica. Enguanto no
saprolito, criptomelana, hollandita, todorokita, nsutita e pirolusita sdo os principais
minerais, na crosta lateritica a litioforita € mais abundante. Nestes horizontes a
composicao quimica média € de 63-50% de MnO; 11-7% de Al,Og3; 13-4% de Fe,0g3, €
1,5-1% de K;0.

O manganés das minas de Serra do Navio e Buritirama estdo relacionados a
Xistos, marmores e gonditos. Em resumo, o intemperismo de gonditos portadores de
granadas com Mn (espessartita), xistos com silicatos de Mn (tefroita e rodonita) e
marmores ricos em rodocrosita formou 50-60m de alteracdo supergénica com 44-48%
de MnO e cerca de 31Mt (Rodrigues et al. 1986; Scarpelli & Horikava, 2017). O
principal mineral de minério no pacote supergénico é criptomelana, enquanto que
pirolusita, manganita e litioforita ocorrem subordinados (Valarelli, 1967).

A mina de Buritirama é a de menor porte dentre as duas ultimas, com reserva
estimada em 19Mt e teor de MnO superior a 40%. O protominério € classificado como
do tipo gondito com componente silicatico significativo, em contraposi¢cdo ao minério
carbonatico denominados “queluziticos” de Serra do Navio (Machamer, 1987). A
paragénese mais frequente no protominério ¢ ampla e envolve braunita (Mn,O3),
bixbyita ((Mn,Fe),03), hausmanita(MnO,), carbonato (Mn calcita e Mn-Kutnahorita),
piroxendides manganesiferos (piroxmangita e rodonita), alabandita (MnS), tefroita,
pirofanita e espessartita (Bello, 1978). Apesar da variedade mineraldgica portadora de
Mn no protominério, 0 minério oxidado, supergénico, é composto por criptomelana,

litioforita e nsutita.

4.3.2 Bauxita
As primeiras ocorréncias de bauxitas na regido Amazonica foram reportadas em

meados de 1950 quando as empresas Kaiser Aluminium Company e Rio Tinto Zinc
Company intensificaram as pesquisas de bauxitas na regido oeste do Pard e
Paragominas. Os depdsitos de grande porte de bauxita provém de rochas siliciclasticas

das formacbes Alter do Chao e Itapecuru/Ipixuna, enquanto que os de menor porte
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associam-se a granitos, riolitos, basaltos, xistos e gnaisses proterozéicos (Costa et al.
1997; Peixoto & Horbe, 2008; Costa, 2007).

Segundo Dennen & Norton (1977), Grubb (1979), Kotschoubey & Truckenbrodt
(1981) e Kotschoubey et al. (2005) a formacdo dos perfis bauxiticos esta associada a
evolucéo polifasica em dois eventos de bauxitizacdo distintos: i) bauxitizacdo completa
das rochas sedimentares seguido de ferruginazacdo em condi¢bes podzélicas e uma
segunda fase de bauxitizacdo nas zonas de fratura; i) formagao e retragdo parcial do
saprolito e da crosta ferro-aluminosa com posterior desenvolvimento do horizonte
bauxitico com quatro facies de bauxita que se formaram a partir do zoneamento
regional. Kotschoubey et al. (2005) advoga que a primeira fase de bauxitizacdo em
Paragominas esta situada entre o Paledgeno até o inicio do Oligoceno, enquanto a
segunda se estende do final do Oligoceno até o inicio do Mioceno, por outro lado,
Horbe (2014) afirma com base em paleomagnetismo que o fim do Cretaceo, ha cerca de
80 Ma, é o inicio da formacéo do perfis bauxiticos.

O maior depoésito de bauxita da regido amazbnica em operacdo é de
Paragominas, com 1249 Mt em reserva, seguido de Porto Trombetas (955 Mt), Rondon
do Para (642Mt) e Juruti (196Mt) (DNPM, 2010; Oliveira et al. 2016). Os principais
constituintes mineraldgicos dos perfis bauxiticos sdo gibbsita, goethita, hematita,
caulinita, anatasio e rutilo, por isso, estes depdsitos tém entre 31 a 61% de Al,O3; 3 a
35% de Fe,03, 1 a 30 % de SiO; e até 2% de TiO, (Tabela 2).

Tabela 2: Principais caracteristicas dos principais depositos de bauxita da regido Amazonica,
segundo Boulangé & Carvalho (1997), Kotschoubey et al. (2005), Lucas (1997), DNPM
(2010), Costa et al. (2014) e Oliveira et al. (2016).

Depdsitos Paragominas Porto Rondon do Juruti
Trombetas Pard
Litoestratigrafia Formagéo Formacéo Alter Formagéo Formac&o Alter do
Itapecuru do Chéao Itapecuru Chéo

Bacia Paranaiba Amazonas Parnaiba Amazonas

Tonelagem 1249 Mt 955 Mt 642 Mt 196 Mt
Al,O3 31-54% 47-61% 39-52% 44-54%
Fe,0; 3-35% 5-25% 15-35% 4-23%
SiO, 7-30% 1-8,5% 4-11% 7-17%
TiO, 1,3-2% 0,7-2,7% 1,-1,4% 1,5-2%
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CAPITULO Il1: LOCALIZACAO E ACESSO, MATERIAS
E METODOS CONTEXTO GEOLOGICO E
GEOMORFOLOGICO LOCAL.
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5 LOCALIZACAO E ACESSO

A érea do presente estudo, com cerca de 19000 Km?, localiza-se no sudeste do
estado do Amazonas, é delimitada por um poligono que compreende as coordenadas
7°45°S e 6°45°S e 61° e 59°30° W inserido nas folhas Sumauma (SB.20-Z-D), Mutum
(SB.20-Z-B), Rio Acari (SB.21-Y-C) e Vila Porto Franco (SB.21-Y-A) entre 0s
municipios de Apui e Nova Aripuana (Figura 3). O acesso, partindo de Manaus (505
Km), é feito via taxi aéreo até a cidade de Apui. Apui se liga ao restante do Brasil pela

BR-230 (Transamazonica), essa estrada, a AM-174 (Apui-Nova Aripuand) e vicinais

adjacentes, o rio Aripuana e afluentes foram percorridos para estudar a regiao.
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Figura 3: Mapa de localizagdo da regido de estudo e de pontos coletados.
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6 MATERIAIS E METODOS

6.1 Composicdo mineral, quimico-mineral e geoquimica.

O mapeamento lateritico da regido sudeste do Amazonas consistiu na coleta de
121 amostras de rochas vulcanicas, arenitos, siltitos, crostas lateriticas e solos (Tabela 3
e 4) ao longo da BR-230, das vicinais adjacentes a cidade de Apui e dos rios Aripuana e
Jatuaraninha. Destas amostras, foram selecionadas 56 para estudo de detalhe. A
composi¢do mineral foi determinada por microscopia Otica, difracdo de raios-x foi
realizada no Departamento de Geociéncias da Universidade Federal do Amazonas,
enguanto que as analises de microscopio eletrénico de varredura (MEV) e microssonda
eletronica (ME) foram realizadas no Instituto de Geociéncias da Universidade de
Brasilia. Nas determinag¢6es mineralédgicas por difragdo de raios-X (DRX) foi utilizado
0 método do pé em amostra total em difratbmetro (Shimadzu XRD-6000) equipado com
tubo de cobre acoplado, com angulo de varredura entre 5 e 60° 26. A morfologia e a
composicdo quimica (semi-quantitativa) foram obtidas por MEV (Quanta FEI 250),
ap6s montagem dos fragmentos de rochas e crostas em stubs de aluminio e metalizacao
por Au-Pd. As determinagBes da quimica mineral foram realizadas por microssonda
eletronica (ME) apo6s confeccdo de secBes polidas, metalizacdo por carbono e analise
percentual de SiO,, Al,O3, Fe,03, MgO, CaO, Na,O, K,0, MnO,, P,0s, CuO, CoO,
BaO, PbO e V,0s presentes em cada fase mineral.

As andlises quimicas foram determinadas em 56 amostras realizadas no
laboratério Acmelab, Vancouver Canada (Tabela 3). Os elementos maiores e menores
(SiOy, Al,O3, Fe,03, MgO, Ca0, Na,0, K;0, TiO,, P,0s e MnO) foram determinados e
quantificados por ICP-ES em fusdo com metaborato de litio e digestio com HNOg, a
perda ao fogo por gravimetria, os tracos (As, Ag, Ba, Be, Co, Cu, Ga, Hf, Mo, Nb, Ni,
Pb, Rb, Sc, Sr, Ta, Th, U, V, Y, Zn, Zr, La, Ce, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Tm,
Yb e Lu) por ICP-MS em fusdo com metaborato/tetraborato de litio.

O fracionamento dos ETR foi normalizado em relagdo ao condrito de Taylor e
McLennan (1985) e as razbes Eu/Eu*, Ce/Ce*, Th/Tb* e Gd/Gd* de acordo com as

equacoes:

1: Eu/Eu*= (Eu/0.087)/[(Sm/0.231)x(Gd/0.306)]*
2: Ce/Ce*= (Ce/0.957)/[(La/0.367)x(Pr/0.137)]"
3: Th/Tb*= (Th/0.06)/[(Gd/0.31)x(Dy/0.38)]*?
4: Gd/IGd* = (Gd/0.31)/[(Eu/0.087)x(Th/0.06)]"?
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5: (La/Yb)n= (La/0.367)/(Yb/0.250)
6 : (Gd/Yb)n= (Gd/0.31)/ (Yb/0.250)

Tabela 3: Localizagdo dos perfis e demais pontos amostrados utilizados para determinacdo
mineraldgica e analises quimicas, totalizando 56 amostras. X- realizadas, x*- realizadas apenas
as amostras A2, B2 e S6, N- ndo realizadas

Sigla da amostra Tipo de amostra Latitude Longitude An?f::?}isr;gg}qclgzs € Isgtrosc’)j dde Is(;)éog)g) s
Perfil P1 ou Novo Natal (9 amostras)
S7 Solo 6°58'35.4" 60°30'51.55" X X X
Pi2 Crosta Mn 6°58'40.3" 60°31'8.7" X X X
Pil Crosta Mn 6°58'36" 60°31'2.4" X X X
Pp2 Crosta Mn 6°58'42.2" 60°31'6.3" X X X
Ppl Crosta Mn 6°58'42.6" 60°32'7" X X X
M1 Crosta Mn 6°58'36.7" 60°30'52.5" X X X
A3 Grauvaca Mn 6°58'26.3" 60°29'35.3" X X X
PS Siltito Mn 6°58'29.3" 60°29'38.3" X X X
R Rocha vulcanica 6°58'22" 60°30'3" X X X
Perfil P2 ou Apui (3 amostras)
Perfil Apui ou P2 (VB, Crosta Mn-Fe-Al oEQing 11 P —
\?T ¢ S5) ( e solo 6°5828.1 60°29'36.5 X X X
Perfil P3 ou Beneficente (6 amostras)
Perfil Beneficente ou P3
(A2,B1,B2,B3,B4,86 |  oraaMn, 7°521" 60°4546" X X* N
e S6) rosta Mn e solo
Perfil composto P4 (5 amostras)
C3 Crosta ferruginosa | 7°19'38.2" 59°48'38.4" X X N
Bauxita/Crosta onqiEAn P —
Bx, C7 e S4 Fe/Solo 7°21'54 59°52'42.7 X X
\Y Rocha vulcanica 7°21'14.2" 59°48'54" X X
Perfil composto P5 (7 amostras)
S3 Solo 6°58'2" 59°49'57" X X N
Cc2 Crosta ferruginosa 6°58'0.8" 59°49'54.9" X X N
B1Ae S2 (parte do perfil Bauxita e solo 07°8'6.79" 59°34'32.4" X X
composto P5)
Q2,B1Ce S2 RObCha sedimentar, | 70,5 g 59°34'32.4" X X N
auxita e solo
Perfil composto P6 (9 amostras)
C4 Crosta ferruginosa | 7°17'27.8" 59°58'12.8" X X N
C1 Crosta ferruginosa 7°8'27.9" 59°47'4.3" X X N
C6 Crosta ferruginosa | 7°17'32.7" 60°5'16.6" X X N
Q4 Rocha sedimentar 7°1'5.4" 59°54'7.9" X X N
G6 Rocha sedimentar 7°17'21.7" 59°58'13.7" X X N
G5 Rocha sedimentar 7°27'40.8" 60°21'1.5" X X N
G4 Rocha sedimentar 7°22'3.6" 60°17'17.4" X X N
G2 Rocha sedimentar 7°15'12.5" 59°56'15" X X N
Gl Rocha sedimentar 7°13'48.9" 59°50'33.5" X X N
Perfil Holanda (6 amostras)
Perfil Holanda (A1, ML, Grauva Mn, SO o pminan
H1, H2, H3(e H4) Crosta Mn e solo 7821 60°4226 X N N
Perfil Z¢é Julido (8 amostras)
Perfil Z¢é Julido (Z1 a Z8) Colivio Mn 6°57'59.5" 59°48'20.8" X N N
Qutras amostras coletadas (3 amostras)
Q1 Rocha sedimentar 7°3'6.7" 59°32'33.5" X X N
QA Rocha sedimentar 7°12'14" 60°38'54.3" X X N
Q3 Rocha sedimentar 7°2'15.5" 59°46'33.9" X X N
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Tabela 4: Pontos amostrados em que nao foram realizadas analises quimicas e mineralégicas

Pontos de controle (65 amostras)

Tipo de amostra Latitude Longitude | Tipo de amostra Latitude Longitude
Crosta Mn-Fe-Al 7°18'53" 59°53'12.5" | Rocha vulcanica | 7°21'46.2" | 59°53'37.7"
Crosta ferruginosa 7°7'4.1" 59°3529.8" Crosta Mn 7°19'44" 60°11'32.4"
Crosta ferruginosa | 7°21'0.2" 59°51'18.1" Crosta Mn 6°58'36.7" 60°30'58"
Crosta ferruginosa | 7°19'38" 59°48'22.2" Crosta Mn 6°58'37.3" | 60°30'53.5"
Crosta ferruginosa 7°19'39" 59°46'56.3" Crosta Mn 6°58'36.1" | 60°30'53.4"
Crosta ferruginosa | 7°17'17.2" | 59°43'30.6" Crosta Mn 7°20'8.2" 60°7'5.3"
Crosta ferruginosa | 7°16'56.8" | 59°47'28.7" Crosta Mn 7°20'5.5" 59°44'7"
Crosta ferruginosa | 7°13'26.3" | 59°52'21.2" Bauxita 7°21'32.19" | 59°51'18.4"
Crosta ferruginosa | 7°1321" 59°52'22.5" Bauxita 7°17'58.9" 59°45'55"
Crosta ferruginosa | 7°19'66.5" | 59°55'21.21" Bauxita 7°21'32.18" | 59°51'18.39"
Crosta ferruginosa | 7°21'46.15" | 59°5323.8" Bauxita 7°20'54.85" | 59°54'58.1"
Crosta ferruginosa | 7°20'30.2" | 59°53'41.3' Bauxita 7°21'46.76" | 59°54'34.8"
Crosta ferruginosa | 7°19'47" 59°54'13.4' Bauxita 7°3'4.3" 59°37'51.7"
Crosta ferruginosa | 7°20'10.3" 59°51'18" Bauxita 7°2'26.7" 59°39'41"
Crosta ferruginosa | 7°19'45.3" | 59°51'19.9" Bauxita 7°3'17" 59°33'41"
Crosta ferruginosa | 7°18'51.1" | 59°53'53.4" Bauxita 7°4'43.1" 59°35'24.4"
Crosta ferruginosa | 7°20'10.5" | 59°58'22.8" Bauxita 7°6'43.1" 59°30'53.5"
Crosta ferruginosa | 7°3'53.7" 59°44'8.8" Bauxita 7°5'11.29" 59°34'5.6"
Crosta ferruginosa 7°10'43" 59°50'3.8" Bauxita 7°20'50.6" | 59°59'29.9"
Crosta ferruginosa | 7°6'37.6" 59°31'28.9" Bauxita 7°21'44" 60°0.4'
Crosta ferruginosa | 7°14'12.8" 59°55'9.6" Bauxita 7°21'54" 59°58'21"
Crosta ferruginosa | 7°18'34" 60°10'30.2" Bauxita 7°23'47" 59°57'
Crosta ferruginosa | 7°20'8.7" 60°13'34.9" Bauxita 7°24'16" 59°59'23"
Crosta ferruginosa | 7°21'4.9" 60°15'26.8" Bauxita 7°25'25" 60°0.8'
Crosta ferruginosa | 7°27'9.4" 60°20'56.4" Bauxita 7°26'24" 59°59'20.4"
Crosta ferruginosa | 6°5823" 60°29'34" Bauxita 7°27'39.6" 60°0.12'
Rocha sedimentar | 7°23'4.9" 60°32'34.2" Bauxita 7°23'22.8" | 59°58'15.6"
Rocha sedimentar 7°23'5" 60°194'34.6" Solo 7°20'37.96" | 59°51'19.7"
Rocha sedimentar | 7°22'55.5" | 60°18'41.3" Solo 7°19'42.9" | 59°55'30.2"
Rocha sedimentar | 6°58'16.5" 60°29'25" Solo 7°11'11" 59°48'32.3"
Rocha vulcanica | 7°21'12.7" 59°49'6.3" Solo 7°6'18.9" 59°29'20.4"
Rocha vulcanica 6°58'19" 60°29'52" Solo 7°21'16.5" | 59°59'48.8"
Solo 7°5'0.2" 59°34'17.2"

6.2 Meétodos radiométricos Sr-Sr, Sm-Nd e Pb-Pb

36 amostras de rochas vulcanicas, crostas lateriticas e solos relativas aos perfis
P1, P2, P3, P4, P5 e P6 e trés quartzo arenitos (Q1, QA e Q3)(Tabela 3) foram
escolhidas para analises de Nd e Sr. As concentracdes de Sm e Nd e dos is6topos de Sr
e Nd foram quantificadas por TIMS (Thermo - lonization Mass Spectrometry)
obedecendo os procedimentos de Gioia & Pimentel (2000). O processo consiste na
separagdo de 20 a 40 mg de amostra, seguidos de dois estagios de dissolugdo acida em
chapa aquecedora, para isto utiliza-se HNO3 e HF na primeira fase e 6N HCI na
segunda. Sr e ETR foram separados em colunas de troca catidnica, com auxilio de
resina AG50W-X8. O Nd foi isolado dos ETR em resina AG50-X2. Sr, Nd e Sm foram
medidos separadamente em filamento de tungsténio com solucdo de TaF. Nd foi
depositado em filamento duplo de rénio com H3PO, (0,1 M) e medido como metal Nd *.
As medidas de **Nd/***Nd sdo apresentadas em partes por 104 (unidades) de
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3Nd/A*Nd CHUR como medidas atuais: eNd(0) = [(143Nd/144Nd)amostra/ lchur@) — 1] *
10%, de modo que, “*Nd/***Ndamesra € a razdo atual medida e lchure) (0,512638)
representa a razdo **Nd/“**Nd no reservatério CHUR no presente (Jacobsen &
Wasserburg, 1980). A incerteza analitica é de 0,0004% e 0,05% para “**Nd/***Nd e
YSm/**Nd, respectivamente.

Para as anélises dos isétopos de Pb (*°°Pb/*Pb, *’Pb/®Pb e 2°%Ph/**Pb),
foram selecionadas onze amostras dos perfis P1 e P2 (Tabela 3), dentre crostas
manganesiferas, mangano-alumino-ferruginosas e solos, todas analisadas no Centro de
Pesquisas Geocronoldgicas da Universidade de Séo Paulo (USP), Sdo Paulo, Brasil.
Aliguotas de 20-40 mg de amostras foram digeridas a quente com HF/HNO3; e HCI 6N.
O Pb foi purificado com resina aniénica BioRad AG1-X8 condicionada em HBr e, ap0s
secar, foi misturada a silica gel e &cido fosforico e depositada em filamento de Re e
quantificado num espectrdmetro de massa com ionizacdo térmica (TIMS) modelo
Finnigan MAT 262. Baseado em multiplas analises de um padréo de Pb (NBS-981), as
amostras foram corrigidas para o fracionamento de massa de 0.13% por unidade de
massa atdmica. Para o desvio padrdo (1s) foi utilizado *°Pb/**Pb = 16,898 + 0,008;
207pp/?%Ph = 15,439 + 0,010 e *®®Pb/***Pb = 36,535 + 0,032.

6.3 Termocronologia (U-Th)/He

Para a datacdo por (U-Th)/He foram selecionadas duas amostras, a crosta
lateriticas Fe-Al brechdide (C6) e da bauxita pisolitica (B1A). A escolha das amostras
foi definida com base no substrato sobre as quais foram desenvolvidas, tendo em vista
que a crosta lateriticas Fe-Al brechoide (C6) se formou a partir das rochas sedimentares
do Grupo Alto Tapajos, e a bauxita pisolitica (B1A) tem por protolito as rochas
sedimentares do Grupo Beneficente.

Ap0s a caracterizacdo mineraldgica, pisolitos hematiticos e cértex goethiticos
foram separados das crostas lateriticas com auxilio martelo geoldgico. Os fragmentos de
hematita e goethita dos nucleos e cortéx dos pisélitos foram desagregados
cautelosamente em almofariz de 4gata e peneirados no intervalo de 150 a 212 um, a fim
de eliminar o efeito de ejecdo alfa reportado por Farley et al. (1996). Cerca de 40
fragmentos foram selecionados e levados para ultrassom onde foram lavados com agua
tri destilada e etanol absoluto (1 hora cada), e secos sob lampada. ApoOs secos, seis

fragmentos homogéneos de hematita e goethita de cada amostra foram escolhidos
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minuciosamente em lupa binocular e montados em tubos de Nb, evitando sempre
inclusdes de argilominerais e outras fases minerais.

*He, #%U e #*2Th foram medidos por espectrometria de massa por diluicdo
isotépica (quadrupolo e ICP-MS, respectivamente). *’Sm, um possivel produtor de
particulas alfa, ndo foi detectado em amostras piloto e, portanto, ndo foi incluido na
analise de rotina. A extracdo do “He foi realizada sob alto vacuo por laser Nd-YAG e
analisado em espectrometro de massa Pfeiffer Prisma QMS-200, no CSIRO
(Commonwealth Scientific and Industrial Research Organisation), John de Laeter
Centre for Isotope Research, Perth, Australia. A temperatura de extracdo dos 6xidos de
ferro foi estabelecida em ~500 °C (por 10 min), para evitar perda de U, mudancas
mineraldgicas e na composi¢do dos is6topos pais (Boschmann, 1986; Wernicke, 1991;
Bahr et al., 1994; Vasconcelos et al., 2013). Assim, todas as amostras foram
desgaseificadas no primeiro ciclo de aquecimento, ndo restando gases residuais durante
a re-extracio. E importante destacar que a baixa temperatura utilizada também serviu de
controle para a presenca de inclusbes como rutilo e zircdo, uma vez que esses minerais
podem ser desgaseificados acima de 500 °C e sua presenca seria identificada como sinal
residual de “He durante a re-extracdo. A re-extracdo (Farley, 2002) foi executada para
verificar a saida completa de gas das amostras. Os resultados do gas He foram
corrigidos para o analitico branco ao aquecer os tubos de Nb vazios seguindo 0 mesmo
procedimento.

A incerteza analitica total (TAU < 6% (1 sigma) foi calculada como uma raiz
quadrada da soma dos quadrados das incertezas em He e ponderadas nas medicdes de U
e Th. As idades (U-Th) / He ndo foram corrigidas para a ejecéo alfa (Farley et al., 1996)
e para a perda difusiva (Shuster et al., 2004).

6.4  Aerogeofisica

As imagens gamaespectométricas foram obtidas pela  Prospectors
Aerolevantamentos e Sistemas LTDA como parte de dois projetos aregeofisicos
(Aripuand e Sucunduri) do Servigco Geologico Brasileiro (CPRM, 2010 a e b). Os
levantamentos aerogeofisicos recobriram 19000 Km? de perfis aeromagnetométricos e
aerogamaespectrométricos de alta resolucéo, com linhas de voo e de controle espagadas
de 0,5 km e 10 km e orientadas nas diregdes N-S e E-W, respectivamente. A altura de
voo foi fixada em 100 m sobre o terreno, admitindo-se variacfes de mais ou menos 15

m.
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O processamento dos dados foi desenvolvido no escritério sede da Prospectors
Aerolevantamentos e Sistemas Ltda., Rio de Janeiro-RJ e envolveu a aplicagdo de
rotinas do sistema Oasis Montaj versdo 6.4.1, utilizado para a compilagdo das
informacdes coletadas e apresentacdo dos resultados na forma de mapas nas escalas
1:100.000, 1:250.000 e 1:500.000, arquivos de banco de dados e grids. Os produtos que
gerados pela interpolacdo das imagens dos canais eU, eTh e K e das razdes eU/K e
eTh/K e, permitiram a geracdo de composicdes ternarias de K, eTh e eU (RGB) e de
Th/K, SRTM and eU/K (RGB). Para estes procedimentos foram usados os software
ArcGIS 10.2 e Geosoft 8.3 para processar as imagens geofisicas e as composi¢des
ternarias dos canais e das razdes. Os dados estatisticos serdo realizados com o auxilio do
software Statistica 9.

6.5 Elaboragdo de mapas e perfis topogréaficos

Mapas geologicos, de localizacdo e topogréaficos foram elaborados pelo software
Arcgis 10.1 com o auxilio de imagens SRTM (Shuttle Radar Topography Mission) com
resolucdo espacial de 30 m, realizada em fevereiro de 2000. A base de dados
litoestratigrafica utilizada foi a de CPRM (2006, 2013, 2014 e 2015) referente as folhas
Sumauma (SB.20-Z-D), Mutum (SB.20-Z-B), Rio Acari (SB.21-Y-C) e Vila Porto
Franco (SB.21-Y-A).

7 CONTEXTO GEOLOGICO E GEOMORFOLOGICO LOCAL

A érea de estudo esté localizada na regido sudoeste da Amazonia, Brasil, entre
7°45°S e 6°45°S e 61° e 59°30° W (Figura 4 ¢ 5). O clima é quente e Umido, e um
pouco mais seco de maio a setembro. A temperatura anual média varia de 25 a 27° C, a
umidade relativa é de aproximadamente 85% e a precipitacdo anual é de 2336 mm/ano.
Esta inserida nos dominios tectonoestratigraficos Juruena (1,85-1,75 Ga) e Roosevelt-
Aripuand (1,76-1,74 Ga) da Provincia Rondonia-Juruena (Santos et al. 2003; Santos et
al. 2006) no contato do embasamento Paleoproterozoico e a Bacia Alto Tapajos de
idade siluro-devoniana (Reis, 2006; Reis et. al 2013) (Figura 4).
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Figura 4: Regido estudada enquadrada no Escudo Brasileiro, Provincia Ronddnia-Juruena,
Dominio Roosevelt-Juruena do craton Amazonas (Santos et al. 2006).

Afloram rochas vulcanicas do Grupo Colider e vulcano-sedimentares e
sedimentares do Supergrupo Sumauma e do Grupo Alto Tapajos respectivamente
(Figura 5). As rochas do Grupo Colider (idade U-Pb 1,787-1,805 Ga) ocorrem a sul e na
porcdo noroeste da area estudada, sdo dominantemente vulcénicas (riolitos, dacitos e
riodacitos predominantemente), com alguns corpos subvulcanicos associados (Lacerda
Filho et al. 2001; CPRM, 2014 e 2015) (Figura 5). Intrusivos ao embasamento
vulcanico ocorrem batolitos graniticos referentes as suites intrusivas Teoddsia e
Igarapés das Lontras. A suite intrusiva Teoddsio (1,758-1,757 Ga) é subdividida nas
facies graniticas, granodioritica-tonalitica e quartzo-dioritica com assinatura
peraluminosa a metaluminosa com trend célcio alcalino de alto K, afetadas localmente
por cisalhamento dictil (Reis et al. 2013; CPRM, 2014 e 2015, Figura 5). A suite
intrusiva lgarapé das Lontras (1,754 Ga) relne monzo a sienogranitos com
subordinados alcali-feldspato granitos, quartzo monzonitos e quartzo sienitos. Ha ainda,
corpos subvulcanicas e ignimbritos associados a caldeiras e raros cataclasitos, milonitos
e filonitos (Reis et al. 2013; CPRM, 2015). Intrusivos a estas suites graniticas ocorre a
suite intrusiva Serra da Providéncia (1,57-1,53 Ga). Nesta, predominam monzogranitos
equigranulares a porfiriticos com textura rapakivi, subordinados siengranitos e raros
alcali-feldspatos granitos. Ha ainda, granitéides a piroxénio deformado e gabronoritos
associados (Scandolara 2013; CRPM, 2014 e 2015, Figura 5).
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Figura 5: Mapa geoldgico da regido estudada (CPRM 2014; 2015). Retangulo vermelho esta
relacionado ao mapeamento em andamento da regido sudeste do Amazonas

A estruturacdo em grabens do Grupo Colider e das suites intrusivas Teodosia e
Igarapé das Lontras serviu de fonte e receptaculo estrutural para a deposicdo das
sequéncias vulcano-sedimentares e sedimentares proterozoicas e paleozoicas,
respectivamente. O mapeamento da regido esta em andamento pela CPRM (Servico
Geoldgico do Brasil) e ndo ha ainda integragdo dos resultados entre os mapas o que
impede a apresentacdo de um mapa detalhado. Os dados disponiveis indicam que o
Supergrupo Sumauma é constituido pelos Grupos Vila do Carmo e Beneficente (Figura
5).

O Grupo Vila do Carmo, fase rifte da Bacia do Sumauima, retine unidades
vulcanoclasticas, piroclasticas e clasticas que ocorrem sob a forma de ritmitos e quartzo
arenitos (Reis et al. 2013). Reis et al. (2013) estabeleceram idade méxima entre 1,76 e
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1,74 Ga ao Grupo Vila do Carmo por meio do estudo de zircdo detritico, enquanto que
CPRM (2014- Folha Mutum) subdividiu a unidade nas formagdes Camail e Naldinho.
A Formacdo Camaiu atrelada as facies marinha rasa a deltaica distal, é constituida por
ritmitos formados por rochas vulcanoclasticas, clasticas e piroclasticas inter-
relacionadas. Por outro lado, a Formacdo Naldinho engloba arenitos roseos a
esbranquicados, médios a grossos, tabulares, com estratificagdes cruzadas festonadas e
lobos sigmoidais, sobrejacentes em discordancia angular aos ritmitos da Formacao
Camaiu. Soleiras e diques de olivina diabasio (Mata-Mata) e corpos de gabro com 1,57
Ga de idade, intersectam o Grupo Vila do Carmo (Betiollo et al. 2009).

O Grupo Beneficente (1,43- 1,08 Ga- pos rifte) que sobrepde o Grupo Vila do
Carmo, é constituido da base para o topo pelas formacdes Manicoré, Cotovelo e
Prainha/Tuiuié. A Formacdo Manicoré foi depositada em ambiente de leques e planicies
aluviais e é representada por ortoconglomerados a quartzo arenitos maci¢cos com
argilitos subordinados. A Formacdo Cotovelo foi depositada em ambiente de planicie de
maré e canais fluviais e relne quartzo arenitos silicificados, arroxeados a roseos. As
formacdes Prainha e Tuiuié sdo indivisas e compostas por arenitos subliticos e quartzo
arenitos intercalados por siltitos e argilitos, depositados em ambiente de dunas eolicas e
de washover (Reis et al. 2013; CPRM, 2014).

A bacia do Alto Tapajos é constituida pelo Grupo Alto Tapajos (Siluriano)
depositado em ndo conformidade sobre as rochas do Grupo Colider e Vila do Carmo,
apos a incisdo do graben do Cachimbo/Alto Tapajés. Compreendem arenitos finos a
médios com lentes conglomeréticas e siltitos laminados com intercalacfes de arenitos
finos, depositados em ambiente litoraneo e lagunar enquadrados nas formacgoes Rio das
Pombas e Juma, respectivamente (CPRM, 2013; Reis et al. 2013).

Os depdsitos nedgenos da area sao representados pela Formacdo Salva Terra
(conglomerados, arenitos conglomeraticos, argilitos mosqueados) no alto rio Acari.
Sobre as vulcénicas do Grupo Colider, ha coberturas lateriticas e coluvios formados por
fragmentos de crostas lateriticas a sul do estudo e proximo a cidade de Apui (CPRM,
2006; Reis et al. 2013). Também hé crostas e colGvios manganesiferos no rio Aripuana,
ao longo da BR-230 e ao sul de Apui (Silva et al. 2012). Os depdsitos Quaternarios sdo
representados por aluvides desenvolvidos ao longo das drenagens comportando areia,
cascalho, silte e argila (CPRM, 2006).

Essas unidades estabelecem dois compartimentos geomorfoldgicos: a direita do

rio Aripuand € classificado como Platés Dissecados do Sul da Amazénia e a esquerda
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do rio Aripuand, as Superficies Aplainadas da Amazonia (Figura 6A; Dantas & Maia
2010). Os pontos amostrados e a campanha de campo centraram-se na superficie
denominada Platos Dissecados do Sul da Amazonia. Estes sdo marcados por platos,
serras, colinas e planicies com forte dissecacdo pela incisdo da rede de drenagem
subdendritica a dendritica com padrdes retangulares, associadas aos grandes rios, como
Aripuand, Acari e Sucunduri. Os platos e serras, alongados na dire¢do NE-SW e NW-
SE alcangcam de 186 a 290 m de altitude, tém 4 a 21 km de extenséo por 2 a 10 km de
largura, enquanto as colinas tém topo céncavo, 134 e 186 m de altitude, atingem até
1km de extensdo e, por vezes, estdo alongadas nas mesmas direcdes dos platds (Figura
6B, 7A e 7B). Tanto os platds como as colinas s@o sustentadas por bauxitas e crostas
ferruginosas e ferro-aluminosas (Figura7). Vales em “U”, encostas ingremes e colinas
do entorno de Apui tém altitude entre 0 e 134 m, e é onde predominam rochas
sedimentares, vulcanicas e raras crostas manganesiferas (Figura 7D). Ha também perfis
truncados pela neotectonica, que expdem linhas de pedra e horizontes mosqueados nos
vales (Figura 8A, B e C)
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Figura 7: Tipos de relevo da regido estudada. A- serras alongadas e platds; B- colinas com topo
suave e arredondado; C- crostas lateriticas que sustentam o relevo colinoso e D- vales em
formato de U.
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Figura 8: A- Colavios falhados pela neotectonica (Silva, 2009). B e C- Exposicdo de linhas de
pedra e horizonte mosqueado
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CAPITULO IV: ARTIGO 1- GENESIS OF MANGANESE
DEPOSITS IN SOUTHWESTERN AMAZONIA:
MINERALOGY, GEOCHEMISTRY AND
PALEOENVIROMENT

O primeiro artigo foi publicado em 2017 no peridédico Ore Geology Reviews,
n°89, paginas 270 a 289. Este artigo reune dados mineraldgicos, geoquimicos e de
quimica mineral de cinco perfis lateriticos desenvolvidos sobre os Grupos Vila do
Carmo e Beneficente, sudoeste do Craton Amazonas.
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Chemical analysis, XRD, SEM and EMPA were carried out on five manganese deposits in southwestern
Amazonia, Brazil to determine their sources of Mn, their lithostratigraphic units, the environment in
which Mn accumulated during the Proterozoic and the effects of weathering (since the Late
Cretaceous) on the mineralization process. The sedimentary, hydrothermal and lateritic environments
in this area produced a wide and complex variety of structures, textures, minerals and geochemical fea-
tures, where coronadite, hollandite and romanechite, as the main Mn-minerals, changed their chemical

g?r' c‘;‘:;gist:e compositions during the lateritization process. In this context, during lateritization, more mobile ele-
Pb-hollandite ments (MgO, Ca0, Na,O and K,0) were removed, while concentrations of SiO,, Al;03, Fe;03, MnO, Pb
Romanechite and Co increased. The high concentrations of Cu, Pb, and Tl and the presence of positive Gd anomalies,
Hydrothermal galena, and nuggets of Ag and (Zn/Ni)/MnO; in both the protoliths and duricrusts indicate that the Zé

Julido, Apui and Novo Natal deposits record the influences of sulfide and hydrothermal activity. The
REE/(Zr/Hf) vs TiO, x 1000/(Co/Ni) ratios indicate that felsic and mafic rocks were the sources of Mn in

Lateritic duricrust

these samples.

1. Introduction

The mineralogical and geochemical parameters of manganese
minerals are useful for paleoenvironmental reconstructions of the
evolution of the atmosphere, the chemical compositions of ancient
oceans and the pH and Eh variations of depositional environments.
Additionally, they may have implications for their geochemical
environment, due to the ability of manganese to adsorb elements
such as Ba, Pb, Co, Cu, Ni, Ag and Zn (Frakes and Bolton, 1992;
Nicholson, 1992; Roy, 1992, 2006; Conly et al.,, 2011; Del Rio-
Salas et al., 2013).

Mn-enriched zones are derived from sedimentary, meta-
sedimentary and hydrothermal rocks and their weathered equiva-
lents; they range in thickness from a few meters to over 50 m and
laterally extend from a few meters to over 50 km (Force et al.,
1999).

Mn that is hosted in sandstones, greywackes, shales and con-
glomerates and is associated with BIFs tends to form large to giant
deposits (with average values of 51 Mt and 31% MnO) (Roy, 2006;
Maynard, 2010). When Mn sedimentary sequences are metamor-
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phosed, their primary minerals are converted into Mn silicates or
Mn carbonates (e.g., rhodonite, spessartite, Mn calcite, tephroite)
and they can form small or large deposits (<1 Mt to 43 Mt) (Roy
and Purkait, 1968; Rodrigues et al., 1986; Nicholson et al., 1997;
Chisonga et al., 2012). On the other hand, Mn deposits that are
associated with hydrothermal environments are rather small (< 4
Mt), because they are mostly restricted to epithermal zones and
occur as veins, breccias and irregular orebodies (O'Really, 1992;
Glasby et al., 2001; Liakopoulos et al., 2001; Leal et al.,, 2008;
Conly et al., 2011). The latter type of Mn deposit, which occurs in
the ocean floor and within ophiolite complexes, has a particular
geochemical composition and can be used to understand the
behavior of Mn in plate boundary zones. The circulation of warm
water through fractures removes Mn, Fe, Pb, Zn, Cu, Co and Ni from
volcanic rocks, thus forming deposits with large varieties of Mn
minerals (Roy, 1992, 1997; Maynard, 2014).

All of these types of Mn environments, when subjected to
weathering, generate supergene Mn ores with mineralogies and
geochemical compositions that are associated with the type of
Mn-bedrock that was weathered (Nicholson, 1992). Generally,
Mn orebodies are mined from Mn-rocks or Mn-lateritic duricrusts
(Rodrigues et al., 1986; Pracejus, 1989; Pracejus and Bolton, 1992;
Chisonga et al., 2012). When supergene Mn develops from a sulfide
mineralization sequence, it is classified as dubhite (Nicholson,
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1992) and can be used as a tool for sulfide surveys, due to the for-
mation of Mn-minerals that are enriched in trace elements, such as
coronadite, hetaerolite, chalcophanite, crednerite and Pb-
hollandite.

In southwestern Amazonia, Brazil, there are 261,300 ha that
require examination in Mn studies, where Mn is associated with
the sedimentary rocks and lateritic duricrusts of the Sumadma
Supergroup (Liberatore et al., 1972; Gongalves and Serfaty, 1976;
Fig. 1). Among them, only 179 ha have been investigated by BBM
Amazonas Ltd. (using trenches, wells and galleries) in seven
potential Mn-rich areas that contain 3.52 Mt of Mn (Cotovelo,
Beneficente, Rosinha, Fazenda Floresta, Novo Natal, Pretinho and

Zé Julido; Fig. 1). This paper describes the features of these Mn
deposits and their occurrences related to sedimentary, hydrother-
mal and supergenic environments, which may represent the 7.8%
of Mn deposits (Maynard, 2010) that have unusual mineralogies
(i.e., romanechite, hollandite and coronadite) and geochemical
compositions compared to the largest Mn deposits (e.g.,
Rodrigues et al., 1986; Okita, 1992; Pracejus and Bolton, 1992;
Cornell and Schutte, 1995; Gutzmer and Beukes, 1996; Costa
et al., 2005). In this study, these data facilitated the recognition
of the Mn source and its mineral and chemical transformations
due to the influence of lateritization. This study also discussed
the genesis of Mn ore, which helped improve the geological
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knowledge of Proterozoic rocks in Amazonia and highlight the
potential of VMS mineralization in this region. Moreover, this
paper proposed a new method of genetic classification and a new
method to estimate the amount of Mn-minerals present using geo-
chemical and XRD data.

2. Environmental and geological setting

The study area is located in the southwestern region of Amazo-
nia, Brazil, between 6-13°S and 59-62°W (Fig. 1). The climate is
hot and humid and is slightly drier from May to September. The
mean annual temperature ranges from 25 to 27 °C, the relative
humidity is approximately 85%, and the yearly rainfall is
2336 mm year .

This region, which is located in the Rondonia Juruena Province
(Santos et al., 2006; Fig. 1), contains a volcanic basement that is
related to the Colider Group (1.78-1.80 Ga). Intruding the volcanic
basement are the granitic bodies of the Teodosia (1.758-1.757 Ga)
and Igarapé das Lontras (1.754 Ga) suites, all of which are inter-
sected by the monzogranitic batholiths of the Serra da Providéncia
suite (1.57-1.53 Ga, Santos, 2003; CPRM, 2014). Two main basins
have developed over the volcanic basement and granitic bodies
(Reis et al., 2013; CPRM, 2014): the first was infilled by the rocks
of the Sumadma Supergroup, which comprise a Proterozoic
volcano-sedimentary sequence, while the second was infilled by
the rocks of the Alto Tapajés Group, which represent a Paleozoic
sedimentary sequence (Fig. 1).

According to Reis et al. (2013), the Sumatma Supergroup is
divided in the Vila do Carmo Group and the Beneficente Group.
The Vila do Carmo Group (1.76-1.74 Ga) comprises the rift phase
of the Sumatima Supergroup and contains volcanoclastic, pyroclas-
tic and clastic units and quartz-sandstones cut by the Mata-Mata
diabase (1.576 Ga) (Betiollo et al., 2009; Reis et al., 2013). The
post-rift phase is related to the Beneficente Group (1.43-
1.08 Ga), which overlaps the Vila do Carmo Group. The Beneficente
Group contains orthoconglomerates and massive quartz-
sandstones with rare mudstones deposited in alluvial fans and
floodplains; pinkish to purplish silicified quartz-sandstones that
were deposited in tidal plains and river channels; and sublitharen-
ites and quartz-sandstones intercalated with siltstones and mud-
stones that were deposited in aeolian and washover
environments (CPRM, 2013; Reis et al., 2013). The Paleozoic basin
(i.e., the Alto Tapajos Group) and Cenozoic deposits partially cover
the older units.

Weathering has developed iron and aluminous lateritic duri-
crusts that sustain a strongly dissected landscape formed by pla-
teaus and hills. On the edges of the low dissected plateaus (up to
134 m high) are where the Apui and Zé Julido Mn deposits crop
out (Fig. 2A, B); in the valleys and small hills (20-134 m high)
are where the Holanda, Beneficente and Novo Natal Mn deposits
crop out (Fig. 2A, B). The analysis of the drainage patterns and relief
revealed that all of these Mn deposits are located along NW-SE-
and NE-SW-trending structures (Fig. 2A).

3. Materials and methods

In this study, 14 samples collected from five Mn ore deposits
were analyzed. Additionally, 21 other samples previously
described by Silva et al. (2012) were reevaluated, and new miner-
alogical and geochemical data for these samples were provided.
These deposits were described based on the occurrence, textures,
structures and compositions of their minerals. The samples were
dried at room temperature, pulverized and submitted to mineral
identification using X-ray powder diffraction (Shimadzu XRD -
6000) equipped with a copper tube, as well as scanning electron

microscopy (SEM, Quanta 250 FEI) following Au-Pd metallization.
The electron microprobe analysis (EMPA, JEOL JXA8230) of pol-
ished thin sections provided chemical microanalysis (of SiO,,
Aleg, F8203, MgO, CaO. Nﬂzo, l(20, Ml'lOZ, ons, CUO, COO, BaO,
PbO and V,05) after carbon metallization. The OH content repre-
sents the result of 100% subtracted by the bulk sum of the elements
analyzed.

The bulk-rock geochemical analysis was done at Acmelab, Van-
couver, Canada. The concentrations of major and minor elements
(Si02. A|203. FEzO3. MgO, Cao, NaZO. K20. TiOZ, P205 and MnO)
were determined using ICP-ES after lithium borate fusion. For the
quantification of trace elements (Ag, As, Au, Ba, Bi, Be, Cd, Co, Cr,
Cs, Cu, Ga, Hf, Hg, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, Sr, Ta, Tl, Th,
U, V, W, Y, Zn, Zr and REE), 0.25 g of each sample was heated in
HNOj3, HCIO4, and HF until fuming and then taken to dryness.
The residue was dissolved in HCI and loaded onto an ICP-MS. The
loss of ignition (LOI) was analyzed by gravimetry (heated to
1000 °C).

The quantification of minerals involved stoichiometric calcula-
tions (Appendix). The mineral quantification associated with sta-
tistical analysis allowed us to relate the mineral assemblage to
the trace elements. For statistical analysis, the STATISTICA 9.0 soft-
ware and principal component analysis method (PCA) were used.
Elements that were below detection limit in most samples (i.e.,
MgO and Na,O) or that had very homogeneous contents (i.e.,
K;0, Ag and V) were not used in this statistical analysis. Geology
and relief maps were constructed using ArcGis 10 and Global Map-
per 13.

4. Results
4.1. Novo Natal deposit

4.1.1. Pinkish siltstone and Mn-greywackes

At Novo Natal, pinkish siltstones and Mn-greywackes crop out
(when Mn-greywackes and pinkish siltstone are discussed
together, they are referred to as Mn-rocks). These are interbedded
with acid tuffs and sometimes contain multiple quartz geodes that
are up to 2 cm in diameter. The pinkish siltstone (sample PS) has a
quartz framework (78% of the bulk rock) and displays a brecciated
texture associated with a series of NW-SE- and NE-SW-trending
fractures (Figs. 3 and 4A). The Mn-minerals that fill fractures and
make up 20% of the bulk rock are coronadite (12%), hollandite
(6%) and cryptomelane (approximately 2%) (Fig. 7A, Table 1). The
quartz framework also contains 2% hematite and goethite (Table 1).
Overlapping the pinkish siltstone is a tabular grayish Mn-
greywacke (sample A3) that is fine- to medium-grained, contains
well-sorted and rounded quartz grains (48%), and is supported by
a matrix of romanechite (26%), hollandite (23%) and cryptomelane
(1%) that is intersected by millimeter-scale veins of coronadite (1%)
(Figs. 3 and 4B, Table 1). Hematite and goethite (~2%; Table 1) fill
cavities and pores, while scarce nuggets of Ag (~15 pm) are wide-
spread throughout the matrix (Fig. 8A).

4.1.2. Mn duricrusts

From the pinkish siltstones and Mn-greywackes developed a
Mn lateritic duricrust that is up to 3.3 m thick. Laterally, there
are some phosphatic portions of the solid solution of crandallite
and goyazite (sample Pd) that preserve stratification
(Figs. 4C and 7B). The duricrust is massive (sample M1), pro-
topisolitic (samples Pp1 and Pp2) and pisolitic (samples Pi1 and
Pi2) (Fig. 3). The massive duricrust has a powdery and friable
framework featuring cryptomelane (34%), hollandite (25%) and
pyrolusite (24%) intergrown with gibbsite (14%) (Figs. 4D and 7C,
Table 1). Fractures and cracks are filled by pinkish and hard
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gibbsite, goethite and hematite. The protopisolitic duricrust is
bluish-grey, hard and has submetallic brightness (Fig. 4E). The
framework (comprising 60 to 80% of these duricrusts) is composed
of cryptomelane (6-14%) and coronadite (1-2%) (Table 1); how-
ever, in sample Pp1, the main mineral is hollandite (93%), whereas
the main mineral in Pp2 is romanechite (76%) (Fig. 7D, Table 1).
The few pisoliths (<1.5cm in diameter) have tinny cores and
frosted cortexes composed of the same minerals as the framework.
The cavities (comprising 20-40% of the duricrust) are filled with
gibbsite, quartz, kaolinite, goethite and hematite.

The pisolitic duricrust (sample Pi1) has reddish hematite and
gibbsite pisoliths (comprising 15-54% of the duricrust) surrounded
by pinkish gibbsite (30-40%) and kaolinite (6-15%) plasma (Fig-
s. 3 and 4F, Table 1). Hollandite (29%), cryptomelane (9%) and coro-
nadite (1%) fill voids and fractures (Table 1). In this Mn-plasma,
there are tiny and scarce crystals of galena (<10 um long; Fig. 8B).
The upper portion of the pisolitic duricrust (sample Pi2) contains
more goethite (27%) and hematite (27%) (Table 1). Close to the sur-
face, the Mn duricrust is dismantled, showing angular rounded
fragments and pisoliths in abrupt contact with oxisol. The yellow-
ish sandy clay oxisol (sample S7), which is 0.5 m thick (Fig. 3), is
composed of gibbsite, kaolinite, and quartz with subordinate
hematite and anatase. Similar material also covers the slopes.

4.2. Zé Julido deposit

4.2.1. Mn colluvium

Colluvium that is up to 6 m thick was developed from the red-
dish siltstone (Fig. 3). It is formed by angular fragments (up to
04 m in diameter) of hollandite (2-32%) and/or romanechite
(12-84%), coronadite (2-4%) and cryptomelane (1-5%) (Table 1,
Fig. 7E). It has a grayish-blue, dense and hard framework with
metallic brightness (Fig. 5A) or a grayish, sandy clay, friable, porous
and pulverulent framework with earthy brightness and moderate
density (Fig. 5B). As in Novo Natal, tiny and scarce galena crystals
occur. Cavities, fractures and fissures that are similar to those of
the Mn vermiform duricrust are filled by kaolinite, quartz, gibbsite,
goethite and hematite.

4.3. Apui deposit

4.3.1. Mn duricrusts

In this deposit, only vermiform duricrust (3 m) and oxisol (1 m)
outcrop (Fig. 3). At the bottom, the vermiform duricrust (sample
VB) has a bluish-brown skeleton, encompasses 54% of the bulk
crust, and is composed of cryptomelane, hollandite and coronadite
(27%), with minor amounts of goethite and hematite. Filling the
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skeleton is a pinkish plasma (comprising 46% of the crust) of gibb-
site (32%), kaolinite (13%) and rutile (1%) (Table 1). At the top (sam-
ple VT), the vermiform duricrust contains more hematite (38%) and
goethite (12%) than Mn-minerals (19%) (Fig. 5C and D, Table 1). The
orange sandy oxisol (sample S5) is composed of quartz (43%), gibb-
site (33%) and kaolinite (8%), as well as loose hematite pisoliths
with brown goethite coatings. Tiny crystals of cerianite (CeO,)
and galena that are 3-10 pm long are intergrown with acicular hol-
landite and gibbsite (Fig. 8C).

4.4. Holanda and Beneficente deposits

4.4.1. Mn-greywackes

These deposits (Fig. GA and B) are complementary and feature a
bedrock of grayish-blue, porous, medium- to coarse-grained Mn-
greywacke (samples A1-A2) that is up to 2.5 m thick in outcrops
(Figs. 3, 6C, D). The Holanda Mn-greywackes contain several Mn-
layers (up to 8 cm thick) of romanechite (77%), pyrolusite (16%)
and cryptomelane (3%) that are associated with kaolinite, hematite
and goethite (<2%) (Table 1). In both deposits, quartz grains (23%
and 33%, respectively) are moderately well- to well-sorted, sub-
rounded to subspherical and often fractured, with evidence of dis-
solution. The Mn-matrix in both deposits (64-75% of the bulk rock)
is composed of romanechite (63-74%) in both its acicular and
botryoidal forms (Fig. 7F). Cryptomelane, hematite, goethite and
barite (<20 um long, Fig. 8D) are subordinate minerals (<2%). In
the Mn-greywackes of the Beneficente Group, there is also whitish
kaolinite and hollandite and cryptomelane lenses that are up to
6 cm long. Underlying the Mn-greywacke of the Beneficente Group
is goethitic sandstone.

4.4.2. Mn duricrusts

From Mn-greywackes were developed lateritic vermiform duri-
crusts (samples H1 to H4 in Holanda and B1 to B4 in Beneficente)
with thicknesses ranging from 2 to 3.7 m (Figs. 3, 6E and F). The
skeletons of H1 and H4 are porous, have earthy brightness
and are composed of romanechite (35-60% of the bulk rock),

cryptomelane (1-2%), kaolinite (15-28%), quartz (6-20%), goethite
(8-12%) and hematite (6-7%) (Table 1). The Beneficente duricrust
is bluish, hard, has metallic brightness and is composed of romane-
chite (64-80% of the bulk rock), quartz (12-16%) and occasionally
pyrolusite (9-19%), as well as minor amounts of goethite (2-5%)
and hematite (1-2%). Toward the top occurs a layer (Pi6) that is
10 cm thick and contains red and orange pisoliths of hematite
(34%) and goethite (11%) that are sustained by gibbsite (17%),
kaolinite (12%) and traces of pyrolusite (<1%) (Fig. 3; Table 1). Cav-
ities (20%) are filled by kaolinite, goethite and hematite.

Oxisol is thin at Holanda and reaches a thickness of 8 m at
Beneficente (sample S6). It is yellowish, rich in quartz and kaolin-
ite, and contains vertical reddish spots that are hard and hematitic
(Fig. 3).

5. Geochemistry
5.1. Major and minor elements

Overall, in all samples, the contents of MgO and Na,O are
<0.01% (Table 2). The MnO content in the Mn-rocks ranges
between 12.96% and 46.93%, whereas in the Mn-layer of Holanda,
it reaches up to 68.95% (Table 2). In most of the duricrusts and col-
luvium fragments, MnO and Fe,03 are the main elements, although
their concentrations are highly variable (13.13-62.66% MnO and
2.17-50.02% Fe,03) due to the diversity in textures (i.e., massive,
protopisolitic and pisolitic) that control the mineral content. Near
the surface, the contents of Al,0s, TiO, and LOI increase due to
the amounts of gibbsite, kaolinite and anatase/rutile that are pre-
sent in the duricrusts and oxisols. The contents of P,Os up to
0.81% may be related to the solid solution of crandallite/goyazite
(Table 2).

5.2. Trace elements

The Mn-rocks and duricrusts record the highest concentrations
of Ba and Co (<205,541 and 2696 ppm, respectively) as well as Pb,
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Fig. 6. Macroscopic features of the manganiferous deposits. (A) Galery mine of Beneficente showing Mn-greywaCke, duricrust and oxisol. (B) Holanda outcrop showing the
lateral extension of Mn-greywacke and duricrust. (C and D) Mn-greywackes of Holanda (A1) and Beneficente (A2), respectively. (E) Vermiform duricrust overlying the Mn
greywacke of Beneficente (B1-B4). (F) Vermiform duricrust (H1-H4) overlying the Mn greywacke of Holanda.

especially in the Mn-rocks of Novo Natal (17,200-43,638 ppm)
(Table 3). The concentrations of other elements, such Sr, Cu and
Zr, must also be highlighted; Sr and Cu record concentrations of
up to 999 and 3579 ppm, respectively, and are more concentrated
in the duricrusts and colluvium fragments of Novo Natal and Zé
Julido. In contrast, Zr is more concentrated in the upper part of
the Beneficente oxisol (1065 ppm) (Table 3).

Relative to the bulk continental crust of Taylor and McLennan
(1985), all of the Mn-rocks and duricrusts are enriched in Ag, As,
Ba, Co, Mo, Pb and Tl (Fig. 9). However, the Novo Natal deposit is
most enriched in Ag, Cu, Pb and TI (in the duricrust), while Apui
is less enriched in Co (Fig. 9A and C).

The Apui duricrusts and the Novo Natal oxisol (sample S7)
record the highest REE concentrations (491-1402 ppm); the Mn-
greywacke (sample A3) records the lowest REE concentrations
(Table 4). Relative to chondritic values (Taylor and McLennan,
1985), all samples are enriched in REE and record the depletion
of HREE relative to LREE (with Lan/Yby ratios of 1-75.81)
(Fig. 10). The pinkish siltstones of Novo Natal record negative Eu
anomalies (Eu/Eu*=0.38), while the Zé Julido (Eu/Eu*=1.28-
2.08) and Beneficente duricrusts record positive Eu anomalies
(Eu/Eu* = 2.5-3.09). The Beneficente duricrusts also record nega-
tive Tb anomalies (Tb/Tb* = 0.21-0.79), the vermiform duricrusts
of Apui record positive Ce anomalies (Ce/Ce* = 10.96-26.35), and

the Apui (Gd/Gd*=1.86-2.15) and Novo Natal (Gd/Gd*=
1.13-1.84) duricrusts record positive Gd anomalies (Table 4).

5.3. Geochemical associations

Within the entire data set, principal component analysis (PCA)
was applied to selected elements with loads of >0.2 (except for
K50, MgO, Na,0, Ag and V) and were loaded together with the min-
eral amounts shown in Table 1. The dataset was better described
using factors 1 and 2, which expressed 37.12% and 19.26% of the
observed variance, respectively. The previous analysis of chemical
features, in addition to their mineralogic distribution, allowed five
main groups of samples and their geochemical associations to be
recognized: Group 1- pisolitic and vermiform duricrusts of Novo
Natal and Apui (samples Pi1, Pi2, VB and VT), together with most
samples of the Zé Julido colluvium (Z4-Z7), contain goethite, hema-
tite, and gibbsite, which are associated with Al,03, Fe;05, LOI, Th,
Sc, Rb, Y, U, Ce, Pr, Nd, Ho, Er, Tm and Yb; Group 2- Mn-
greywackes and duricrusts of Beneficente and Holanda (except
H2) and samples Z1 to Z3 of the Zé Julido colluvium are associated
with romanechite, MnO, CaO, Ba, Ni, Be, Co, Zn and Mo; Group
3- Mn-rocks of Novo Natal (samples PS and M3) feature an
association defined by quartz, coronadite, SiO5, P05 and Pb; Group
4- Mn-layer of Holanda and the massive and protopisolitic
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Fig. 7. Mineral most common at the Mn-rocks and related duricrust. C- cryptomelane, Co- coronadite, Cd- crandallite, He- hematite, Ho- hollandite, Gb- gibbsite, Gt- goethite,
Gy- goyazite, Py- pyrolusite, Q- quartz and Ro- romanechite.

Table 1

Mineral content in weight%. Q- quartz, C-cryptomelane, Co- coronadite, Ho- hollandite, Ro- romanechie, Py- pyrolusite, Gt- goethite, He- hematite, K- kaolinite, An/Ru- anatase or
rutile and IlI- illite. — not identified.

Lithotype Sample Q C Co Ho Ro Py Gt He K Gb An/Ru 1l Sum
Novo Natal

Oxisol S7 24 - - - - 2 8 26 38 2 - 100
Duricrust Pi2 - - - - - - 27 27 15 30 1 - 100
Duricrust Pil - 9 1 29 - - 10 5 6 40 <1 - 100
Duricrust Pp2 - 14 2 - 76 - 5 1 - 2 - - 100
Duricrust Ppl - 6 1 93 - - - - <1 - - - 100
Duricrust M1 1 34 = 29 = 24 2 <1 - 14 - = 100
Mn greywacke A3 48 1 23 26 - <1 1 - - - - 100
Pinkish siltstone PS 78 2 12 6 - - <1 1 - - - - 100
Zé Julidgo

Colluvium fragment z8 39 1 2 17 - - 11 13 3 14 <1 - 100
Colluvium fragment z7 10 2 3 32 - - 21 10 <1 22 1 - 100
Colluvium fragment z6 14 1 - - 12 - 16 25 3 28 1 - 100
Colluvium fragment 75 - 2 - - 49 - 11 10 21 6 <1 - 100
Colluvium fragment z4 5 3 - - 52 - 13 9 9 9 <1 - 100
Colluvium fragment Z3 5 5 4 2 84 - <1 <1 - - <1 - 100
Colluvium fragment z2 5 2 - 5 58 - 15 7 - 8 <1 - 100
Colluvium fragment Z1 5 3 2 19 49 - 12 3 - 7 <1 - 100
Apui

Oxisol S5 43 - - - - - <1 14 8 33 1 - 100
Duricrust VT B 2 1 15 - - 12 38 3 28 <1 - 100
Duricrust VB - 8 1 18 - - 11 16 13 32 1 - 100
Holanda

Duricrust H4 6 1 - - 60 - 12 6 15 - <1 - 100

(continued on next page)
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Table 1 (continued)
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Lithotype Sample Q C Co Ho Ro Py Gt He K Gb An/Ru 1l Sum
Duricrust H3 10 2 - - 54 - 8 6 20 - <1 - 100
Duricrust H2 20 1 - - 35 - 7 28 - 1 - 100
Duricrust H1 12 1 - - 51 - 10 7 19 - <1 - 100
Mn layer ML - 3 - - 77 16 1 1 2 - <1 - 100
Mn greywacke Al 23 1 - - 74 - 1 1 - - <1 - 100
Beneficente

Oxisol S6 28 - - - - - 10 14 47 - 1 - 100
Oxisol S6 32 - - - - - 17 12 38 - 1 - 100
Duricrust Pi6 25 - - - - <1 11 34 12 17 1 - 100
Duricrust B4 12 - - - 72 9 5 2 - - - - 100
Duricrust B3 14 - - - 64 19 2 1 - - - - 100
Duricrust B2 12 1 - - 84 - 2 1 - - - - 100
Duricrust B1 16 - - - 80 - 3 1 - - - - 100
Mn greywacke A2 33 1 - - 63 - 2 1 - - - - 100

Nafive si

Cerianite

Ag] Native silver

Counts [x1.E+3]

Galena

#——CGalena

10.00 12.00 14.00

Cerianite

;;;:
§ Mn
S Mn
Fe
Ce
4Ce
T e
34 5l 6.8 §5 102 119 136 153 176
keV
Ba Barite

2.0 4.0 6.0 8.0 1000 12.00 14.00 16.00 18.00
keV

Fig. 8. (A) Native silver found in the Mn-greywacke (A3) of Novo Natal and respective EDS. (B) Tiny crystal of galena in the pisolitic duricrust (Pi1) of the Novo Natal and
respective. (C) Tiny crystals of cerianite in vermiform duricrust of Apui and respective EDS. (D) Tiny crystal of barite found in Mn-greywacke (A2) of Beneficente and

respective EDS.
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Table 2

Chemical composition (wt%). "Sum not closer to 100% is due to high contents of Ba and Pb.
Lithotype Sample Si0, Al,04 Fe,05 K;0 Ca0 MgO MnO Na,0 P,05 TiO, LOI Sum
Novo Natal
Oxisol S7 34.59 33.83 9.94 0.05 0.01 0.01 0.57 <0.01 0.26 1.51 18.6 99.37
Duricrust Pi2 6.06 2254 48.37 0.01 0.02 <0.01 4.83 <0.01 0.10 0.88 16.7 99.51
Duricrust Pil 2.40 27.87 15.68 0.52 0.09 <0.01 25.82 0.02 0.32 0.47 19.8 92.99
Duricrust Pp2 0.23 1.00 533 0.73 0.14 <0.01 54.1 0.02 0.31 0.09 11.7 73.65
Duricrust Pp1 0.68 1.10 5.95 0.34 0.11 <0.01 5311 0.01 0.35 0.06 114 73.11
Duricrust M1 0.72 8.42 5.28 213 0.03 <0.01 62.66 0.07 0.13 0.04 149 94.38
Mn greywacke A3 46.70 0.70 3.30 0.07 0.06 <0.01 32.82 <0.01 0.24 0.02 6.1 90.01
Pinkish siltstone PS 73.39 191 2.00 0.15 0.02 <0.01 12.96 <0.01 0.34 0.05 3.2 94.02
Zé Julido
Colluvium z8 39.43 10.00 25.03 0.06 0.02 <0.01 11.27 <0.01 0.31 043 10.5 97.05
Colluvium 77 10.12 1423 33.88 0.11 0.03 <0.01 20.69 <0.01 0.41 0.49 15.1 95.06
Colluvium Z6 14.88 18.80 40.28 0.07 0.02 <0.01 8.32 <0.01 0.16 0.72 14.7 97.95
Colluvium z5 10.58 12.66 20.63 0.16 0.05 <0.01 32.95 <0.01 033 0.50 13.2 91.06
Colluvium z4 9:33 10.88 21.30 0.22 0.07 <0.01 34.86 0.01 0.37 0.47 13.2 90.71
Colluvium 3 5.14 3.80 9.76 0.25 0.09 <0.01 47.9 0.01 0.43 0.18 11.5 79.06
Colluvium z2 5.28 433 18.74 0.14 0.06 <0.01 45.8 <0.01 0.55 0.29 12.0 87.19
Colluvium Z1 4.95 4.21 14.46 0.18 0.05 <0.01 49.58 <0.01 0.55 0.35 12.7 87.03
Apui
Oxisol S5 46.66 2493 13.80 0.12 0.01 0.04 0.10 <0.01 0.03 1.14 129 99.73
Duricrust VT 1.64 19.35 50.02 0.14 0.03 <0.01 13.13 0.01 0.15 0.28 12.7 97.45
Duricrust VB 5.81 25.20 28.34 0.54 0.10 <0.01 20.70 0.03 0.16 0.55 17.0 98.43
Holanda
Duricrust H4 14.22 5.99 18.21 0.07 0.2 <0.01 38.88 <0.01 0.42 0.28 119 90.17
Duricrust H3 19.56 7.80 14.33 0.13 0.06 <0.01 35.86 <0.01 0.34 0.36 115 89.94
Duricrust H2 33.19 10.93 15.58 0.08 0.02 <0.01 22.51 <0.01 0.35 0.56 10.7 93.92
Duricrust H1 21.38 7.68 17.52 0.04 0.05 <0.01 32.38 <0.01 0.44 0.46 11.5 91.45
Mn layer ML 0.75 0.77 1.54 0.17 0.11 <0.01 68.95 0.01 0.41 0.03 11.2 83.94
Mn greywacke Al 23.59 5.81 1.37 0.07 0.06 <0.01 46.93 <0.01 0.27 0.22 10.6 88.92
Beneficente
Oxisol S6 46.42 18.27 22.66 0.01 0.02 <0.01 0.05 <0.01 0.75 1.04 10.6 99.82
Oxisol S6 46.54 14.07 26.42 <0.01 0.02 <0.01 0.05 <0.01 0.81 0.78 11.2 99.89
Duricrust Pi6 33.10 13.97 40.92 0.02 0.01 <0.01 0.53 <0.01 0.54 0.73 9.1 98.92
Duricrust B4 10.88 2.80 6.09 0.07 0.07 <0.01 54.49 <0.01 0.77 0.19 10.7 86.06
Duricrust B3 12.73 1.73 2.83 0.07 0.06 <0.01 58.99 <0.01 0.43 0.15 9.9 86.89
Duricrust B2 10.48 1.18 217 0.05 0.05 <0.01 55.55 <0.01 0.35 0.09 9.3 79.22
Duricrust B1 14.60 1.62 3.41 0.04 0.05 <0.01 55.95 <0.01 0.40 0.11 9.8 85.98
Mn greywacke A2 25.33 135 2.28 0.06 0.09 <0.01 39.55 <0.01 0.71 0.08 9.1 78.55

Table 3

Trace elements concentrations (ppm).
Lithotype Sample Ag As Ba Be Co Cu Ga Hf Mo Nb Ni Pb Rb  Sc Sr Tl Th U V Y Zr Zn
Novo Natal
Oxisol S7 1 51 1713 <1 46 166 48 29 4 45 8 401 2 23 61 1 39 10 61 104 1065 10
Duricrust Pi2 1 95 612 3 259 261 70 15 19 21 17 495 7 28 45 8 51 5 535 28 545 23
Duricrust Pil 19 142 44690 9 878 2702 63 11 27 5 48 14100 11 11 610 62 15 5 119 22 452 246
Duricrust Pp2 25 80 99500 21 1786 3579 117 4 66 3 57 4391 7 5 990 97 20 11 90 66 119 248
Duricrust Pp1 20 64 120300 21 1918 3412 122 2 90 2 52 292 5 4 507 58 5 10 107 54 52 224
Duricrust M1 84 76 44794 7 1036 1643 96 1 24 <01 27 5001 21 5 168 45 2 5 65 26 47 148
Mn greywacke A3 5 75 71100 2 522 2016 63 1 57 2 13 17200 2 3 51. 7 2 5 8 5 32 117
Pinkish siltstone PS 2 40 14055 6 359 1446 14 2 27 1 10 43638 4 2 19 2 1 2 <8 5 16 38
Zé Julido
Colluvium z8 1 79 20413 8 453 386 38 12 10 10 57 529 2 16 51 5 39 6 284 18 389 88
Colluvium L7 2 137 33348 10 782 566 51 14 11 12 72 238 2 40 103 10 40 12 467 26 490 130
Colluvium 6 1 30 14632 4 318 330 71 10 6 18 26 169 1 38 99 5 39 8 668 20 357 66
Colluvium Z5 2 27 85230 12 1203 743 60 11 1 8 43 197 2 34 328 17 31 9 508 27 412 165
Colluvium Z4 2 43 88741 15 1236 713 62 10 12 8 63 185 3 30 390 15 27 11 479 27 354 185
Colluvium 3 2 41 204315 21 1941 1333 72 4 20 3 71 109 4 24 580 25 10 13 260 18 130 228
Colluvium z2 2 53 122954 19 1713 754 89 7 23 7 82 368 5 26 999 19 16 12 249 25 254 199
Colluvium Z1 2 37 125533 20 1603 855 87 10 21 7 81 244 6 23 131 16 16 13 215 25 332 196
Apui
Oxisol S5 <01 3 105 <1 46 2 36 172 08 27 53 10 7 13 51 <01 30 4 131 42 594 5
Duricrust VT 1 23 9541 4 254 11 66 60 30 12 56 2180 14 19 95 8 22 6 144 20 223 81
Duricrust VB 1 21 19954 11 389 80 4 35 33 7 90 1141 13 11 39 5 13 5 149 11 125 165
Holanda
Duricrust H4 08 44 96627 14 446 24 64 7 4 6 47 23 3 16 95 9 10 4 229 15 242 153
Duricrust H3 06 34 97619 14 1047 20 63 8 9 7 64 50 6 15 102 19 17 7 674 21 296 213
Duricrust H2 04 32 47531 7 669 16 40 12 5 12 42 40 5 18 31 15 16 6 608 18 416 208

(continued on next page)
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Table 3 (continued)

M.ES. Albuquerque et al./Ore Geology Reviews 89 (2017) 270-289

Lithotype Sample Ag As Ba Be Co Cu Ga Hf Mo Nb Ni Pb Rb  Sc Sr Tl Th U V Y Zr Zn
Duricrust H1 0.6 30 82187 17 1290 21 62 9 1 39 28 2 19 47 10 12 5 749 19 344 270
Mn layer ML 03 12 155748 21 2696 53 69 1 17 1 188 12 4 3 125 23 1 4 522 39 18 712
Mn greywacke Al 04 10 107479 22 1756 28 63 5 3 60 10 3 12 67 11 7 5 427 20 169 274
Beneficente
Oxisol S6 <0.1 41 768 1 2 9 45 16 4 19 6 7 03 19 42 <01 16 11 328 20 584 5
Oxisol S6 <0.1 29 1038 1 2 8 37 20 2 25 3 10 02 19 57 <01 21 11 233 26 733 4
Duricrust Pi6 1 26 1536 1 15 9 46 15 4 17 12 39 1 22 82 02 29 9 445 22 547 9
Duricrust B4 2 86 136475 12 1266 51 61 7 26 4 62 43 1 9 74 13 5 5 478 24 240 258
Duricrust B3 2 115 128400 13 1310 31 57 4 30 3 112 27 1 5 47 25 4 5 363 10 158 320
Duricrust B2 2 84 205341 10 1356 32 66 3 25 2 84 16 1 4 32 19 2 2 268 9 95 296
Duricrust B1 2 102 137727 12 1331 35 61 3 26 3 106 15 1 5 37 16 3 3 242 10 102 298
Mn greywacke A2 5 102 111200 14 842 78 105 3 28 2 110 67 2 6 64 21 3 4 119 18 104 320
C. Crust CC 01 2 550 3 17 25 17 58 15 12 44 17 112 136 350 1 1 3 107 22 190 71
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Fig. 9. Trace elements in ppm normalized by the average crustal of Taylor and McLennan (1985).
Table 4

Rare earth elements concentrations (ppm). Eu/Eu’ = (Eu/0.087)/[(Sm/0.231)x(Gd/0.306)]"/; Ce/Ce’ = (Ce/0.957)/[(La/0.367)x(Pr/0.137)]"/* Tb/Tb" = (Tb/0.06)/[(Gd/0.31)x(Dy/
0.38)]'2; Gd/Gd" = (Gd/0.31)/[(Eu/0.087)x(Tb/0.06)]'/*

Lithotype Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE Eu/Eu Ce/Ce’ Tb/Tb" Gd/Gd (La/Yb)y
Novo Natal

Oxisol S7 99.3 207.2 1946 753 1599 3.1 17.0 3.06 19.07 3.79 11.55 1.85 11.96 1.97 491 0.8 1.10 0.97 1.30 5.61
Duricrust Pi2 79.4 147.7 1480 49.2 7.10 13 6.0 1.00 520 1.00 3.30 0.50 340 0.60 321 0.61 1.01 1.02 1.25 15.78
Duricrust Pil 61.0 120.5 14.80 55.6 750 1.7 6.4 0.80 4.00 0.80 2.20 040 240 040 279 075 094 090 1.30 1717
Duricrust Pp2 20.1 65.1 11.80 69.2 2540 59 26.0 4.00 19.50 3.00 8.00 1.10 690 1.00 267 0.70 099 1.02 1.27 1.97
Duricrust Pp1 93 193 370 219 1000 28 174 290 15.10 2.80 6.50 1.00 6.00 0.80 120 065 0.77 1.02 1.45 1.05
Duricrust M1 20.8 141.5 13.60 69.8 26.70 5.5 203 3.30 14.00 2.20 520 0.80 5.00 0.70 329 0.72 1.97 1.12 1.13 2.81
Mn greywacke A3 7.7 140 140 6.1 130 09 82 1.20 550 1.00 2.70 0.40 240 030 53 0.84 1.00 1.02 1.87 2:17
Pinkish siltstone PS 46.0 69.8 9.31 28.1 351 04 22 0.23 1.08 0.17 047 0.06 041 0.05 162 038 079 0.85 1.84 75.81
Zé Juliao

Colluvium Z8 475 1215 1143 399 7.10 131 509 0.78 411 070 2.06 036 2.26 036 244 0.67 1.22 098 14.20
Colluvium z7 339 2039 843 297 6.05 1.25 530 1.00 585 1.13 334 0,55 356 054 305 0.67 283 1.03 6.43
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Table 4 (continued)
Lithotype Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE Eu/Eu Ce/Ce’ Tb/Tb" Gd/Gd™ (La/Yb)y
Colluvium Z6 348 1005 7.34 26.0 484 1.12 426 0.75 468 088 2.76 045 299 048 192 075 147 096 1.10 7.86
Colluvium Z5 31.1 2276 7.71 27.1 556 135 531 1.04 649 1.11 338 0.54 345 053 322 076 344 1.01 106 6.09
Colluvium z4 40.3 172.7 1060 37.1 747 1.15 628 1.13 6.73 1.14 338 055 336 0.50 292 0.51 1.96 0.99 1.31 8.10
Colluvium Z3 188 1109 537 208 4.54 324 498 0.74 531 068 191 031 183 0.26 180 208 259 082 076 6.94
Colluvium Z2 31.0 1283 795 29.0 6.27 3.15 587 099 6.90 099 293 046 301 042 227 159 191 089 079 696
Colluvium Z1 348 1228 875 32.7 658 263 599 095 7.10 094 290 044 293 042 230 1.28 165 083 090 8.03
Apui
Oxisol S5 57.6 86 823 209 416 0.86 504 1.03 7.18 1.52 449 0.73 5.1 0.74 204 057 092 097 127 763
Duricrust VT 216 451 430 164 29 0.60 430 050 270 0.60 1.60 030 1.9 0.30 509 0.52 10.96 0.84 1.86 7.68
Duricrust VB 25.8 1328 540 192 36 080 6.80 0.70 450 1.00 2.80 050 3.0 0.50 1402 049 2635 072 2.15 5.81
Holanda
Duricrust H4 25.1 246.1 6.84 23.0 489 1.52 4.03 0.73 492 0.75 255 040 259 040 324 1.05 440 094 091 6.55
Duricrust H3 305 1043 7.29 23.7 440 0.77 340 061 4.12 071 2.14 038 245 039 185 061 164 093 118 841
Duricrust H2 409 173.5 1143 415 7.70 1.70 576 0.93 642 090 2.83 044 284 043 297 078 188 087 1.09 9.73
Duricrust H1 20.1 1486 7.06 245 520 147 371 0.62 459 059 1.85 029 194 028 221 1.02 292 086 092 7.00
Mn layer ML 32.8 126.0 18.95 82.7 18.19 492 16.09 2.12 1470 2.15 578 086 525 070 331 088 1.18 079 1.18 422
Mn greywacke Al 36.9 247.5 10.74 38.2 7.74 2.05 588 0.89 590 0.80 233 0.37 223 0.33 362 093 291 0.86 1.03 11.18
Beneficente
Oxisol S6 49.7 1014 11.87 424 732 135 580 093 497 1.00 297 053 3.73 0.60 235 063 098 099 123 9.00
Oxisol S6 37.7 768 895 319 550 1.04 454 0.73 396 0.75 220 041 276 046 178 0.64 098 0.98 1.24 9.23
Duricrust Pi6 529 1104 1290 459 7.09 131 513 080 4.28 087 258 045 320 052 248 066 099 098 1.19 11.17
Duricrust B4 10.0 20.5 325 150 3.34 288 243 0.11 281 030 1.15 021 1.09 0.19 63 3.09 084 024 1.02 6.20
Duricrust B3 8.1 183 294 138 277 197 205 009 289 030 1.02 018 094 0.16 56 253 088 021 115 582
Duricrust B2 10.8 23.0 269 109 234 200 219 0.17 4.02 053 1.60 027 1.62 0.22 62 2.70 1.00 033 089 4.50
Duricrust B1 234 765 1053 482 983 3.69 1029 1.28 833 0.96 260 045 291 054 200 1.12 114 079 1.12 5.43
Mn greywacke A2 158 452 430 17.0 340 090 280 040 140 020 0.60 0.10 050 0.10 93 089 128 1.16 1.11 21.35
Chondrite CH 037 096 0.14 071 023 0.09 031 0.06 038 0.09 025 0.04 025 0.04 4 1 1.03 099 1 1
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Fig. 10. Rare earth elements in ppm normalized by the chondrite of Taylor and McLennan (1985).
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duricrusts of Novo Natal comprise an association of hollandite,
cryptomelane, pyrolusite, Ag, As, Cu, Ga, Sr, Tl, Sm, Eu, Gd, Tb
and Dy; Group 5- the pisolitic duricrust of Beneficente (sample
Pi6), oxisols, the upper portion of the Zé Julido colluvium (sample
Z8) and one sample of the vermiform duricrust of Holanda (sample
H2) are characterized by the association of kaolinite, anatase/rutile,
TiO,, Zr, Hf, La and Nb (Fig. 11).

6. SEM and EMPA: petrographic and microchemical analysis
6.1. Novo Natal- coronadite and hollandite of Mn-rocks

Coronadite and hollandite fill fractures and veins and display
zoned acicular structures. Coronadite generally occupies the inner
regions of veins and hollandite occupies the edges of veins; these
comprise at least three generations, according to the arrangement
of these fractures (Fig. 12A). Coronadite also occurs as rod cells
around the quartzose framework of the pinkish siltstone. In the
Mn-greywackes, hollandite composes the matrix, while coronadite
occurs as veinlets or crystals or is disseminated in the matrix and
frequently occurs as crowns around hollandite (Fig. 12B and C).
Hollandite also fills fractures or exhibits acicular textures in these
Mn-rocks (PS and M3).

6.1.1. Novo Natal, Zé Julido and Apui lateritic duricrusts and
colluvium- hollandite

In the duricrusts of Novo Natal and Apui, hollandite is zoned
and shows staghorn and boxwork habits or forms angular frag-
ments. The protopisolitic duricrusts of Novo Natal (Pp1 and Pp2)
contain two generations of hollandite: the first one, which is wide-
spread throughout the framework, forms angular fragments
(~600 um in diameter) that encompass less than 2% of the duri-
crust (Fig. 12D). The second and main generation comprises up to
90% of the duricrust and is zoned, includes angular fragments
and is intersected by three generations of hollandite veinlets
(Fig. 12D), some of which are Pb-hollandite (that are not related
to the hierarchy of the generations of the veinlets), as in the duri-
crusts and colluvium fragments of Novo Natal and Zé Julido. The
angular fragments of hollandite intergrown with gibbsite with
staghorn and boxwork habits (Fig. 12E, F and G) are characteristic
of the massive and vermiform duricrusts of Novo Natal (M1) and
Apui (VB and VT). Voids are filled by acicular hollandite.
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6.2. Mineral geochemistry: coronadite and hollandite: sedimentary
rock and duricrust

Coronadite records PbO contents ranging between 16.57 and
28.88% and small amounts of BaO (0.30-8.09%) (Table A4;
Fig. 13A). The coronadite in the vermiform duricrusts of Apui
(samples VB and VT) has higher contents of CoO (1.28-1.54%)
and lower contents of MnO, (60.07-60.48%) compared to those
of the Mn-rocks of Novo Natal (samples PS and A3;
Table A4). According to formula units based on 16 oxygens and
Mn**/Mn?* calculated assuming full site occupancy, the coronadite
in the studied Mn-rocks has the following formula: Pb(g77-1.24)
Ba(0.02—0437]Mn?aSS—G.QZ)Mn(Z({SB—OJZ )Fe?&m -0402)A1(35.1 1-021)CU (0.06-0.11)
CO(Q‘m _0_03)V(0_Q.02)016 (Table AS) In contrast, the coronadite found
in the Apui duricrusts has the following formula: Pbg3-1.11)
Ba(um-o.lg)Mﬂfg.‘to-sAz)Mn?’({59-0.65)Fe(3&47-o.50)Al(3&1 9-0.27)CU(0.06-0.1)
C0(0.17-0.20)V(0-0.01)016 (Table A5).

In Mn-rocks and duricrusts, hollandite has higher contents of
BaO (6.17-17.61%) and MnO, (63.71-82.12%) and lower contents
of Si0,, K;0, Ca0, Nay0, P,0s and V,05 (<1%). Nevertheless, in
the protopisolitic (sample Pp2) and phosphatic (Pd) duricrusts of
Novo Natal, the K;O content of the hollandite is higher (<2.1%)
(Table AG). Two types of hollandite were identified: the most com-
mon contains PbO (0.84-9.42%), whereas the hollandite without
PbO only occurs in the protopisolitic duricrust (sample Pp2;
Fig. 13A). The hollandite of the vermiform duricrusts (samples VB
and VT) of Apui and that of the phosphatic portions (sample Pd)
of Novo Natal contain more Al,0; and Fe,O3 than the Mn-rocks,
although in the Mn-greywacke (sample A3), Fe,0s3 is higher
(<9%). Furthermore, the hollandite from the phosphatic portions
(sample Pd) is enriched in P,05, CuO and CoO (Table AG) relative
to those in the Mn-rocks. The hollandite of the fragments of Zé
Julido colluvium records the highest contents of PbO (5.99-
9.42%). According to all of these chemical characteristics and the
formula units based on 16 oxygens and Mn*'/Mn?* calculated
assuming full site occupancy, the hollandite of the studied Mn-
rocks has the following formula: Bag72-0.9s) K(0-0.12)Pb(0.05-0.23)
Nao.01 )Mn?§.64-7.1s)Mn(3o+.37-o.4o)Fe(35.01 ~0.68)CU(0.04-0.08)C0(0.01-0.04)
Al(35_04_0,13)Si(o_m_0,o7)016. In contrast, the hollandite in the
duricrust has the following formula: Ba(0.34_0.92)K(0_0'37)pb(0_()‘4)
N3(0—0.04)Mﬂ?§26-7.32)Mn(35.35-0.41 )Fe?&m-0.49)CU(0405-0.17)C0(0401- 0.10)
Al 04-0.96) Si(0.01-017)016 (Table A7).

DGruup 1 DGroup 3
DGrnup 2 DGroup 4
Group 5

Hollandite+ cryptomelane]
+ pyrolusite

Goethite+ hematite
+ gibbsite

Anatase/rutile+
kaolinite
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[

4

-1.0 -0.5 0.0 0.5

Factor 1: 37.12%

Fig. 11. The main mineral and geochemical associations that identify the studied lithotypes. A1, A2 and A3: Mn-greywackes of Holanda, Beneficente and Novo Natal. H1-H4:
vermiform duricrusts of Holanda. Z1-Z8: colluvium fragments of Zé Julido. B1-B4: vermiform duricrusts of Beneficente. VT and VB: vermiform duricrusts of Apui. Pi1 and Pi2:
pisolitic duricrusts of Novo Natal. Pi6: pisolitic duricrust of Beneficente. M1: massive duricrust of Novo Natal. Pp1 and Pp2: protopisolitic duricrust of Novo Natal. PS: pinkish
siltstone. ML: manganiferous layer of Holanda. S6, S7 and S5: oxisols of Beneficente, Novo Natal and Apui, respectively.
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Fig. 12. The main features of the Mn-minerals observed by SEM and EMPA. (A) Fractures of the pinkish siltstone (PS) filled by coronadite (Co) and hollandite (Ho); note the
formation of at least three generations of coronadite (1, 2 and 3) and hollandite. (B) Zoned structure displayed by coronadite and hollandite in the pinkish siltstone; into detail
the rod cells of coronadite in quartz matrix. (C) Hollandite matrixing quartz (Q) grains of the Mn greywacke (A3), locally it occurs as needles and surrounded by coronadite.
(D) Framework of the protopisolitic duricrust (Pp1) composed by at least four generations of hollandite as angular fragments, zoned and veinlets. (E) Relicts of hollandite in
the vermiform duricrust of Apui (VT); note the replamatrix of hollandite for goethite (Gt), hematite (He) and gibbsite (Gb). (F) Staghorn of hollandite involved by gibbsite in
the vermiform duricrust of Apui (VT). (G and H) Contact between acicular cryptomelane (C) and fragments of hollandite in the massive duricrust Novo Natal (M1). (I)
Romanechite (Ro) as boxwork constituting the framework of the protopisolitic duricrust (Pp2) of Novo Natal and filled cavities as botryoidal romanechite.

6.3. Cryptomelane of the massive duricrust of Novo Natal

Cryptomelane, which is most common in the massive duricrust
of Novo Natal (CM1), forms needles or heterogeneous mass inter-
growths with gibbsite and often coexists with hollandite or botry-
oidal pyrolusite (Fig. 12H). It contains up to 79% MnO,, between 4
and 4.5% K,0 (Fig. 13A) up to 5% Al,05 and less than 4% other ele-
ments (i.e., Si0,, Fe;03, Mn,03 PbO, CuO, NayO, Co and BaO)
(Table A8). According to the formula units based on 16 oxygens
and Mn**/Mn?* calculated assuming full site occupancy, the for-
mula of this cryptomelane is Kogo_077MN3%53-040MnNg56_6.57016
(Table A9).

6.4. Romanechite of the Beneficente, Holanda and Zé Julido deposits

In the Mn-greywackes of the Beneficente, Holanda and Zé Julido
deposits, the romanechite in the matrix is zoned, exhibits boxwork
habit (Fig. 121) and is botryoidal when filling voids. In the duri-
crusts and colluvial fragments, it is massive and sometimes zoned.
It is composed of only Mn,03 (65.58-71.16%) and BaO (16.20-
18.47%) (Table A10, Fig. 13A); according to the formula units based

on 10 oxygens and Mn**/Mn>* calculated assuming full site occu-
pancy, its formula is Bag g3-0.72Mng.s4-072Mn3 94-411010 (Table A11).

6.5. Goethite and hematite

These minerals display botryoidal and acicular habits in voids or
are massive when they are associated with gibbsite pisoliths and
quartz grains. In Apui and Novo Natal, they record 1.61-6.19%
MnO and 1.27-13.31% Al,03;, which decreases the amount of
recorded Fe,03 (58.11-89.4%) (Table A12) and causes the displace-
ment of the main X-ray reflection (110) in the XR diffractogram.
Their SiO, contents (<13.5%) are most likely related to the pres-
ence of quartz inclusions.

7. Discussion
7.1. Geochemical features
Different environments (i.e., sedimentary, hydrothermal and

lateritic) produce a wide and complex variety of structures, tex-
tures, minerals and geochemical features that are assigned to
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Fig. 13. (A) Ternary diagram K20-BaO-PbO plot the main Mn-minerals according mineral-geochemistry. (B) A plot that differenciates the primary Mn-minerals from lateritic

minerals.

two types of ore: one is related to Novo Natal, Zé Julido and Apui,
which record higher concentrations of trace elements and were
deposited in a rift basin, and the second one is more pure, is related
to Beneficente and Holanda, and was deposited in a post-rift basin.
Moving from the sedimentary rock to the lateritic duricrust, the
main Mn-minerals of coronadite, hollandite and romanechite
changed their chemical compositions and textures. The more
mobile elements (MgO, Ca0, Na,0 and K,0) were removed, while
the contents of SiO,, Al,03, Fe,03, MnO, Pb and Co increased. This
geochemical change is better shown in Fig. 13B, where the values
of BaO/(CuO*Co0) versus (PbO/CuO) + (SiO,/Al;03) differ between
primary coronadite and hollandite and those formed in lateritic
conditions. Primary romanechite was distinguished from lateritic
romanechite based on their different contents of Mn,03 and BaO/
Fe,05 (Fig. 13B). Phosphatic portions (i.e., the solid solution of
crandallite-goyazite, sample Pd, Fig 14A) caused P,0s to become
trapped in hollandite (Table A6), as well as to form intergrowths
with gibbsite, whereas Mn-minerals (Fig. 14B) helped some Al

and Mn become trapped in goethite and hematite (1.27-13.31%
Al,05 and 1.61-6.19% MnO). The abundance, occurrence and para-
genesis of these minerals are shown in Fig. 14C.

The oxidizing environment and the processes of coprecipitation,
adsorption, complexation and ion exchange trapped REE within Fe-
and Mn-oxides (Braun et al., 1990; Ohta and Kawabe, 2001). In this
environment, the reduction of MnO, (Mn** to Mn®* or Mn?*) acted
as a catalyst for Ce* oxidation, forming cerianite and explaining
the low contents of Mn** present in the chemical formulas of hol-
landite and coronadite (approximately 0.15 and 0.31%, respec-
tively) in studied Mn duricrust relative to Mn-rocks. The
reduction of Mn** to Mn?* also allowed goethite and hematite to
trap Mn. Goethite and hematite can also retain Th and Sc; these
elements, together with Y, may also be residually concentrated in
minerals such as zircon (Middelburg et al., 1988; Kotschoubey
et al., 2005; Calagari and Abedini, 2007). These processes explain
the association of group 1 (goethite, hematite, gibbsite, Al,0s,
Fe,05, Sc, Th, Y, U, LOI, Rb, Ce, Pr, Nd, Ho, Er, Tm and Yb) that reg-
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ulates most samples of Zé Julido and some samples of the Apui and
Novo Natal duricrusts, which contain more goethite (10-27%),
hematite (5-38%) and gibbsite (6-40%) (Fig. 11).

The Ba%* and SO~ released in solution from barite, in addition
to the availability of MnOg® and H,0, formed romanechite and hol-
landite as a matrix in the Mn-greywacke (M2), following the equa-
tions below:

BaSO, — Ba’}

(aq) + SOi(ﬂq) (])

4H,0 + MnOz® — Mn** + 8H" + 60, (1)

2Ba%*

(aq)

+ 5Ml’13+ + 4H* + 602 — BazMn5010A2H20 (l")

The repetition of this process created the zoned structures dis-
played by the romanechite in Mn-greywacke (A2). Although
romanechite has a low capacity to scavenge trace elements (Post,
1999; Pracejus and Bolton, 1992), trace elements may become
trapped on the surface of romanechite (Ohta and Kawabe, 2001)

HOR —

285

or within its mineral structure, where Ni** (0.57 A), Co* (0.61 A)
and Mo** (0.65A) can replace Mn®" (0.643 A) or Mn** (0.60 A).
These features explain the geochemical association of group 2
(MnO, Ba, Co, Ni, Be, Zn and Mo), which governs the vermiform
duricrust of Beneficente and some of the Mn-greywackes and duri-
crusts of Holanda, Novo Natal and Zé Julido.

Associations 3 and 4 (quartz, coronadite, SiO,, P,0s and Pb;
and Pb-hollandite, cryptomelane, pyrolusite, Ag, As, Cu, Ga, Sr,
Tl, Sm, Eu, Gd, Tb and Dy, respectively), mirror most of the
Mn-rocks and the lateritic duricrusts of Novo Natal and the
Mn layer of Holanda (ML), which is explained by their mineral
compositions. Coronadite and hollandite containing PbO and
CuO and cryptomelane containing CuO (Tab. A4, A6 and AS8)
are produced by the remobilization and ability of Pb and Cu to
form complexes with Mn, thus creating the several generations
of Mn-minerals in the Mn-rocks of Novo Natal
(Fig. 12A, B and D). During this process, other elements with
geochemical affinities, such as Dy, Tb, Sm, Eu, As, Ag, Cu, Sr
and T, are also trapped in these minerals, as well as pyrolusite

Minera Sedimentary/ | Mn duricrusts formation Mn-Fe-Al | Dismantled and
events Exalative duricrust formation oxisol
Hollandi —
Coronadite — — —
Cryptomelane s _— — —
Pyrolusite — — — —
R hi —
Goethite
Hematite
Kaolinite
Gibbsite
Anatase/rutile —
Pb (ppm) - $Z| —————— -
Cu (ppm) e — — — — — — — — — — — — —

Fig. 14. (A) Detail of the massive duricrust (M1) where gibbsite (Gb- massive dark grey) coexist with relicts of cryptomelane (C) and hollandite (Ho) (light grey and zoned
dark grey). (B) Detail of pale grey phosphatic portions (Pd) of the Novo Natal duricrust, where crandallite (Cd) and goyazite (Gy) involving hollandite (light grey). (C)
Abundance, mode of occurrence and mineral paragenesis of southwestern Amazonia small Mn deposits.
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Fig. 15. (A) (Mo/Ni) (ppm) Vs (Cu + Pb),pm comparing the studied deposit with Australian gossans of Taylor and Scott (1982) and Scott et al. (2001). (B) (Cu/Zn)ppm/Fez03x) vs
(Zn/Ni) ppm/MnOy(%) comparing the studied deposit with hydrothermal and sedimentary environment of Zantop (1978), Moorby et al. (1984), Bernat et al. (1989), Costa et al.
(2005) and Choque Fernandez et al. (2005).
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(Pracejus and Bolton, 1992). Gallium in group 4 is related to its
immobility or its association with Al-phosphates. Hollandite and
coronadite also trap P,0s, especially in the Mn-greywacke (A3),
where the phosphorous content of both minerals reaches up to
0.37% (Supplementary data files). In the hollandite of the phos-
phorous portions (sample Pd), the phosphorus content reaches
up to 1.05%.

Group 5 (TiOy, Zr, Hf, La and Nb) mostly identified soils, due to
the resistance of rutile and zircon, along with the neoformation of
anatase, under the harsher weathering conditions of Amazonia.

7.2. Sedimentary, hydrothermal and geochemical environments

Galena, native silver, coronadite, Pb-hollandite, anomalous Cu
and high contents of Tl in the Mn-duricrusts of Novo Natal (45-
97 ppm TI) are similar to those of the gossans described by
Calderoni et al. (1985) (which record an average value of
74 ppm). Also, the positive Gd anomalies in Novo Natal and Apui
(Gd/Gd*=1.25-2.15) are higher, similar to those recorded by the
massive sulfides and Mn-deposits with hydrothermal sources
(Gd/Gd* =1.3-2.8, Barrett et al., 1991, Zhao and Jiang, 2007 and
Del Rio-Salas et al., 2013). Moreover, the sulfide source of the Novo
Natal, Zé Julido and Apui deposits is also supported by their corre-
lations to the Cu, Pb and Zn concentrations of Australian gossans
(Taylor and Scott, 1982; Scott et al., 2001) (Fig. 15A), while evi-
dence of a hydrothermal influence is indicated by their (Zn/Ni)/
MnO, ratios (Fig. 15B), although Apui data plot in the sedimentary
field. Hence, the Mn of Novo Natal, Zé Julido and Apui are assigned
to the Vila do Carmo Group, which is the Proterozoic volcano-
sedimentary sequence of the Apui region that was deposited in
an intracontinental rift basin (Reis et al., 2013) under the influence
of sulfide hydrothermal activity. The sulfide hydrothermal activity,
which is correlated to the VMS deposits of Cu, Zn, Pb, Ag and Au
and gossans (1.78-1.75 Ga) found in this region (i.e., the Juma,
Sucunduri and Aripuand Rivers) (Carvalho and Figueiredo, 1982;
Leite et al., 2005 and Brito et al., 2010) are the most likely sources
of Mn. This link between Mn and sulfide activity allows us to clas-
sify the Mn-deposits of Apui, Zé Julido and Novo Natal as dubhite
(Nicholson, 1992). On the other hand, the Mn-minerals of Benefi-
cente and Holanda, which are more pure, have only a sedimentary
source and could thus have been produced by supergene marine/
fresh water related to the Beneficente Group, which represents a
post-rifting sedimentary sequence (Fig. 15B).

>

7.3. Provenance of the Mn in the southwestern region of Amazonia

The rocks of the Sunsas, Rondonia Juruena and Tapajés Parima
provinces were selected according to the provenance of the sedi-
mentary rocks of the Sumatma Supergroup postulated by Reis
et al. (2013).

The REE/(Zr/Hf) vs TiO, x 1000/(Co/Ni) ratios of the Apui, Zé
Julido and Novo Natal deposits indicate that the felsic volcanic
rocks of the Colider Group and the granitic bodies of the Igarapé
das Lontras and Teoddsia suites of the Ronddnia Juruena and
Tapajos Parima provinces were the sources of the Mn of the Vila
do Carmo Group (Fig. 16A). The Beneficente and Holanda deposits
also record evidence of a felsic source, but are mainly assigned to
the Serra da Providéncia intrusive suite, which records the contri-
bution of the granitic suites of the Sunsds Province (1.45-1.10 Ga)
of Santos et al. (2006). The Beneficente deposit also records the
mafic rock sources of the Mata-Mata diabase, Serra da Providéncia,
Trincheira Complex and the Nova Brasilandia Group (Fig. 16B). This
mafic provenance is also indicated by the observed high contents
of Co and Ni and the negative Tb anomalies recorded in the vermi-
form duricrusts (B2 to B4: Tb/Tb* = 0.21-0.33), which are similar to
those recorded in the Mata-Matd diabase (Tb/Tb*=0.21-0.34;
CPRM, 2014).

8. Evolution of manganese and paleoenvironmental
implications

The volcanic basement and intrusive granitic bodies (i.e., the
Colider Group and the Teodésia and Igarapé das Lontras intrusive
suites), are structured within an intracontinental cratonic Paleo-
proterozoic rift basin (Reis et al., 2013), which served as a shelter
for the rhythmites of the Vila do Carmo Group (Fig. 17A). The
Teod6sia intrusive suite, which records an average Mn concentra-
tion of 1064 ppm (CPRM, 2014) is the most likely source for the
Mn of the Mn-greywackes of the Vila do Carmo Group. The down-
ward circulation of warm waters heated by mantle convection
(Fig. 17B) brought up Mn, Fe, Ba, Pb, Cu, Ag and Au leached from
the VMS orebodies of the volcano-sedimentary rocks. Along frac-
tures and veinlets, coronadite and hollandite formed in the pinkish
siltstone (sample PS) of Novo Natal. Meanwhile, the Mn-
greywackes (sample A3) overlapped the pinkish siltstone; their
primary mineralogy was modified by hydrothermal activity, which
formed hollandite in the matrix and coronadite and Pb-hollandite
along fractures. This environment is similar to those found in Mn
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Fig. 16. (A and B) Provenance of the Mn Vila do Carmo and Beneficente Group, respectively, using (TiO, x 1000)/(Co/Ni) vs REE/(Zr/Hf) data. The lithostratigraphic units are
from Payolla (1994), Rizzotto (1999), Barros (2007), Valério et al. (2009), Brito et al. (2010), Rizzotto and Hartmann (2012), Scandolara et al. (2013), Barreto et al. (2014),

CPRM (2014) and Da Silva et al. (2014).
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Fig. 17. Schematic evolution of the Mn ore in southwestern of Amazonia. (A) deposition of the volcano-sedimentary rocks of Vila do Carmo Group sediments in a
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and Pb as well as Au and sulfides were precipited. After that, mafic sills and dykes of Mata-Matd diabase (1576 Ga) intersected the volcano-sedimentary stacking. (C) Erosion
followed by deposition of Beneficente Group during the Mesoproterozoic where Vila do Carmo Group and Mata-Matd diabase are the main source of Mn for the sediments. (D)

Aggressive weathering with formation of lateritic crust during the Cenozoic.

deposits in Mexico (Freiberg, 1983), Greece (Liakopoulos et al.,
2001) and India (Ghosh et al., 2015).

After the intrusion of sills and dykes of the Mata-Mata diabase
into the Vila do Carmo Group, which was linked to mantle convec-
tion, erosional events occurred (as is indicated by the presence of
angular discordance) (Reis et al., 2013) (Fig. 17C), and the Benefi-
cente Group was deposited in a coastal Mesoproterozoic environ-
ment under the influence of fluvial channels (during the post-rift
phase) (Fig. 17C). The erosion of the surrounding rocks, which were
mostly granitic suites (i.e., the Sunsas Province and Serra da Pro-
vidéncia intrusive suites) and the Vila do Carmo Group, with some
contributions of the Mata-Mata diabase and mafic rocks from the
Sunsas Province, represented the sources for the Mn of the Benef-
icente and Holanda deposits.

The presence of Paleozoic and Cenozoic sediments helped to
partially protect the Proterozoic sedimentary rocks from erosion.
However, when exposed to a drier climate following the Late Cre-
taceous, lateritic duricrusts with a large diversity of textures (i.e.,
massive, pisolitic, protopisolitic and vermiform) were formed
(Fig. 17D). The most mobile elements were released, and new
phases of coronadite, hollandite, cryptomelane and romanechite,
which maintained the hydrothermal signature of the Vila do Carmo
Group (i.e., the Novo Natal, Apui and Zé Julido deposits) and the
sedimentary signature of the Beneficente Group (i.e., the Holanda
and Beneficente deposits), were formed. Concomitant to the
transformations of the Mn-minerals and the accumulation of Mn,

gibbsite was neoformed in the upper portion of the duricrust, as
were goethite, hematite and kaolinite, based on the weathering
of clastic minerals, which increased the present amounts of Fe,03
and Al;O3 in accordance with the bauxitization process that
affected all rocks within the region (Albuquerque and Horbe,
2015). The reactivation of normal faults and the incision of large
rivers (i.e., Aripuand, Sucunduri and Jatuarana) dissected the relief,
degraded the duricrust and formed the Mn duricrust colluvium in
Zé Julido and the Mn gravels spread throughout the region.

9. Conclusions

The Mn deposits of Novo Natal, Apui and Zé Julido, which con-
tain unusual amounts of Pb, Cu, Tl and Ag, were produced in the
Proterozoic during a rift stage in a sedimentary environment
belonging to the Vila do Carmo Group, which was supplied by vol-
canic and granitic rocks under the influence of hydrothermal activ-
ity. Additionally, the post-rift basin, which was supplied only by
mafic and felsic rocks, experienced a second Mn deposition event,
which produced the Beneficente and Holanda deposits. Lateritiza-
tion formed duricrusts, and new generations of coronadite, hollan-
dite, cryptomelane and romanechite inherited the geochemical
signatures of the Mn-rocks. The preservation of duricrust in Apui
and Zé Julido as plateaus and in Holanda, Beneficente and Novo
Natal as lower dissected relief occurred due to the erosion

62



288 M.ES. Albuquerque et al./Ore Geology Reviews 89 (2017) 270-289

promoted by the incision of large rivers and neotectonic activity
during the Cenozoic.

Although this study was performed to identify the two geolog-
ical environments of these Mn deposits, the Beneficente Group is
the best target for future Mn geological surveys, due to the fact that
it covers the largest area and records the most local hydrothermal
processes. However, the influences of hydrothermal and sulfide
activity identified in Novo Natal, Zé Julido and Apui, based on the
presence of high concentrations of Pb and its Gd and Tl anomalies,
indicate that these areas represent good targets for VMS deposits.
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APPENDIXS

For mineral quantification obeying the following criteria, was obtained by
stoichiometric calculations with the aid of XRD patterns and chemical composition and
the centesimal mineral composition of “webmineral.com” (Table A1):

1. Convert MnO of the bulk-rock geochemistry, of the sample into MnO, as well as, Ba

into BaO, Pb into PbO and V into V,0s.

2. Whenever the mineral assemblage includes cryptomelane (C), romanechite (Ro) and

hollandite (Ho), some rules must be followed to mineral quantification. For being the

only mineral to have potassium, cryptomelane is the first mineral to be calculated

according Equation 1.

Equation 1: C= [K20 (sampte) X MNOx(centesimal composition)] / K20 centesimal composition)-

All K;O of the sample is used to calculate cryptomelane. Then, the content of

cryptomelane (C) must be subtracted from the content of MnO, of bulk-rock

geochemistry sample. To calculate romanechite (Ro) and hollandite (Ho), is used a math
system involving BaO and MnO, content’s related to romanechiteand hollandite,

respectively, according Equation 2:

_ 14.38Ho+19.72R0=BaO samplc)
Equation 2: {65.57H0+76.65R0=Mn02(sample)- ©)

Where 14.38% and 19.72% are the content of BaO (centesimay iN hollandite and

romanechite, respectively, and 67.27% and 76.65% are the content of MnO; in these

minerals. The next step is substitute the Ho and Ro values on equation to obtain MnO,.

These MnO, values represent the centesimal content of romanechite and hollandite in

the sample.

3. Whenever the mineral assemblage includes cryptomelane (C), coronadite (Co),

hollandite (Ho) and/or romanechite (Ro) and pyrolusite (Py), see Table A2.

4. Some cautions should be considered, when:

e Samples without quartz (Q), but with kaolinite (K) and gibbsite (Gb), all content of
Si0O; is assigned to kaolinite. For the other minerals following Table A3.

e When quartz, kaolinite and gibbsite coexist, the content of quartz is estimate based
at the main reflection of x-ray diffractogram. Then, the calculation of kaolinite and
gibbsite must be calculated according Table A3.

e  Samples with high amounts of Pb (4.7% of PbO) and low contents of V (< 4 ppm)
inhibited the quantification of coronadite from vanadium. Thus, a math system is
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used in order to determinate the contents of coronadite (Co) and hollandite (Ho)
using Equation 3

1.64Co+14.38Ho=BaO sampic)

Equation 3: {26.3C0+5.23H0= PbO sample

After calculate the values of coronadite (Co) and hollandite (Ho) and substitute in
equation 3 to know the content of BaO and PbO consumed by coronadite and
hollandite. The next step is calculate the real content of coronadite and hollandite
according to Equation 4.

Equation 4: Co= 71.71% x BaOo) / 1.64% or 71.71% X PbO g 26.3%; / Ho=
67.27% X BaO o)/ 14.38% or 67.27% X PbO ey 5.23%; Note: 71.71% and 67.27%
refer to the percentage of MnO + MnO, of coronadite and hollandite, as well as,
26.3% and 5.23% and 1.64% and 14.38% to the percentage centesimal composition

of PbO and BaO at coronadite and hollandite, respectively.

Table Al: Centesimal composition of the minerals (webmineral.com)

Mineral Centesimal composition
. Si0,=0.70 %,; Fe,03= 12.17 %; Al,03=1.20%; BaO = 14.38 %; Na,O=
Hollandite (Ho) 0.36 %: 4.16 % MnO / 62.17 % MnO,; PbO= 5.23%
Romanechite (Ro) SiO,=1.10 %; BaO = 19.72 %; MnO,= 76.65%; H,0= 3.97 %
Cryptomelane (C) K,0=6.41 %; MnO, = 94.66%
Coronadite (Co) Al,03= 0.55%; BaO = 1.64 %; PbO= 26.3; 3.80 % MnO / 67.05 % MnO,; V,0s= 1.95%
Pyrolusite (Py) 100% MnO,
Quartz (Q) 100% SiO,
Kaolinite (K) Al,O3 = 39.5 %,; SiO, = 46.49 %; H,0 =14.01 %
Gibbsite Al,O43= 65.37 %; H,O = 34.63 %
Hematite (He) 100% Fe,03
Goethite (Gt) Fe,04= 89.86 %; H,O =10.14 %
Anatase/ rutile (An/Ru) 100% TiO,

Table Al: Mineral and sequence of calculations of mineral composition (* content of the
element to form the mineral; S- element amount in whole rock).

Sequence Mineral How to calculate
1° Cryptomelane (C) C=[K;0 ) X MnOZ(c)] / KzO(c)
Co=[V20s5 5 x MnOzco)] / V20s(co)
° . BaO*(cU): [CO x BaO (Co)]/100
2 Coronadite (Co) ALOS*coy- [CO X Al;O3cy]/100
Sample without hollandite: Co=[PbOs) x MnOycq)] / PHO (cq)
Ro= [MnOx)- Co - C] x 100 / MnO; ro)
. . Si0*Ro)= [ROX SiOarg] /100
3 Romanechite (Ro) H:0* o= [R0 X H:0 (rg] /100
Samples with pyrolusite: Ro= [BaO (s)- BaO*(cq)] X MNOyre) / BaO(r)
Ho= [MnO;, - Co - C] x 100 / MnO; ()
SiOZ*(HU): [HO X SiOZ(HU)] /100
3° Hollandite (Ho) AlO3* o= [HO X Al,O3¢)] /100
F9203*(H0): [HO X Fezog(Ho)] /100
Samples with pyrolusite: Ho= [BaO (s)- BaO(cq)] X MNOy(g) / BaO(rioy
4° Quartz (Q) Q= Si0y (s) - (SiO2(ro) and/0r SiOx0)
o I Gb= (Al,03 (s) -Al,03¢10) and/or Al;O3(cq)) X 100 / Al,O3(ch)
5 Gibbsite (Gb
( ) HzO(G_b): [Gb X Hzo (G_b)]/lOO
Hematite (He) % of Fe,O3 (Gt) :{[Fezoa((;[) X (HzO(s) - Hzo*((;b) - and/or Hzo*(po))] / H,0 (G‘)}/].OO
6° Goethite (Gt Gt= (Fe,Oss) - Fe203*(q)) X % of Fe,03 (ay)
oethite (GH) He= Fe,Oxs)— Gt
7° Anatase/ rutile (An/Ru) All content of TiO,
8° Pyrolusite (Py) Py= MnOys)- Co — Ho or Ro
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Table A3: Sequence of calculation whenever the mineral assemblage is composed by quartz,
kaolinite, hematite, goethite and anatase (* content of the element to form the mineral; S-

element amount in whole rock).

Sequence Mineral How to calculate
1° Quartz (Q) Q= value estimated/SiOp ws)
2° Kaolinite (K) K:( SIOz (ws)™ Q) XlOO/SiOz(CC)
Aleg*(KF K x A|203 (cc)/ 100
HzO*(K)= K x Hzo (cc)/ 100
3° Gibbsite Gb=(AI203 (ws)™ A|203(K)) x100/ A|203 (co)
(Gb) HZO*(Gb)z K x Hzo (cc)/ 100
4° Hematite % of Fe gy ={[ Fe:03y X (H:Ows) - H20* k))]/ H20 (6y}/100
(He) Gt=(F6203(3) X % of Fe (GY)
Goethite (Gt) He= Fe;055 — Gt
5 Anat_ase/ All content of TiO,
rutile

Table A4: Microprobe analysis of coronadite in Mn rocks and related duricrusts.

Coronadite

Lithotype Sample | SiO, ALO; Fe0; K,O  CaO P,0s MnO, NaO CuO CoO BaO PbhO  V,04 (%)
Mn greywacke A3 038 091 449 0.00 0.03 0.33 61.63 0.04 058 011 260 2642 0.05 97.56
Mn greywacke A3 042 093 749 0.00 0.05 0.19 59.25 0.04 0.65 018 217 2514 0.02 96.49
Mn greywacke A3 037 097 535 0.00 0.05 0.35 60.99 0.00 056 019 184 2678 0.06 97.51
Mn greywacke A3 042 125 614 000 0.01 0.37 60.41 0.05 062 019 173 2691 0.16 98.26
Mn greywacke A3 045 093 253 0.00 0.04 0.21 67.83 0.00 074 028 809 1657 0.00 97.68
Mn greywacke A3 040 087 324 0.00 0.02 0.28 63.92 0.05 055 014 225 2582 0.15 97.69
Pinksih siltstone PS 0.26 1.02 362 0.00 0.04 0.28 64.19 0.02 069 021 594 1986 0.20 96.32
Pinksih siltstone PS 0.08 083 011 0.00 0.00 0.00 67.12 0.01 0.80 008 183 2663 0.00 97.48
Pinksih siltstone PS 0.07 057 013 0.00 0.01 0.00 67.99 0.00 079 007 030 2884 0.00 98.76
Pinksih siltstone PS 0.04 066 013 0.00 0.00 0.00 67.68 0.00 070 009 089 2868 0.17 99.06
Pinksih siltstone PS 0.08 056 011 0.00 0.00 0.00 67.17 0.01 0.62 005 045 2881 0.00 97.85
Pinksih siltstone PS 0.09 117 016 0.00 0.03 0.00 71.07 0.04 0.64 009 6.13 1844 0.00 97.85
Pinksih siltstone PS 004 092 029 000 0.04 0.02 68.73 0.03 070 016 202 2567 0.24 98.85
Pinksih siltstone PS 0.06 057 010 0.00 0.03 0.00 69.08 0.03 0.68 010 095 2769 0.03 99.32
Pinksih siltstone PS 0.09 056 012 0.00 0.00 0.01 67.99 0.00 094 009 041 2811 0.00 98.32
Pinksih siltstone PS 0.04 086 031 0.00 0.00 0.00 69.07 0.00 062 011 076 28.88 0.03 100.69
Pinksih siltstone PS 0.06 090 018 0.00 0.02 0.00 70.23 0.03 053 014 272 2497 0.00 99.78
Pinksih siltstone PS 0.11 0.85 0.17 0.01 0.02 0.00 69.40 0.00 0.59 0.17 3.80 22.63 0.04 97.79
Pinksih siltstone PS 0.08 067 026 0.00 0.00 0.06 68.67 0.00 0.67 014 038 2827 0.00 99.20
Pinksih siltstone PS 0.05 0.69 0.14 0.00 0.01 0.00 69.22 0.04 0.47 0.08 0.83 2831 0.26 100.10
Pinksih siltstone PS 0.10 0.99 0.27 0.00 0.00 0.00 71.20 0.04 0.62 0.22 506 20.27 0.02 98.79
Pinksih siltstone PS 0.16 080 017 0.00 0.04 0.00 68.12 0.07 0.63 018 252 2390 0.06 96.65

Duricrust VB/VT | 0.32 0.97 5,90 0.03 0.03 0.00 60.07 0.06 0.48 1.54 210 2442 0.00 95.91

Duricrust VB/VT | 033 137 558 020 0.04 0.00 60.48 0.12 0.75 128 290 2057 007 93.69
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Table A5: Chemical composition and formula units based on 16 oxygens and Mn*/Mn?*of the coronadite calculated assuming full site occupancy

Coronadite
Lithotype Pinkish Siltstone Mn sandstone Duricrust
Sample PS PS PS PS PS PS 0S PS PS PS PS PS PS A3 A3 A3 A3 A3 A3 A3 |VB/NT VBINVT
Al,O4 117 092 057 056 08 09 08 067 069 099 080 057 066 [091 093 097 125 089 093 0.87 | 097 1.37
P,0s 0.00 000 000 000 o000 o000 000 000 o000 000 000 000 000|033 019 035 037 020 021 0.28 | 0.00 0.00
Fe,0; 016 029 010 012 031 018 017 026 0214 027 017 013 013 [449 749 535 6.14 1431 253 324 | 590 5.58
MnO, 64.39 62.79 63.14 62.44 6353 64.02 63.14 6281 63.13 6445 6197 6250 62.34 |56.99 54.40 56.14 55.66 49.82 61.68 58.45| 55.02 54.88
MnO 545 484 485 453 452 506 511 478 497 551 502 448 436|378 395 396 387 500 502 4.46 | 412 4,57
PbO 18.44 25.67 27.69 28.11 28.88 24.97 22.63 28.27 2831 20.27 2390 28.84 28.68 |26.42 25.14 26.78 26.91 21.74 16.57 25.82| 2442 2057
CuO 064 070 068 094 062 053 059 067 047 062 063 079 070|058 065 056 062 049 074 055 | 048 0.75
CoO 009 016 010 0.09 011 0214 017 0214 008 022 018 007 009 |0.11 018 019 019 020 028 014 | 154 1.28
BaO 6.13 202 095 041 076 272 38 038 083 506 252 030 089|260 217 184 173 261 809 225| 210 2.90
V,05 0.00 020 0.03 000 0.03 000 004 000 021 002 005 0.00 015 | 0.06 0.02 007 019 0.14 0.00 0.18 | 0.00 0.09
> (%) 096.22 97.15 97.90 96.99 99.20 98.21 96.15 9758 98.62 96.91 94.89 97.68 98.00 |96.27 95.10 96.21 96.94 95.39 96.05 96.24 | 9454 91.98
Formula units based on 16 oxygens and Mn*/Mn?* calculated assuming full site occupancy
AP 021 017 011 o011 o016 016 016 013 0213 018 015 011 012 | 0.18 018 0.19 024 018 0.17 0.17 | 0.19 0.27
P 000 000 000 0.00 000 000 0.00 0.00 000 000 0.00 000 000} 005 003 005 005 003 003 0.04 /| 0.00 0.00
Fe® 001 002 001 001 002 001 001 002 001 002 001 001 001|037 064 045 051 123 020 0.27 | 050 0.47
Mn** 686 685 6.92 692 688 689 68 690 68 686 688 692 689|654 637 646 637 589 6.69 661 | 643 6.40
Mn?* 071 065 0.65 062 060 067 068 064 066 072 068 061 059|053 057 056 054 0.72 067 062 | 059 0.65
Pb 077 109 118 121 122 105 09% 121 120 084 103 124 123|118 115 120 120 100 O0.70 114 | 111 0.93
Cu 0.07 0.08 0.08 011 0.07 006 0.07 008 0.06 007 008 010 0.08 |0.07 0.08 007 008 0.06 0.09 0.07 | 0.06 0.10
Co 001 002 001 001 001 002 002 002 001 003 002 001 001|001 002 003 003 003 004 0.02]| 022 0.17
Ba 037 012 006 003 005 017 023 002 005 031 016 002 006 | 017 014 012 011 027 050 014 | 0.14 0.19
\Y4 0.00 002 000 000 o000 o000 000 000 002 o000 001 o000 002|001 o000 001 002 0.02 0.00 0.02] 000 0.01
> (%) 9.02 903 902 902 902 902 903 902 902 903 903 902 902|911 918 913 915 934 9.08 9.09 | 9.23 9.21
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Table A6: Microprobe analysis of hollandite in Mn rocks and related duricrusts.

Hollandite
Lithotype Sample | Si0, ALO; Fe,0O;3 KO CaO P,0s MnO, Na,0O CuO CoO BaO PbO V053 >(%)
Pinkish siltstone PS 0.15 066 023 0.00 002 001 7483 003 072 034 1690 267 0.00 96.56
Pinkish siltstone PS 011 034 010 0.02 0.03 0.00 6860 007 043 012 1550 1.87 0.00 87.18
Pinkish siltstone PS 0.33 031 023 0.00 007 001 7486 005 063 029 1759 225 0.00 96.61
Pinkish siltstone PS 034 022 023 0.00 007 000 7497 005 049 023 1761 203 011 96.35
Pinkish siltstone PS 0.09 035 014 0.02 004 000 7166 008 046 005 1530 1.76 0.04 89.97
Pinkish siltstone PS 0.09 060 016 0.01 003 000 7257 005 040 010 13.69 567 0.07 93.44
Mn greywacke A3 020 060 154 0.5 010 035 7131 007 064 011 13.83 460 0.00 9339
Mn greywacke A3 027 073 531 0.01 009 028 7036 001 066 016 1262 562 0.01 96.12
Mn greywacke A3 019 039 927 0.07 009 027 6851 007 048 008 1462 165 0.00 9568
Mn greywacke A3 013 032 015 0.03 006 030 7513 005 059 014 16.73 114 0.15 9492
Mn greywacke A3 010 033 014 063 015 012 7753 005 062 009 1420 165 0.00 9562
Mn greywacke A3 011 035 015 0.64 013 012 7624 004 058 0.09 1392 150 0.08 93.94
Mn greywacke A3 0.27 045 019 0.03 009 015 7512 004 057 012 1566 140 0.00 94.08
Mn greywacke A3 0.15 040 030 0.04 006 008 7512 003 059 010 16.63 136 0.10 94.96
Mn greywacke A3 0.48 040 017 0.04 010 017 7426 007 053 014 1626 163 0.00 9424
P duricrust Pd 056 381 214 067 004 105 6938 001 156 051 13.63 0.84 0.00 94.19
P duricrust Pd 038 396 149 063 004 082 7057 003 145 048 1315 094 0.00 9392
P duricrust Pd 045 398 155 031 001 031 6971 004 099 039 1425 171 0.00 93.68
P duricrust Pd 039 462 123 050 003 075 6969 002 171 055 1408 159 0.00 95.16
P duricrust Pd 119 429 7.02 209 0.02 068 69.11 0.01 054 027 6.17 343 0.23 95.06
P duricrust Pd 051 434 322 031 000 035 638 008 057 030 1264 279 0.06 89.02
Duricrust Z7-8 | 011 064 0.14 003 0.05 027 66.26 0.06 056 029 1268 9.42 0.28 90.77
Duricrust Z7-8 | 012 060 015 001 0.05 036 6631 0.02 056 034 1231 942 0.29 90.54
Duricrust Z7-8 | 011 060 0.17 001 0.05 032 6839 0.02 050 024 1390 7.02 0.13 91.44
Duricrust Z7-8 | 015 056 015 0.03 0.05 039 66.48 0.02 0.67 0.28 13.04 818 0.07 90.05
Duricrust Z7-8 | 012 063 015 001 0.06 040 69.17 0.01 045 016 1404 599 0.16 9135
Duricrust Z7-8 | 013 059 016 002 0.09 044 6782 0.05 0.65 037 1406 6.15 0.12 90.67
Duricrust Z7-8 | 014 070 0.13 0.00 0.06 031 6744 0.05 050 021 1275 852 0.39 91.19
Duricrust Z7-8 | 012 061 015 000 0.06 046 6874 002 045 0.26 13.43 7.04 012 91.44
Duricrust M1 019 156 169 107 006 000 7289 003 032 017 13.88 028 0.06 9219
Duricrust Pp2 0.26 056 016 0.58 0.09 000 8212 005 069 013 737 000 0.00 92.00
Duricrust Pp2 0.09 022 018 038 015 000 7379 000 066 050 16.09 0.00 0.06 9214
Duricrust Pp2 019 030 017 068 019 000 7532 006 053 036 1458 0.04 0.00 9242
Duricrust Pp2 0.16 024 015 036 011 000 7483 009 055 032 1568 0.00 0.00 9248
Duricrust Pp2 012 113 024 114 015 0.00 7407 007 065 087 1292 0.14 0.06 91.56
Duricrust Pp2 0.14 029 015 0.38 0.09 000 7444 006 052 033 1564 000 0.14 9218
Duricrust Pp2 0.16 032 013 046 013 000 7545 002 057 030 1598 0.05 0.00 9356
Duricrust Pp2 011 036 014 059 018 0.07 7496 005 0.67 030 1514 0.00 0.00 9255
Duricrust Pp2 021 043 011 056 0.08 000 8062 003 068 013 10.00 0.00 0.00 9285
Duricrust Pp2 0.15 030 016 057 014 000 7517 004 055 033 1572 0.00 0.05 9317
Duricrust Pp2 019 025 017 037 019 000 7389 006 071 025 1399 167 010 91.85
Duricrust Pp2 012 029 011 045 022 000 7480 005 068 021 13.62 204 0.00 9258
Duricrust Pp2 020 045 013 0.62 008 000 7911 004 071 017 974 002 0.00 91.26
Duricrust Pp2 013 036 014 040 018 000 7384 005 0.76 029 1433 190 0.07 9244
Duricrust Pp2 012 023 014 055 025 0.00 7513 0.08 051 0.37 1191 247 0.14 91.90
Duricrust VB/VT [ 032 318 132 0.22 006 000 6927 006 065 027 1331 229 0.00 90.95
Duricrust VB/VT | 0.28 283 1.03 0.24 007 000 7199 012 0.73 023 1374 237 0.04 93.65
Duricrust VB/VT | 027 288 072 0.18 0.06 0.00 69.68 007 074 027 1472 185 0.00 91.45
Duricrust VB/VT | 021 259 062 0.17 008 000 70.13 006 068 032 1494 170 0.00 91.49
Duricrust VB/NVT [ 033 371 201 017 007 005 6790 005 0.73 027 1288 260 0.23 91.01
Duricrust VB/VT | 046 519 481 022 002 003 6371 010 058 023 11.29 324 0.00 89.86
Duricrust VB/VT [ 021 261 054 021 007 000 6992 008 067 027 1451 1.88 0.00 9097
Duricrust VB/VT | 023 200 058 0.19 0.09 000 69.75 009 0.76 021 1438 176 0.00 90.04
Duricrust VB/VT | 025 264 054 018 006 000 7325 002 080 029 1448 174 0.00 94.25
Duricrust VB/VT | 047 210 115 019 006 000 6881 005 0.73 023 13.79 195 0.99 90.52
Duricrust VB/VT [ 030 297 285 031 008 000 6572 012 071 020 1197 274 0.00 87.97
Duricrust VB/VT | 021 194 138 0.17 009 000 7148 003 0.76 025 1412 185 0.16 9242
Duricrust VB/VT [ 032 356 1.99 0.23 005 000 6964 012 072 031 1276 189 0.11 91.68
Duricrust VB/VT | 047 561 215 031 002 016 6649 011 061 026 1262 256 0.00 91.37
Duricrust VB/VT [ 027 176 122 0.22 011 0.00 7117 0.11 086 0.20 1365 211 0.00 91.68
Duricrust VB/VVT | 019 153 1.04 019 012 000 7166 010 0.89 023 14.06 1.86 0.00 91.88
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Table A7: Chemical composition and formula units based on 16 oxygens and Mn*’Mn*of the
hollandite calculated assuming full site occupancy

Hollandite
Lithotype Sample | Al,O; SiO, Fe,03 MnO, Mn,O3 PbO CuO CoO BaO KO Na0 > (%)
Mn greywacke A3 060 020 154 67.87 3.44 460 0.64 011 1383 005 0.07 92.95
Mn greywacke A3 073 027 531 6697 339 562 066 016 1262 001 001 9575
Mn greywacke A3 039 019 927 6521 330 165 048 008 1462 0.07 007 9533
Mn greywacke A3 032 013 015 7151 3.62 114 059 0.14 1673 0.03 0.05 9441
Mn greywacke A3 033 010 014 7379 3.74 165 062 0.09 1420 0.63 0.05 9534
Mn greywacke A3 035 011 015 7257 367 150 058 0.09 1392 064 004 93.62
Mn greywacke A3 045 027 019 7150 362 140 057 012 1566 0.03 004 93.85
Mn greywacke A3 040 0.15 030 71.50 3.62 136 059 0.10 16.63 0.04 0.03 94.72
Mn greywacke A3 040 048 0.17 70.68 3.58 163 053 0.14 1626 0.04 0.07 93.98
Pinkish siltstone PS 0.66 015 023 7122 361 267 072 034 1690 0.00 003 96.53
Pinkish siltstone PS 034 011 010 6529 331 187 043 012 1550 0.02 007 87.16
Pinkish siltstone PS 031 033 023 7125 3.61 225 063 029 1759 000 0.05 96.54
Pinkish siltstone PS 022 034 023 7136 3.61 203 049 023 1761 000 0.05 96.17
Pinkish siltstone PS 035 009 014 6821 345 176 046 0.05 1530 0.02 008 89.91
Pinkish siltstone PS 0.60 009 016 69.07 350 567 040 010 13.69 0.01 005 93.34
Duricrust Pd 381 056 214 66.04 3.34 0.84 156 051 1363 067 0.01 93.11
Duricrust Pd 396 038 149 67.17 3.40 0.94 145 048 1315 0.63 0.03 93.08
Duricrust Pd 398 045 155 6635 336 171 099 039 1425 031 004 93.38
Duricrust Pd 462 039 123 6633 336 159 171 055 1408 050 0.02 94.38
Duricrust Pd 429 119 7.02 65.78 3.33 343 054 027 617 209 0.01 94.12
Duricrust Pd 434 051 322 60.78 3.08 279 057 030 1264 031 0.08 88.62
Duricrust Z7-8 0.64 011 014 6307 319 942 056 029 1268 0.03 006 90.19
Duricrust Z7-8 0.60 012 015 6311 320 942 056 034 1231 001 002 89.84
Duricrust Z7-8 060 011 0.17 65.09 3.30 7.02 050 024 1390 001 0.02 90.96
Duricrust Z7-8 056 0.15 0.15 63.28 3.20 8.18 0.67 0.28 13.04 0.03 0.02 89.56
Duricrust Z7-8 0.63 012 015 6584 333 599 045 016 14.04 001 001 90.73
Duricrust Z7-8 059 013 016 6455 327 615 065 037 14.06 0.02 005 90.00
Duricrust Z7-8 070 014 013 64.19 3.25 852 050 021 1275 0.00 0.05 90.44
Duricrust Z7-8 061 012 015 6543 3.31 7.04 045 026 1343 000 0.02 90.82
Duricrust M1 156 019 1.69 6938 351 028 032 017 13.88 107 003 92.08
Duricrust Pp2 056 026 016 7816 396 000 069 013 737 058 005 91.92
Duricrust Pp2 022 009 018 70.23 3.56 0.00 0.66 050 16.09 0.38 0.00 91.91
Duricrust Pp2 030 019 017 71.69 3.63 0.04 053 036 1458 068 0.06 92.23
Duricrust Pp2 024 016 015 7122 361 000 055 032 1568 036 009 92.38
Duricrust Pp2 113 012 024 7050 357 014 065 087 1292 114 007 9135
Duricrust Pp2 029 014 015 70.85 3.59 0.00 052 033 1564 038 0.06 91.95
Duricrust Pp2 032 016 013 71.81 3.64 0.05 057 030 1598 046 0.02 93.44
Duricrust Pp2 036 011 014 7135 361 000 067 030 1514 059 005 92.32
Duricrust Pp2 043 021 011 7673 389 000 068 013 10.00 056 003 9277
Duricrust Pp2 030 015 0.16 7155 3.62 0.00 055 033 1572 057 0.04 9299
Duricrust Pp2 025 019 0.17 70.33 3.56 167 071 0.25 1399 037 0.06 9155
Duricrust Pp2 029 012 011 7119 361 204 068 021 1362 045 005 9237
Duricrust Pp2 045 020 013 7530 381 002 071 017 9.74 062 004 9119
Duricrust Pp2 036 013 014 7028 356 190 076 0.29 1433 040 005 92.20
Duricrust Pp2 023 012 014 7151 3.62 247 051 037 1191 055 0.08 9151
Duricrust VB/VT | 318 032 132 6593 334 229 065 027 1331 022 006 90.89
Duricrust VB/VT | 283 028 1.03 6852 347 237 073 023 1374 024 0.12 9356
Duricrust VB/VT | 288 027 072 66.32 3.36 185 0.74 027 1472 018 007 91.38
Duricrust VB/VT | 259 021 062 66.75 3.38 170 068 032 1494 017 006 91.42
Duricrust VB/VT | 371 033 201 6463 327 260 073 027 1288 0.17 0.05 90.65
Duricrust VB/VT | 519 046 481 6064 3.07 324 058 023 1129 022 0.0 89.83
Duricrust VB/VT | 261 021 054 6655 337 188 067 027 1451 021 008 90.90
Duricrust VB/VT | 200 023 058 6639 336 176 0.76 021 1438 019 0.09 89.95
Duricrust VB/VT | 264 025 054 69.72 353 174 080 029 1448 018 0.02 9419
Duricrust VB/VT | 210 047 115 65.49 3.32 195 073 023 1379 019 005 89.47
Duricrust VB/VT | 297 030 285 6255 3.17 274 071 020 1197 031 012 87.89
Duricrust VB/VT | 1.94 021 138 6803 345 18 076 025 1412 017 0.03 9219
Duricrust VB/VT | 356 032 199 6628 336 189 072 031 1276 023 0.12 9154
Duricrust VB/VT | 561 047 215 63.29 3.20 256 061 026 1262 031 011 9119
Duricrust VB/VT | 176 027 122 6774 3.43 211 086 020 1365 022 011 9157
Duricrust VB/VT | 153 019 1.04 6821 345 186 0.89 023 1406 019 0.10 9175
Formula units based on 16 oxygens and Mn**/Mn®" calculated assuming full site occupancy
LIthotype Sample [ AF*Si Fe¥  Mn"™ Mn®* Pb Cu Co Ba K Na Y (%)
Mn greywacke A3 010 003 017 6.93 039 018 007 001 080 001 002 872
Mn greywacke A3 013 004 039 677 038 022 007 002 072 000 000 875
Mn greywacke A3 0.07 0.03 0.68 6.64 037 007 005 001 084 001 002 879
Mn greywacke A3 005 0.02 0.01 710 040 004 006 002 094 001 001 866
Mn greywacke A3 005 001 001 715 040 006 007 001 078 011 001 867
Mn greywacke A3 006 002 001 715 040 006 006 001 078 012 001 867
Mn greywacke A3 0.08 0.04 0.01 7.09 040 005 006 001 0.88 001 001 864
Mn greywacke A3 0.07 0.02 0.02 7.08 039 005 006 001 093 001 001 866
Mn greywacke A3 007 007 001 7.04 039 006 006 002 092 001 002 867
Pinkish siltstone PS 0.11 0.02 0.02 701 039 010 0.08 004 094 000 001 872
Pinkish siltstone PS 0.06 0.02 0.01 7.08 039 008 005 002 095 000 002 868
Pinkish siltstone PS 0.05 0.05 0.02 7.02 039 009 007 003 098 000 001 871
Pinkish siltstone PS 004 005 0.02 704 039 008 005 003 098 000 001 869
Pinkish siltstone PS 006 001 001 711 040 007 005 001 090 000 002 865
Pinkish siltstone PS 0.10 0.01 0.01 7.06 039 023 004 001 079 0.00 001 868
Duricrust Pd 0.64 0.08 015 651 036 003 017 006 0.76 0.12 000 889
Duricrust Pd 066 005 011 658 037 004 016 005 073 011 001 886
Duricrust Pd 067 006 011 655 037 007 011 004 080 006 001 884
Duricrust Pd 0.77 0.06 0.09 6.47 036 006 0.18 006 0.78 0.09 001 892
Duricrust Pd 070 017 049 631 035 013 006 003 034 037 000 894
Duricrust Pd 078 008 025 638 036 011 007 004 075 006 002 889
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Duricrust Z7-8 012 002 001 694 039 040 007 004 079 001 002 880

Duricrust Z7-8 011 0.02 0.01 6.95 039 040 007 004 077 000 001 878
Duricrust Z7-8 011 0.02 001 6.98 039 029 0.06 003 08 000 001 875
Duricrust Z7-8 0.10 0.02 0.02 6.95 039 035 0.08 004 081 001 001 878
Duricrust Z7-8 011 0.02 001 701 039 025 005 002 085 000 000 872
Duricrust Z7-8 011 0.02 0.01 697 039 026 008 005 086 000 002 876
Duricrust Z7-8 013 0.02 001 6.96 039 036 006 003 0.78 000 0.02 876
Duricrust Z7-8 011 0.02 001 7.00 039 029 005 003 081 000 001 873
Duricrust CcMm1 027 0.03 012 6.92 039 001 003 002 078 020 001 877
Duricrust Pp2 0.09 0.04 001 732 041 000 007 001 039 010 001 845
Duricrust Pp2 004 001 o001 711 0.40 0.00 0.07 006 0.92 007 0.00 8.69
Duricrust Pp2 0.05 0.03 001 713 0.40 0.00 0.06 004 082 012 0.02 8.68
Duricrust Pp2 0.04 0.02 001 712 040 000 006 004 089 007 003 867
Duricrust Pp2 019 0.02 0.02 7.02 039 001 007 010 0.73 021 002 878
Duricrust Pp2 0.05 0.02 001 712 0.40 0.00 0.06 004 0.89 007 002 8.67
Duricrust Pp2 0.05 002 o001 711 0.40 0.00 0.06 003 090 008 001 8.68
Duricrust Pp2 0.06 0.02 001 712 040 000 007 003 08 011 001 8.69
Duricrust Pp2 0.07 0.03 001 727 041 000 007 001 054 010 001 851
Duricrust Pp2 0.05 002 001 711 0.40 0.00 0.06 004 089 010 0.01 8.69
Duricrust Pp2 0.04 003 001 712 0.40 0.07 0.08 003 080 007 002 8.67
Duricrust Pp2 0.05 0.02 001 714 040 008 007 002 077 008 001 866
Duricrust Pp2 0.07 0.03 0.01 726 041 000 007 002 053 011 001 853
Duricrust Pp2 0.06 0.02 001 7.10 0.40 0.07 0.08 003 082 007 001 8.69
Duricrust Pp2 0.04 002 002 717 040 010 0.06 004 0.68 010 0.02 8.64

Duricrust VB/VT | 055 0.05 010 6.69 037 009 007 003 077 004 002 878
Duricrust VB/VT | 048 0.04 0.07 6.76 038 009 008 003 077 004 003 877
Duricrust VB/VT | 050 004 005 6.73 038 0.07 0.08 003 08 003 002 879
Duricrust VB/VT | 045 003 005 6.78 038 0.07 0.08 004 08 003 002 878
Duricrust VB/VT | 064 005 015 6.59 037 010 0.08 003 0.74 003 001 881
Duricrust VB/VT | 091 007 036 6.26 035 013 0.07 003 066 004 003 890
Duricrust VB/VT | 045 0.03 004 679 038 0.07 0.07 003 084 004 002 878
Duricrust VB/VT | 035 0.03 004 6.85 038 0.07 0.09 003 084 004 003 875
Duricrust VB/VT | 0.44 004 004 6.82 0.38 007 009 003 080 003 001 874
Duricrust VB/VT | 037 007 009 6.79 038 008 008 003 081 004 001 875
Duricrust VB/VT | 054 0.05 022 6.62 037 011 0.08 002 072 006 004 882
Duricrust VB/VT | 033 003 010 6.85 038 0.07 0.08 003 081 003 001 873
Duricrust VB/VT | 061 005 014 6.64 037 007 008 004 072 004 003 879
Duricrust VB/VT | 096 007 016 6.35 035 010 0.07 003 0.72 006 0.03 889
Duricrust VB/VT | 030 0.04 009 6.87 038 0.08 010 002 0.78 004 003 874
Duricrust VB/VT | 026 0.03 008 6.91 039 007 010 003 0.81 004 0.03 873

Table A8: Microprobe analysis of cryptomelane in Mn rocks and related duricrusts

Cryptomelane

Lithotype | Sample | Si0, AlL,O; Fe,0; KO CaO P,O; MnO; NaO CuO CoO BaO  PbO  V,0; >(%)

Duricrust M1 042 507 0.61 4.03 0.05 0.00 76.15 0.23 0.40 0.18 183 032 0.00 89.30
Duricrust M1 032 452 0.37 447 0.01 0.00 79.15 0.16 0.25 0.10 0.83  0.03 0.05 90.26
Duricrust M1 040 505 046 410 0.00 0.00 77.08 0.11 0.32 0.16 170 023 0.06  89.67
Duricrust M1 037 479 0.29 452 0.02 0.00 78.07 0.20 0.34  0.08 121 011 0.00 89.98

Table A9: Chemical composition and formula units based on 16 oxygens and Mn**Mn**of the
cryptomelane calculated assuming full site occupancy

Cryptomelane

Lithotype Duricrust Duricrust Duricrust Duricrust
Sample M1 M1 M1 M1
Al,O4 5.07 4.52 5.05 4.79
SiO, 0.42 0.32 0.40 0.37
Fe,03 0.61 0.37 0.46 0.29
MnO, 72.48 74.84 73.02 74.51
Mn,03 3.33 3.92 3.69 3.23
PbO 0.32 0.03 0.23 0.11
CuO 0.40 0.25 0.32 0.34
CoO 0.18 0.10 0.16 0.08
BaO 1.83 0.83 1.70 121
K,0 4.03 4.47 4.10 4.52
Na,O 0.23 0.16 0.11 0.20
> (%) 88.90 89.80 89.23 89.63
Formula units based on 16 oxygens and Mn*"/ Mn®" calculated assuming full site occupancy
AP 0.81 0.71 0.80 0.75
Si 0.06 0.04 0.05 0.05
Fe* 0.06 0.02 0.03 0.02
Mn* 6.76 6.87 6.78 6.87
Mn®* 0.34 0.40 0.38 0.33
Pb 0.01 0.00 0.01 0.00
Cu 0.04 0.02 0.03 0.03
Co 0.02 0.01 0.02 0.01
Ba 0.10 0.04 0.09 0.06
K 0.69 0.76 0.70 0.77
Na 0.06 0.04 0.03 0.05
¥ (%) 8.95 8.92 8.93 8.94
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Table A10: Microprobe analysis of romanechite in Mn rocks and related duricrusts

Lithotype [ Sample [ SiO, ALO; Fe,Os K,O CaO  P,Os MnO; NaO CuO  CoO  BaO  PbO  V,05 > (%)
Romanechite
Mn greywacke A2 018 034 029 004 013 003 7099 003 001 019 1704 0.00 0.11 89.37
Mn greywacke A2 021 048 046 004 011 017 69.46 000 002 023 1655 0.01 0.00 87.74
Mn greywacke A2 021 042 014 004 010 023 7116 005 005 015 1738 0.00 0.00 89.93
Mn greywacke A2 017 036 013 003 004 000 708 003 002 014 1775 0.02 0.06 89.60
Mn greywacke A2 020 052 022 004 007 010 7090 006 004 016 1717 0.07 0.3 89.67
Mn greywacke A2 017 032 021 004 010 000 688L 007 001 020 1753 0.0 0.00 87.44
Mn greywacke A2 014 026 017 004 005 006 7058 003 001 022 1736 0.2 0.00 88.94
Mn greywacke A2 013 029 020 004 008 000 7012 003 000 017 1776 0.9 0.05 88.96
Mn greywacke A2 018 035 056 006 012 007 7016 002 000 015 1703 0.00 0.00 88.69
Mn greywacke A2 018 036 061 004 012 016 698 009 000 018 1633 0.0 0.00 87.93
Mn greywacke A2 022 031 046 005 010 007 6921 008 000 016 1741 0.0 0.00 88.06
Mn greywacke A2 017 030 067 005 014 009 7037 002 006 018 1691 0.01 0.00 88.95
Mn greywacke A2 017 056 092 006 016 013 6803 008 006 009 1620 0.0 0.00 86.45
Mn greywacke A2 022 036 041 005 010 003 6890 003 003 015 1727 0.0 0.10 87.63
Mn greywacke A2 042 041 039 005 011 018 69.01 007 004 013 1680 0.05 0.02 87.66
Duricrust B1-B4 | 015 042 021 006 010 000 6645 008 005 015 1776 0.00 0.06 85.47
Duricrust B1-B4 | 013 023 026 003 006 000 6692 000 005 019 1844 0.00 0.14 86.45
Duricrust B1-B4 | 024 032 017 003 008 001 6805 006 009 021 1729 0.2 0.00 86.57
Duricrust B1-B4 | 018 038 015 004 008 000 6739 005 001 026 1742 0.0 0.06 86.01
Duricrust B1-B4 | 034 044 026 004 011 008 6794 006 002 023 1727 0.05 0.10 86.92
Duricrust Bl1-B4 | 018 040 012 005 008 014 6558 006 000 030 1742 0.01 0.00 84.33
Duricrust B1-B4 | 012 024 026 003 005 000 6700 008 000 015 1787 0.00 0.00 85.81
Duricrust Bl1-B4 | 022 028 018 002 010 001 6644 009 000 018 1780 0.00 0.05 85.36
Duricrust B1-B4 | 019 040 017 005 011 021 6601 009 005 031 1772 0.00 0.07 85.38
Colluvium 71-76 | 017 032 020 004 005 000 6919 000 000 011 1747 0.00 0.00 87.54
Colluvium 71-76 | 027 036 017 005 009 000 6875 008 000 015 1752 0.00 0.07 87.51
Colluvium 71-76 | 025 033 014 006 009 000 6932 002 002 018 1676 0.00 0.00 87.16
Colluvium Z71-76 | 017 029 014 003 008 007 6920 005 000 024 1785 0.00 0.19 88.31
Colluvium 71-76 | 025 036 017 004 007 007 6930 003 000 017 1729 0.01 0.00 87.77
Colluvium Z71-76 | 029 031 013 005 010 004 6772 000 002 017 1702 0.05 0.03 85.92
Colluvium 71-76 | 019 022 016 001 006 000 6816 007 006 022 1806 0.00 0.00 87.21
Colluvium Z1-76 | 025 044 015 007 010 008 6797 009 000 021 1734 0.03 0.07 86.80
Colluvium 71-76 | 025 043 024 003 007 001 6806 006 006 020 1716 0.05 0.00 86.62
Colluvium 71-76 | 019 033 012 004 008 000 6784 001 003 016 1795 0.00 0.00 86.73
Colluvium 71-76 | 049 037 019 005 0.08 000 6624 004 006 022 1693 011 0.00 84.78
Colluvium 71-76 | 027 030 015 006 009 002 6829 006 000 012 1698 0.04 0.00 86.38
Colluvium 71-76 | 024 039 012 006 007 013 6917 007 006 014 1717 0.0 0.07 87.69
Colluvium 71-76 | 018 024 014 004 007 000 6962 008 005 018 1772 0.04 0.06 88.43
Colluvium 71-76 | 082 039 011 005 010 008 6700 002 006 018 1708 0.00 0.07 85.96
Colluvium 71-76 | 021 019 021 003 007 000 6892 009 001 020 1847 0.06 0.09 88.55
Colluvium 71-76 | 016 024 033 005 006 000 6743 003 003 012 1769 0.00 0.06 86.19
Colluvium 71-76 | 019 020 029 002 006 001 6808 005 002 018 1727 0.0 0.17 86.51
Colluvium 71-76 | 025 028 044 005 007 000 6750 002 000 015 1769 0.00 0.00 86.44
Colluvium 71-76 | 016 026 026 003 008 000 6815 006 000 014 1780 0.08 0.00 87.01
Colluvium 71-76 | 012 035 018 0.05 005 000 6730 005 004 016 1779 000 0.24 86.32
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Table A11: Chemical composition and formula units based on 10 oxygens and Mn**Mn®of the romanechite calculated assuming full site occupancy

Romanechite

Lithotype Mn greywacke Duricrust Colluvium fragment

Sample A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 A2 Bl Bl Bl Bl Z1 Z6 Z1 Z6 Z1 Z6 Z1 Z6 Z1 Z6 Z1 Z6
Al,05 034 048 042 0.36  0.52 0.32 0.26 029 0.35 0.36 0.31 030 056 0.36 041 | 0.23 032 038 044 | 032 0.36 0.33 0.29 036 031 0.22 0.44  0.39 024 039 019
P,0s 0.03 017 023 000 0.10 0.00 0.06 0.00 0.07 0.16 0.07 0.09 013 0.03 0.18 | 0.00 0.01 0.00 0.08 0.00 0.00 0.00 0.07 0.07 004 0.00 0.08 0.13 0.00 0.08 0.00
Fe,04 029 046 014 013 022 021 017 020 056 061 046 067 092 041 039 | 026 017 015 026 | 020 017 014 014 017 013 016 015 012 014 011 021
MnO, 60.57 59.22 60.70 60.80 60.63 59.22 60.32 60.29 60.05 59.38 59.48 60.17 5832 59.26 5899 | 58.25 5857 58.13 5847|5946 59.20 59.25 59.52 59.38 58.15 5891 5854 59.26 59.90 57.68 59.69
Mn,04 9.60 944 964 927 946 884 945 906 932 964 898 940 895 889 923 (800 874 854 873|897 880 928 892 914 88 853 870 913 896 859 851
Sio, 018 021 021 017 020 017 014 013 018 018 022 017 017 022 042 | 013 024 018 034 | 017 027 025 017 025 029 019 025 024 018 082 021
Cuo 0.01 002 005 002 004 001 001 000 000 000 000 006 006 003 004|005 009 001 002|000 000 002 000 000 002 006 000 006 005 006 001
CoO 019 023 015 014 016 020 022 017 015 018 016 018 009 015 013 | 019 021 026 023 | 011 015 018 024 017 017 022 021 014 018 018 0.20
BaO 17.04 1655 17.38 17.75 17.17 1753 17.36 17.76 17.03 16.33 17.41 1691 16.20 17.27 16.80 | 18.44 1729 17.42 17.27 | 17.47 1752 16.76 1785 17.29 17.02 18.06 17.34 17.17 17.72 17.08 18.47
KO 0.04 0.04 004 003 0.04 0.04 0.04 0.04  0.06 0.04  0.05 0.05 006 0.05 0.05 | 0.03 0.03 0.04 0.04 [ 0.04 0.05 0.06 0.03 0.04 005 0.01 0.07  0.06 0.04 0.05 0.03
(%) 88.28 86.81 88.95 88.66 8853 86.53 88.03 87.94 87.75 86.89 87.12 87.98 8545 86.66 86.63 | 85.58 85.66 85.10 85.87 | 86.73 86.53 86.26 87.24 86.88 84.99 86.37 8576 86.70 87.42 85.05 87.53

Formula units based on 10 oxygens and Mn**/Mn** calculated assuming full site occupancy

AP* 0.04 0.06 005 004 0.06 0.04 0.03 003 0.04 0.04 004 003 007 004 0.05 | 0.03 0.04 0.05 0.05 0.04 0.04 0.04 0.03 0.04 004 0.03 0.05 0.05 0.03 0.05 0.02
P 0.00 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 001 0.00 0.02 | 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 001 000 0.00 0.01 0.01 0.00 0.01 0.00
Fe3* 0.02 0.03 0.01 0.01 0.02 0.02 0.01 0.02 0.04 0.05 0.03 0.05 007 0.03 0.03 | 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 001 001 0.01 0.01 0.01 0.01 0.01 0.02
Mn** 408 404 405 409 406 409 408 410 407 404 408 406 404 408 404 | 411 409 409 407 | 410 409 409 409 408 409 410 408 407 410 406 411
Mn** 070 071 071 069 070 067 070 068 070 072 068 070 068 067 070 | 0.62 067 066 067 | 068 067 070 0.67 0.69 0.68 065 067 069 068 067 0.64
Si 001 001 001 001 001 001 001 001 001 001 001 001 001 001 002|001 001 001 002|001 001 001 001 001 001 001 001 001 001 004 001
Cu 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 000/ 000 001 000 000|000 000 000 000 000 000 000 000 000 000 000 0.00
Co 0.02 002 001 001 001 002 002 001 001 001 001 001 001 001 001|002 002 002 002|001 001 001 002 001 001 002 002 001 001 001 002
Ba 065 064 066 068 065 069 067 068 065 063 068 065 064 067 065 | 074 068 070 068 | 068 069 066 069 067 068 071 068 067 069 068 072
K 001 001 000 000 001 001 000 000 001 001 001 001 001 001 001|000 000 000 001|001 001 001 000 000 001 000 001 001 001 001 0.00
> (%) 553 553 553 553 553 554 553 553 553 553 553 553 553 554 553 | 555 554 554 554 | 553 554 553 554 553 553 554 554 553 554 553 554
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Table A12: Microprobe analysis of goethite and hematite in Mn rocks and related duricrusts

Lithotype Sample SiO, Al,O3 Fe,03 KO Ca0 P,0s5 MnO, Na,0 CuO CoO BaO PbO V,03 > (%)
Goethite and hematite
Duricrust Pil 3.15 3.49 83.89 0.01 0.04 0.19 2,94 0.00 0.15 0.10 0.00 0.38 0.20 94.54
Duricrust Pil 10.74 10.75 61.18 0.00 0.01 0.00 4.89 0.01 0.01 0.07 0.11 0.41 0.14 88.31
Duricrust Pil 10.76 10.51 68.76 0.04 0.03 0.06 3.66 0.03 0.11 0.03 0.05 0.25 0.33 94.61
Duricrust Pil 2.18 4.73 82.10 0.00 0.02 0.17 1.61 0.03 0.06 0.03 0.00 0.13 0.11 91.19
Duricrust Pil 0.79 6.63 83.27 0.00 0.00 0.22 3.46 0.02 0.00 0.14 0.08 0.03 0.29 94.94
Duricrust Pil 1.30 2.55 84.72 0.00 0.02 0.01 6.19 0.05 0.01 0.08 0.13 0.08 0.00 95.15
Duricrust Pil 2.79 331 82.95 0.00 0.01 0.07 4.32 0.02 0.02 0.09 0.03 0.26 2.14 96.00
Duricrust Pil 154 1.71 89.08 0.05 0.02 0.02 3.58 0.04 0.00 0.09 0.00 0.05 0.01 96.18
Duricrust Pil 1.60 1.27 89.40 0.00 0.00 0.09 2.01 0.08 0.07 0.08 0.00 0.03 0.17 94.80
Duricrust Pil 2.00 181 89.09 0.03 0.01 0.02 2.67 0.00 0.00 0.09 0.04 0.00 0.20 95.95
Duricrust Pil 5.84 241 79.44 0.00 0.03 0.01 4.06 0.00 0.00 0.11 0.04 0.08 0.28 92.31
Duricrust Pil 2.10 2.36 83.50 0.05 0.06 0.00 4.57 0.08 0.09 0.08 0.14 0.16 0.27 93.45
Duricrust Pil 1.49 1.78 88.52 0.03 0.05 0.01 3.48 0.05 0.02 0.05 0.00 0.05 0.21 95.75
Duricrust Pil 1.40 1.67 88.95 0.03 0.03 0.01 3.20 0.09 0.06 0.03 0.00 0.01 0.26 95.72
Duricrust Pi2 4.44 5.17 71.69 0.01 0.04 0.08 4.85 0.03 0.01 0.09 0.21 0.48 0.00 87.07
Duricrust Pi2 13.50 13.31 58.11 0.03 0.01 0.01 5.50 0.03 0.00 0.04 0.06 0.33 0.00 90.93
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NEODYMIUM, STRONTIUM AND LEAD ISOTOPES: AN INSIGHT OF
PROVENANCE AND BEHAVIOR UNDER EXTREME WEATHERING
CONDITIONS
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Campus, 70910-900, Brasilia, Federal District, Brazil, albuguerquelll@hotmail.com; 2- Brasilia
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ABSTRACT

Chemical and isotopic analysis have been carried out in southwestern Amazonia, Brazil,
with the goal to establishing the source of sedimentary rocks in two Proterozoic and
Paleozoic basins and the behavior of Sr, Nd and Pb isotopes during lateritization. The
surrounding intrusive suites (Colider Group, Teoddsia, Igarapé das Lontras and Serra da
Providéncia) were the main source areas to the Vila do Carmo and Beneficente Group.
The Vila do Carmo Group also received supply from Tapajés Parima Province and
Beneficente Group was supplied also by Sunsas and Carajas Provinces. While the Alto
Tapajos basin is product of erosion of Sumauma basin conditioned after Cachimbo
graben intrusion. The extreme tropical weathering conditions since the early Cenozoic,
probable ages of the lateritic duricrusts, do not affect the geochemical and Nd and Pb
isotopes of the parent rocks. The variations of Nd isotopes along the lateritic profiles
depend of leaching and redistribution of radiogenic mineral, while the variations of Pb
isotopes are assigned to U and Th decay throughout the geological time. By the other
hand, the behavior of Sr isotopes show contributions of extraneous Sr input, most
probably related to interaction with rainwater and groundwater. Moreover, the set of
mineralogical, geochemical and isotopic features of tuffs, sedimentary rocks, lateritic
duricrusts and oxisols together with gammaspectometry airborne allowed improve the
geological knowledge of southwestern Amazonia.

Keywords: duricrusts, redistribution, provenance, behavior

1. INTRODUCTION

Several tools employed to identify the source of sediments and sedimentary
rocks, such as heavy minerals, major and trace elements, allow classify the sedimentary
rocks, the weathering degree in the source area, as well the type of rocks that supplied
the sediments and the tectonic setting (Nesbit and Young, 1982; Herron, 1988; Roser
and Korsh, 1988; McLennan, 1990; Henrique-Pinto et al., 2015). The Rb-Sr and Sm-Nd
isotopic systems, tracers of mantellic and crustal signatures, also evoke the source areas
of the sediments, the geotectonic setting and sedimentary environment (Bhatia and
Crook, 1986; Floyd and Leveridge, 1987; McLennan et al., 1990; Rollinson, 1993;
Cullers and Podkovyrov, 2002).

Moreover, these isotopes are commonly employed to measure the rate of
material eroded from the continents to rivers and oceans and how the source influences
the chemical composition of waters (Tripathy et al., 2011). However, there are some
provisos related to Sr isotopes during diagenesis or extreme weathering (Nelson and
DePaolo, 1988) since they are easily fractionated and removed due to mineral
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weathering (Negrel, 2006; Ma et al., 2010). Kurtz et al. (2001) and Dia et al. (2006)
reported that the extraneous Sr input (aeolian sediments) modifies the &’Sr/%Sr ratios in
regolith horizons, whereas Ma et al. (2010) do not recommend the use of Sr isotopes for
provenance of soils formed under extreme weathering.

The redistribution of heavy minerals throughout the weathering profile (Nesbitt,
1979; Morey and Setterholm, 1997; Ma et al., 2007; McQueen and Scott, 2008; Laveuf
and Cornu, 2009), Nd released and trapped into Fe, Mn and P oxy-hydroxides and the
extraneous Nd input from aeolian source are the main reasons of Nd isotopic ratios
changes in the weathering profiles (MacFarlane et al., 1994; Ohlander et al., 2000; Viers
and Wasseburg, 2004, Babechuk et al., 2015). On the other hand, according to Ma et al.
(2010) the aeolian Nd input is negligible and the slight changes in the Nd isotopic ratios
are assigned to Nd removal from bedrock to saprolite. The authors also concluded that
Nd under lateritization conditions is more easily removed than ***Nd, despite that
recommends the use of Nd isotopes as tracers of provenance of sedimentary rocks and
soils.

The few studies concerning Pb isotopes behavior at weathering profiles have
been carried out in gossans which recognized several facies in Australia and Burkina
Faso and ratified the Pb isotopes immobility during extreme weathering (Gulson and
Mizon, 1979; Kribek et al., 2016). Also, the combination of Pb, Nd and Sr isotopic
ratios have been useful in the discrimination of the source of the hydrothermal and
sedimentary Mn around the world (Clauer et al., 1984; Romer et al., 2011; Conly et al.,
2011; Del-Rio Salas et al., 2013; Yang et al., 2015).

The southwestern Amazonia (Brazil) with two sedimentary basins and bauxites,
ferruginous and manganiferous duricrusts and thick oxisols developed from them (Reis
et al., 2013; Albuquerque and Horbe, 2015; CPRM, 2015; Albuquerque et al. 2017), it
becomes an excellent place to employ the Nd, Sr and Pb isotopic systems concerning
sedimentary provenance studies and improve the understanding the behavior of these
isotopes under extreme weathering. Thus, the goal of this study is to recognize the
source of sediments of these sedimentary basins and to evaluate the weathering effect
over Nd, Pb and Sr isotopes along the regolith. Besides that, the region is under
geological mapping refinement, so the combination of isotopic analysis, mineralogical
and geochemical (both in rocks and regolith horizons) together with airborne gamma
spectrometry also aiming improve the geological knowledge.

2. ENVIRONMENTAL AND GEOLOGICAL SETTING

The study area is located in the southwestern Amazonia, Brazil, between 6-13°S
and 59-62°W (Fig. 1). The geological mapping of the region is under review by
Brazilian Geological Survey (CPRM), and there is no integration between of the eastern
and western portions of the geological maps (Fig. 1). Nevertheless, available data
indicates that the basement is composed by rhyolites, dacites and rhyodacites, with
some subvolcanic rocks (Colider Group with 1.78-1.80 Ga; Santos, 2003; Fig.1).
Intrusive into volcanic basement there are granitic suites (Teodosia- 1.758 to 1.757 Ga;
and lgarapé das Lontras- 1.754 Ga), which are intersected by monzogranite batholiths
(Serra da Providéncia intrusive suite, 1.57-1.53 Ga) (CPRM, 2015).

Over the volcanic basement and granitic bodies was developed a Proterozoic
intracratonic basin in rift called Sumadma basin, divide in Vila do Carmo and
Beneficente Groups (Reis et al., 2013). The volcano-sedimentary sequence (Vila do
Carmo Group, 1.76-1.74 Ga) comprise quartz sandstones, volcanoclastic and pyroclastic
rocks cut by diabase (Mata-Mata, 1.576 Ga) (Betiollo et al., 2009; Reis et al., 2013).
These rocks are overlapped by orthoconglomerates and massive quartz-sandstones with
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rare mudstones of alluvial fans and floodplain; pinkish to purplish silicified quartz-
sandstones deposited at tidal plains and river channels; and sublitharenites and quartz
sandstones intercalated with siltstones and mudstones of aeolian and washover
environment (Beneficente Group, 1.01-1.43 Ga; CPRM, 2013; Reis et al. 2013).

The Paleozoic new rift process allowed the developed of a new sedimentary
basin (AltoTapajos Group, Silurian-Devonian). It gathers fine to medium grained
sandstones with conglomeratic lenses and siltstones interspersed with fine sandstones
deposited in coastal and lagoon environment (CPRM, 2013; CPRM, 2015). From the
Sumalma and Alto Tapajos basins were developed an extensive lateritic covers (Silva et
al., 2012; Albuquerque and Horbe, 2015; CPRM, 2015; Albuquerque et al., 2017)
composed by ferruginous and manganiferous duricrusts, bauxites, colluviums and thick
oxisols.

In the Neogene conglomerates, conglomeratic sandstones and mottled
mudstones (Salva Terra Formation) were deposited into preterit alluvial plains, and
gravel, sand, silt and clay into the modern alluvial plains (CPRM, 2006).
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Figure 1: Localization of study area and geological setting with samples collected and the
lateritic profiles. Geological map carried out for Geological Survey of Brazil, CPRM (2006,
2013, 2014 and 2015). The eastern portion (red square) is under revision
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3. SAMPLING MATERIALS AND ANALYTICAL METHODS

Thirty eight samples from six profiles including rocks, bauxites, manganese,
ferruginous and iron-aluminum duricrusts and soils have been collected. The samples
were dried at room temperature, pulverized and submitted to mineral identification by
optical microscopy (10 thin sections), XRD (Shimadzu XRD — 6000) equipped with
copper tube and scanning electron microscopy (SEM, Quanta 250 FEI) after Au-Pd
metallization. All the samples were analyzed for major (SiO,, Al,O3, Fe,03, MgO, Ca0,
Na,0, K;0, TiO,, P,Os e MnO) and trace elements (Ag, As, Au, Ba, Bi, Be, Cd, Co, Cr,
Cs, Cu, Ga, Hf, Hg, Mo, Nb, Ni, Pb, Rb, Sh, Sc, Se, Sn, Sr, Ta, Tl, Th, U, V, W,Y, Zn,
Zr and REE) by fusing an aliquot using Li metaborate or tetraborate followed by
dissolution in a triacid solution. The elemental determinations have been performed by
inductively coupled plasma mass spectrometry, whereas the loss of ignition (LOI) was
analyzed by gravimetry. All of the samples were carried out at Acme Analytical
Laboratories LTD, Canada.

The Nd and Sr isotopes were performed in 38 samples, of which 10 were
selected for Pb isotopic analysis. For isotopic analysis were separated 20- 40 mg
aliquots of rocks, crusts and soils, to be digested under clean laboratory conditions in
two stages using concentrated HF/ HNO3; and 6N HCI on a hot plate. The Sm, Nd and
Sr isotopes were loaded onto Thermo lonization Mass Spectrometry (Geochronology
Laboratory of the University of Brasilia), according to the procedures of Gioia and
Pimentel (2000). REE and Sr isotopes were separated using chromatographic columns
with AG50W-X8 cation-exchange resin. After that, Nd was isolated from the others
REE using AG50-X2 resin. Sr, Nd and Sm were loaded separately on tungsten filament
with TaF solution. Neodymium was reprocessed on double rhenium filament with
HsPO, (0.1 M) and measured as metal Nd*. The ***Nd/***Nd ratios are presented in parts
per 104 units from Nd’***Nd cqur  as  present day  measured:
eNdy=[(***Nd/***Nd)amostra/ IcHur(o)-1]¥10%, thus, **Nd/***Ndgampre is the present day
ratio measured in the sample, and lchur() (0.512638) represents the ***Nd/***Nd ratio in
the CHUR reference reservoir at the present (Jacobsen and Wasserburg, 1980). The
analytical uncertainty is of 0.0004% e 0.05% for **Nd/***Nd and **'Sm/*Nd,
respectively.

Pb was loaded onto standard Re filaments with a mixture of silica gel and
phosphoric acid. All of these analyses were performed on a Thermal lonization Mass
Spectrometer (Finnigan MAT 262) in Geochronological Research Center- Sdo Paulo
University. Based on multiple analyses of a common Pb standard (NBS-981), the
samples were corrected by 0.13%/a.m.u for instrumental mass fractionation. The NBS-
981 standard deviation (1s) for 2®°Pb/***Pb = 16.898 + 0.008; *°'Pb/**Pb = 15.439 +
0.010 and *®*Pb/***Pb = 36.535 + 0.032.

Mass balance was performed in five of the six profiles (P1, P2, P4, P5 and P6),
those that are better developed. It was calculate the P,Os and REE mass balance using
Zr as immobile element. The enrichment factor is based on the following formula
EF=[Ceny™ Zrpnl/[Cepy™ Zrny), where EF= enrichment factor; Cen,= element amount
in horizon, Cegy= element amount in protolith; Zrn,= Zr concentration in horizon and;
Zrpy= Zr concentration in protolith. Thus, enriched elements display EF values > 1.1,
depleted elements in comparison to protolith show EF< 0.9, while immobile elements
show values between 0.9 and 1.1. It is worth mentioning that the profile 2 is correlated
with the profile 1, so for the mass balance analysis and behavior of Nd, Sr and Pb
isotopes during weathering, the Mn-greywacke (A3) was used as protolith.
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Geological and relief maps were performed using ArcGis 10 and Global Mapper
13.

The airborne gamma-ray spectrometric images were obtained and processed
from the Prospectors Airborne System LTDA, Rio de Janeiro, Brazil, as part of two
aero geophysical projects (Aripuand and Sucunduri) of the CPRM/Geological Survey of
Brazil in the 2010. On Oasis Montagi 6.3 the K, Th and U channels of airborne gamma-
ray spectrometric images were normalized and made a unique mosaic.

4. PETROGRAPHY OF THE SEDIMENTARY ROCKS

The quartz-sandstones, Mn-greywackes and tuffs were gather together and
described according the similarities and fieldwork observations due to the eastern part
of study area is still in mapping refinement. Also, the term Mn-rocks is used when Mn-
siltstones and Mn-greywackes are discussed together.

4.1  Vila do Carmo Group: Quartz-sandstones (samples Q1 and Q3), tuffs (samples
V and R) and Mn-rocks (samples PS and A3)

The quartz sandstones are greyish, super mature, laminated with low porosity
and closed framework (Fig. 2A). The well rounded and sorted quartz grains have silica
overgrowth (3% of bulk rock), display concave convex contacts with few contacts
sutured and polygonal (Fig. 2B). There is pseudo-matrix with opaque inclusions and
altered microclines to illite. The tuffaceous rocks (samples V and R), interbedded with
the quartz-sandstones, are composed by angular quartz (< 6 cm diameter; 45% of bulk
rock), sericitized feldspar porphyries (25%), volcanic fragments (3%) and sphene, rutile,
Ti-magnetite, zircon and epidote (< 2.5%) (Fig. 2C and D). They are sustained by
quartz-feldspar matrix or volcanic glass (25%).

Interbedded with tuffaceous rocks, there are Mn-siltstone (sample PS) and Mn-
greywacke (sample A3) framed into Vila do Carmo Group (Albuquerque et al., 2017).
The Mn-siltstone is pinkish, has quartz framework (78% of bulk rock) and displays
fractures filled by coronadite and hollandite (22% of bulk rock) (Fig. 2E). The Mn-
greywacke (A3) has quartz grains (48%) supported by matrix, which is composed by
hollandite and cryptomelane with widespread coronadite (Fig. 2F). The quartz grains
are poorly sorted, moderately to well rounded, fractured with silica overgrowth.
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Figure 2: Main features of quartz-sandstones, tuffs and Mn-rocks of study area. A- Framework
of quartz-sandstones (Q1 and Q3). B- Detail of satured contact between quartz grains and

pesudomatrix. C- Overview of tuff fragment showing microclines sustained by quartz-feldspar

matrix. D- Ti-magnetite of the tuffs with zircon inclusion involved by quartz-feldspar matrix. E-
Pinkish siltstone showing fine quartz matrix crossed by coronadite and hollandite veins. F-

Quartz grains sustained by hollandite, cryptomelane and coronadite matrix in Mn-greywackes.

4.2  Beneficente Group: Quartz-sandstones (QA and Q2) and Mn-greywacke (A2)
The quartz-sandstones (QA and Q2) are whitish to pinkish, sub-mature to
mature, fractured with closed framework composed by quartz grains with sorting
moderate to well. The quartz grains (90% of the rock) are imbricated with convex
concave contacts, silica overgrowth (up to 3% of the bulk rock) and secondary
ferruginous cement overlay. Among the quartz grains there are pseudo-matrix (3%) and
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lithic fragments (2%) (Fig. 3A and B). Anatase, Ti-magnetite, ilmenite and zircon
comprises up to 2% of the rocks (Fig. 3C, D, E and F).

The Mn-greywacke (A2) has quartz grains (33%) supported by matrix of
romanechite (67%).
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Figure 3: Main features and mineral composition of quartz-sandstones (QA and Q2). A-
Framework of quartz-sandstones highlighting the opaque minerals and quartz. B- Sandstone
fragment. C- Anatase derived from weathering of Ti-magnetite. D and E- Ti-magnetite and
ilmenite at quartz framework. F- Euhedral zircon grain widespread in framework.

4.3  Alto Tapajoés Group: quartz-sandstone (Q4) and feldspathic greywackes (G1,
G2, G4, G5 and G6)

The quartz-sandstone (Q4, 90% of quartz) is whitish to greyish, mature and
silicified. The quartz grains are poor to moderate sorted, rounded to sub-rounded with
silica overgrowth (up to 7% of bulk rock (Fig. 4A). Also, there are magnetite and Ti-
magnetite (1%), sandstones and volcanic fragments (2%) and minor amount of
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fragments of siltstones (Fig. 4B and C). The sandstone fragments show angular to sub-
rounded quartz grains cemented by silica, while the volcanic fragments have a fine
grained silica matrix replete of slatted muscovite and opaque. The siltstones fragments
in sutured contact with quartz grains are composed by kaolinite mass impregnated by
iron oxides (Fig. 4D).

The feldspathic greywackes are greyish, laminate, composed mainly by angular
microcline grains (25% of bulk rock) with 50 to 80 um diameter (Fig. 4E and F),
supported by very fine quartz-illite matrix (80% of bulk rock) with thin veinlets of illite,
heterogeneous mass of fluorapatite, rounded to subhedral zircon and rutile grains (Fig.
5A). In the sample G5 there is no illite (Fig. 4G and H).
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Figure 4: Main features of quartz-sandstones and feldspar greywackes. A- Framework showing
flow direction and siliceous cement surrounding quartz grains of quartz-sandstone Q4. B-
Sandstone fragment in sample Q4 showing angular quartz grains and siliceous cement. C-
Volcanic fragment in sample Q4 with opaque and slatted muscovite. D- Siltstone fragment in
sample Q4 composed by Kaolinite and quartz. D- Fragments of microcline and zircon grains
involved by quartz-illite matrix of the greywackes. E- In detail microcline fragments. F and G-
XRD of two types of greywackes depending of the illite and fluorapatite amounts of the
greywackes. I-illite, Ms- muscovite, Q-quartz, M-microcline, He- hematite, Fa-fluorapatite.
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5. GEOCHEMISTRY SEDIMENTARY ROCKS

The greywackes of the Alto Tapajos Group constituted mainly by microcline,
illite, muscovite, fluorapatite and traces of rutile/anatase have more Al,O3, K0, P,0s,
MgO and TiO,, (Tab. 1). The greywackes G5 and G6 show the highest CaO contents
(2.4 and 0.63%, respectively; Tab. 1). The quartz sandstones have high SiO,/Al,05
ratios and LOI < 2, while the Mn-greywackes with 32.82 to 39.95% of MnO also
displays higher Fe,O3 content (Tab. 1).

The CIA index in which the oxide units are given in moles (Nesbitt and Young,
1982; Nesbitt and Young, 1989) (Tab. 1), although must be take carefully, especially for
K,0, Na,O and CaO more susceptible to be removed during weathering conditions,
allowed to identify four set of rocks: 1) quartz-sandstones and Mn-rocks of the
Sumaudma basin with high CIA (> 84) closer to kaolinite and gibbsite index; 2) quartz-
sandstones of Sumauma (Vila do Carmo Group) and Alto Tapajos basins with
intermediary CIA values (70-83) associated to illite and muscovite; 3) greywackes of
Alto Tapajos basin with low CIA (70 and 50) associated to high microcline content; 4)
greywacke of Alto Tapajos basin (G5) with the lowest CIA (< 50) and similar amounts
of K,0 and CaO due to the presence of fluorapatite and microcline.

Among all samples, the Mn-rocks (PS, A2 and A3) have the highest trace
elements content, especially Ba (14055-111200 ppm). Some of the Mn-rocks (PS and
A3) have also high contents of Cu (1146-2016 ppm) and Pb (17200-43638 ppm) (Tab.
1).

Concerning to the bulk continental crustal average (BCC, Taylor and McLennan,
1985), all the quartz sandstones and the greywacke G6 are depleted in almost all trace
elements. Only the quartz sandstone Q2 is enriched in Ba and Cu (Fig.5A and B)

The greywackes framed into the Paleozoic Alto Tapajés Group display
enrichment in As, Hf (except G2), Y, U and Zr relative the bulk continental crust
(BCC). There are other slight differences, depletion in Th and Rb and enrichment in Pb
and Zn is the character of the greywacke G5, while the enrichment in Cu is peculiar of
greywacke G4. By the other hand, the greywackes G2 and G4 also have enrichment in
Ta, Nb and Ga (Fig. 5A).

The Mn-rocks (PS and A3) are featured by depletion in Hf, Nb, Zr, Th, Sr, Sc and
Rb and enrichment in Cu and Pb relative the BCC (Fig. 5C). However, the sample A2
of the Beneficente Group is enriched in Ta, Ni and Zn.

The Paleozoic greywackes (samples G2 and G4) of Alto Tapajés Group have
similar and the higher contents of REE (225 ppm), by the other hand the minor contents
(39-53 ppm) are assigned to Mn-greywacke (A3) and quartz-sandstones, except the
sample QA of the Proterozoic Beneficente Group (Tab.1).

Relative the chondrite average of Taylor and McLennan (1985), all samples
displays LREE>HREE (La,/Yb, 6.21-75.81) and negative Eu anomaly (0.38-
0.89)(Fig.5 D, E and F). Positive Ce anomalies are incipient, except in quartz-sandstone
(sample Q2) and Mn-greywacke (sample A2) of the older Beneficente Group rocks with
Ce/Ce* ratios between 1.14 and 1.28, respectively.

85



Table 2: Major oxides in wt.% and trace element concentrations in ppm of the sedimentary
rocks of the southwestern of Amazonia

Lithotype Greywakes Quartz-sandstones Mn-rocks
Sample Gl G2 G4 G5 G6 Q4 QA Q2 Q1 Q3 A3 PS A2
SiO, 75.12 669 6527 8194 818 | 9824 9195 9746 9873 98.03 | 46.7 73.39 25.33
Al,04 11.85 16.43 16.2 6.45 8.1 0.78 37 0.57 0.35 0.37 0.7 191 1.35
Fe,03 0.75 1.04 1.35 0.42 0.54 0.65 17 0.75 0.11 0.97 33 2 2.28
K0 6.1 8.46 4.74 3.89 5.07 0.2 0.22 0.05 0.06 0.05 0.07 0.15 0.06
CaO 0.3 0.02 0.05 2.4 0.63 | <0.01 0.01 0.01 0.01 0.01 0.06 0.02 0.09
MgO 0.42 0.68 1.01 0.09 0.13 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MnO <0.01 <0.01 <0.01 <0.01 <0.01 | <0.01 0.2 <0.01 <0.01 0.03 3282  12.96 39.55
Na,0 0.07 0.06 0.07 0.04 0.06 | <0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
P,0s 0.7 0.44 1.12 2.26 0.89 0.01 0.01 0.17 0.04 0.03 0.24 0.34 0.71
TiO, 0.41 0.62 0.66 0.21 0.22 0.05 0.22 0.04 0.05 0.04 0.02 0.05 0.08
LOI 41 5.2 9.3 2.1 2.4 <0.1 2 0.02 0.6 0.3 6.1 3.2 9.1
SiO,/Al,04 6 4 4 13 10 126 25 171 282 265 67 38 19
CIA 61.9 63.8 75.2 427 54.6 78.3 93.1 86.5 778 80.6 716 89.9 84.6
As 3.6 8.9 4.8 35 14 <0.5 <0.5 11 <0.5 0.7 749 39.6 101.7
Ba 499 545 550 277 432 30 115 722 23 125 71100 14055 111200
Cu 15.6 229 38.8 3.6 9.5 1.2 2 373 13 2.9 2016 1446 78
Ga 15.3 21.8 209 7.1 8.6 14 3.3 17 3.7 <0.5 63.4 14.3 104.5
Hf 9.5 5.1 8.3 7.5 6.2 14 29 2.7 2.2 13 1 2.2 33
Nb 10.2 13.7 15.8 7.5 5.1 17 5.8 1.6 4.2 15 17 1 2.2
Ni 7.7 41 5.7 2.1 7.2 8.2 8.1 3.9 0.2 13.6 13 9.5 110.4
Pb 20.1 18 16.8 232 6.2 21 5 4.6 0.5 0.7 17200 43638 67
Rb 132 184 192 74 98 5.3 7 25 13 1.2 1.6 41 2.2
Sc 6 9 10 5 3 0.5 3 1 0.5 0.5 3 2 6
Sr 61.6 104 83.9 59.6 53.9 6.8 25 314 18.7 145 51 18.8 64
Ta 0.9 11 1.2 0.7 0.5 0.2 <0.2 0.4 0.4 0.1 6.7 1.6 21.2
Th 13.4 19.5 19.4 7.1 7.1 2.7 5.1 2.9 <0.1 2.6 17 14 2.8
U 3.8 31 45 2.9 2.2 0.6 1 1.6 0.6 0.7 4.6 2.3 3.7
\% 34 61 56 17 19 15 25 25 5 13 80 4 119
Y 25 27.9 61.2 26 16 8.6 13 13.6 5.7 6.4 5 4.8 18
Zn 19 6 42 92 7 1 3 0.5 0.5 2 117 38 320
Zr 382 218 295 302 217 41 108 122 104 50 32 15.6 104
La 33.6 50.3 53 222 12.5 11 251 10.7 12.1 7.6 7.7 46 15.8
Ce 70 98 104 48 30 23 49 25 24 15 14 70 45
Pr 8.5 11 12.2 5.3 4.2 2.6 7 2.4 23 2 14 9.3 4.3
Nd 312 39.3 45.1 20.2 175 9.2 24.8 9.8 9 8.3 6.1 28.1 17
Sm 6.1 6.8 8.1 4 4.3 1.6 4.3 2.6 1.8 14 13 35 34
Eu 1.2 1.3 15 0.8 0.9 0.3 0.8 0.6 0.3 0.3 0.9 0.4 0.9
Gd 5.3 6.1 8.4 38 3.6 1.6 3.1 2.8 15 13 8.2 2.2 2.8
Th 0.8 0.9 14 0.6 0.6 0.3 0.5 0.4 0.2 0.2 1.2 0.2 0.4
Dy 43 4.8 8.4 34 3.2 1.6 2.7 2.1 11 1.2 5.5 11 14
Ho 0.9 1 2 0.8 0.6 0.3 0.5 0.4 0.2 0.2 1 0.2 0.2
Er 25 3 5.6 2.3 17 0.9 15 1.2 0.6 0.6 2.7 0.5 0.6
m 0.4 0.4 0.8 0.3 0.2 0.1 0.2 0.2 0.1 0.1 0.4 0.1 0.1
Yb 2.3 2.8 4.4 2.2 14 1 15 0.9 0.6 0.7 2.4 0.4 0.5
Lu 0.4 0.4 0.7 0.3 0.2 0.1 0.2 0.1 0.1 0.1 0.3 0.1 0.1
LREE 150 206 224 100 69 48 111 51 49 35 31 157 87
HREE 17 19 32 14 12 6 10 8 4 4 22 5 6
XREE 167 226 256 114 81 54 121 59 54 40 53 162 93
Eu/Eu* 0.63 0.61 0.57 0.64 0.66 0.56 0.67 0.63 0.61 0.61 0.84 0.38 0.89
Ce/Ce* 0.97 0.97 0.96 1.03 0.97 1.02 0.87 114 1.06 0.91 1.00 0.79 1.28
(La/Yb)n 9.8 12.1 8.1 6.8 6.2 7.2 11.3 7.7 14.1 7.9 2.2 75.8 213
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Figure 5: Trace and rare earth elements normalized by continental crust average and chondrite
(Taylor and McLennan, 1985), respectively.

6. MINERALOGICAL FEATURES OF THE LATERITIC PROFILES

The location together with the main physical features and mineral composition
of the six studied lateritic profiles widespread in an area of about 19,000 km?, are shown
at figures 1, 6 and 7 and at Table 2. The chemical and mineralogical features of these
profiles are better detailed in Albuquerque and Horbe (2015) and Albuquergue et al.
(2017). The profile P1 has as parent rock a volcano-sedimentary sequence which
gathers in the bottom a tuff (R), a pinkish siltstone (PS) and a Mn-greywacke (A3)
framed into Vila do Carmo Group (Fig. 6). From these rocks were developed a thick
lateritic duricrust (~3 m thick) with massive (M1), protopisolitic (Ppl and Pp2) and
pisolitic (Pil and Pi2) facies (Fig.6; Tab. 2). Covering the lateritic duricrust, there is a
yellowish sandy clay oxisol (S7) 0.5 m thick, which has gibbsite and kaolinite as main
minerals and hematite, goethite and anatase subordinated. The profile P2, which is
correlated to profile 1 and have the same protolith is composed by Mn-Al-Fe vermiform
duricrust (VB and VT) pinkish to greyish, 3.0 m thick (Fig.6; Tab. 2). The reddish
sandy clay oxisol (S5) differ from those of profile 1 because it has more quartz.

The bottom of the profile P3 is a Mn-greywacke (A2) framed into Beneficente
Group (Fig.6), overlapped by a vermiform Mn-duricrust with 2.0 m of thick (B1-B4).
Covering the duricrust there is yellowish oxisol (S6) with up 8.0 m thick composed of
quartz, kaolinite, hematite, goethite and anatase.
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The tuff (V) of Vila do Carmo Group is the protolith of the profile P4. From this
rock was developed a thick lateritic duricrust with facies massive bauxite (Bx- 2.5 m
thick) and massive and fragmental ferruginous duricrust (C7 and C3- 1.5 m thick),
covered by oxisol (S4) with about 0.3 m of thick is formed by kaolinite and gibbsite
(Fig. 7).

The profile P5 is composed from bottom to top by quartz-sandstone (Q2),
pisolitic bauxites (B1A and B1C) with 2.0 m thick, Fe-Al vermiform duricrust (C2;
Tab. 2; Fig. 7) with up 1.0 m thick and a thin yellowish oxisol (~30cm) composed by
gibbsite, kaolinite, hematite and anatase.

The profile P6 has as parent rock the greywackes and sandstone (G1 to G5 and
Q4) of Alto Tapajos Group from where was developed a fragmental and laminated Fe

and Fe-Al duricrusts (C1, C4 and C6) blocks with up 2.0 m of diameter (Tab. 2, Fig.7).
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Figure 6: Mn lateritic profiles developed from Mn-rocks in study area

88



Profile four (P4)

Oxisol

Fe-duricrust

DMassive bauxite
i‘_;ll’isolitic bauxite

o o9

|Fe-Al vermiform =|Sandstone and
duricrust greywackes

Fe and Fe-Al Sandstone

duricrust - Tuf

Profile five (P5) Profile six (P6)

Figure 7: Ferruginous duricrusts and bauxites developed from tuffs, sandstones and sedimentary
rocks of Vila do Carmo, Beneficente and Alto Tapapo6s Group.
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Table 3: Main features and mineral composition of the duricrusts of each profile. N.I- not
identified
Duricrust Sample Framework/skeleton Pisoliths/Angular Cavities/ fractures
fragments
Pinkish framework, composed by gibbsite,
hematite and kaolinite. Secondary frosted to | Red pisoliths of hematite
Mn-Al-Fe . . metallic plasma of hollandite, cryptomelane | and gibbsite with up to 2 | Filled by kaolinite and
L Pil and Pi2 - - -
Pisolitic and goethite involves the framework | cm diameter are | quartz
Coronadite veinlets are widespread in | sustained by framework
framework
Skeleton composed by dendritic hollandite,
crypetomelane and pyrolusite. Involving the
AL VT (top) skeleton there is a plasma of gibbsite, - .
\'Xi ?mpi‘flofri and VB hematite, goethite and kaolinite, with cerianite N.I FLI:??Z by kaolinite  and
(bottom) subordinated. Increase of hematite and d
gibbsite toward to top. Coronadite veinlets are
widespread in skeleton
Pisoliths (1.5 cm ¢)
Bluish grey, hard, dense, with metallic luster, |n_volved by cortex_ are Filled by quartz, kaolinite,
Mn Ppland ich i hite/hollandit tomel widespread in the ibbsit thit d
Protopisolitic Pp2 rich in romanechite/hollandite, cryptomelane | o -0 4" o oo | gibbsite,  goethite an
and pyrolusite ' hematite
composed by the same
minerals of framework.
Greyish, pulverulent and porous rich in - .
Mn M1 cryptomelane, hollandite and pyrolysite with N.1 F'HEd. by kaolinite and
Massive . S . goethite
intergrown of gibbsite and hematite
The framework is brownish, porous and
composed by hematite, goethite and gibbsite
as major phases, and quartz, kaolinite and The cavities constitute pipes
Fe massive c7 anatase as t_race minerals. Widespread on the NI with 3cm diameter and are
duricrust framework is common the presence of quartz filled with vellow kaolinite
pebbles of up to 2 cm of diameter. They are y
fractured, corroded and show indications of
dissolution
The framework comprises about 97% of the Trge“ca;ggeist are ;'"e?( <b33/
Massive duricrust, it is compact, brown to pink reddish, smafl gIbbsIte geodes (=
. Bx R ! o N N.I cm of ¢) and, sometimes,
bauxite little porous with gibbsite and hematite as p hitish cl ial
major minerals or whitish clayey materia
of illite and kaolinite
The skeleton is friable (80% of bulk duricrust)
Fe-Al c2 composed by goethite, hematite and gibbisite NI Filled by whitish kaolinite
vermiform as main minerals and by kaolinite and quartz ’ and quartz
subordinated
Hematitic and  Al-
. 0 . goethitic (< 2.5 cm ¢)
Pisolitic B1A and P'nk's.h plasm_a_ (55% of b.UIk duricrust), comprise about 40% of | Filled by kaolinite, quartz
- sometimes, whitish to reddish composed -
bauxite Bi1C mainlv by gibbsite and hematite the duricrust and are | and anatase.
y by g involved by brownish to
orange goethitic cortex.
Hard, dense and porous bluish grey skeleton . - .
; - . Filled by kaolinite, goethite
M_n- B1to B4 (80% of bul_k duricrust) with submetalllq to NI and hematite in a total of
vermiform earthy  brightness  composed mainly 20% of the bulk duricrust
romanechite and quartz 0
The framgments (till . . o
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7. NEODYMIUM ISOTOPES

According to Nd isotopes, the Sumauma Supergroup is divided into three mains
groups which gathers: 1- Pinkish siltstone (PS) and quartz-sandstone (Q1) of the Vila do
Carmo Group and quartz-sandstones (A2 and Q2) of the Beneficente Group, featured by
the highest TDM (2.29-3.4 Ga),"’Sm/**Nd (0.1232-0.1653), f(Sm/Nd) (-0.37 to -0.16)
and Sm/Nd (0.204-0.274) values; 2- Tuffs (R and V), quartz-sandstone (Q3) and Mn-
greywacke (A3) of the Vila do Carmo Group, which have intermediate values of TDM
(1.81-2.19 Ga),"’Sm/***Nd (0.1055-0.1131), f(Sm/Nd) (-0.46 to -0.41) and Sm/Nd ratio
(0.175-0.193); 3- Quartz-sandstone QA of the Beneficente Group with the lowest values
of TDM (1.64 Ga), **’Sm/***Nd (0.1050), f(Sm/Nd) (-0.47) and Sm/Nd ratio (0.1) (Tab.
3). Despite that classification, the eNd values are some random and vary from -21.43
to -11.07 in all samples (Tab.3).

The Nd isotopes also divided the Paleozoic sedimentary sequence of Alto
Tapajos Group into two main set of rocks: i) the greywacke G5 and the quartz-
sandstone Q4 with eNd () between -18 and -16, fismng between -0.72 and -0.69 and
Sm/Nd between 0.092-0.1 and the lowest TDM (1.25-1.28Ga); ii) G1, G2, G4 and G6
with the lowest eNd (o) values, highest TDM and fsmng) (Tab. 3).

Among the lateritic profiles, the lateritic duricrusts of the profile P1, together
with the ferruginous duricrusts (C2, C3 and C7) of the profiles P4 and P5 developed
from Sumaima Supergroup (Vila do Carmo and Beneficente groups) have the highest
values of eNd(0). By the other hand the Mn-Al-Fe vermiform (VT, VB), Mn
protopisolitic (Pp2, Ppl), Mn massive (M1) and Fe-massive (C7) duricrusts developed
from Vila do Carmo display the highest ratios values of **’Sm/**Nd, Sm/Nd (except in
the sample VB) and f(Sm/Nd).
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Table 3: Isotopic composition of sedimentary rocks, duricrusts and oxisols

. Sm Nd 1Sm/ Nd/ 8gy/ Sm/ f(Sm/
LIthOtype Sample (ppm) (ppm) 144Nd 144Nd €Nd (0) TDM 3esr Rb/Sr Nd Nd)
Profile 1 (P1)

Oxisol 57 15683 71234  0.331 0511852 -1533 224 077931 0034 0220 -0.32
Pisolitic duricrust ~ Pi2 6589  43.759 0091 0511753 -17.26 159 076443 0162 0151 -0.54
Pisolitic duricrust ~ Pil 7615 50737 00907 0511814 -1607 151 073172 0018 0150 -0.54

Prgh"r‘i’éfﬁ's't“c Pp2 22669 69.177 01981 0511790 -16.54 - 073077 0007 0330 001
Prgh"rﬁ’éfﬁ's't“c Ppl 10118 22659 02699 0511873  -14.93 - 073013 0009 0447 037
Massive duricrust M1 26613  70.094 02295 0511787 -16.61 - 073441 0123 038 017
Mn-greywacke A3 3015 16113 01131 0511840 -1556  1.81 - 0031 0187 -0.43
Pinkish PS 6253 29193 01295 0511677 -1875 247 ; 0218 0214 -0.34
siltstone
Profile 2 (P2)
Oxisol S5 4122 25327 00984 _ 0511686 -1856 178 072889 0145 0163 050
V. duricrust VT 2704 7774 02102 0511404  -24.08 - 074137 0147 0348 007
V. duricrust VB 1859 24526 04580 0511523 2077 133 074060 0323 0076 1.33
Profile 3 (P3)
Oxisol S6 - - - - N — 075151 0004 - -
Mn-duricrust B2 2.868 14544 0119 0511702 -1825 215 - 0031 0197 -0.39
Mn-greywacke A2 1490  6.0070 0150 0511646 -19.35 340 074667 0034 0248 -0.24
Profile 4 (P4)
Fﬁ:’gfgg‘f’ c3 3827 17518 01320 0511930 -13.81 206 100090 2918 0218 -0.33
Massive duricrust c7 2858 7475 02311 0511769 -16.94 212 - 8962 0382 0.8
Massive bauxite Bx 9.088 64.469 0.0852 0.511426 -23.63 191 - 0.260 0.141 -0.57
Tuff v 6.343 36337 01055 0511685 -1858 190 085185 1743 0175 -0.46
Profile 5 (P5)
Oxisol S3 4310 23813 01094 0511800 -16.36 180 072045 0003 0181 -0.44
Vdel:[?c'fﬁgn c2 1308 89254 00886 0511856 -1525 144 072805 0234 0147 -0.55
Pisolitic bauxite B1C 6170 28265 01320 0511683 -1863 253 071642 0009 0218 -0.33
Pisolitic bauxite B1A 8007  51.286 00944 0511517 -21.87 194 071990 0005 0156 -0.52
Sandstone Q2 2740 10018  0.1653 0512071 -11.07 312 083148 0080 0274 -0.16
Profile 6 (P6)
F&igrzzfgstf' c1 3747 22441 01009 0511690 -1850 182 089175 1526  0.167 -0.49
F&igrmfl?stf' cé 5055 21629 01413 0511740 -1752 275 086870 2438 0234 -0.28
L;J'r‘i'gf‘l};d c4 2862 16447 01052 0511736 -17.60 1.82 090847 1425 0174 -0.47
Greywacke Gl 6.418  33.498 01158 0511448 -2321 248 088267 2138 0192 -0.41
Greywacke G2 2870  9.355 01855 0511474  -22.70 - 089680 1769 0307 -0.06
Greywacke G4 3899 16860 01398 0511654 -19.19 2.88 0.86399  1.824 0231 -0.29
Greywacke G5 3913 42603 00555 0511707 -1817 128 092178 2290 0092 -0.72
Greywacke G6 4442 21896 01226 0511493 -2233 259 080935 1237 0203 -0.38
Sandstone Q4 0969  9.650 00607 0511780 -16.74 125 078401 0779 0100  -0.69
Mean rocks ME 3752 22310 01133 0511593 -20.39 210 085977 1673 0188 -0.43
Sandstone from Beneficente Group
Sandstone 0A 3966 22.829 0.105 0511867 -1503 164 074807 0280  0.100  -0.47
Sandstones and Tuff of Vila do Carmo Group
Sandstone oL 1944 9542 01232 0511675 -1878 229 072000 0070 0204 -0.37
Sandstone 03 1389  7.646 01098 0511539 -2143 219 075292 0083 0182 -0.44
Tuff R 9652 50082 01165 0511728 -17.75 205 111019 10528 0193 -0.41
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8. STRONTIUM ISOTOPES

The tuff (R) of the Vila do Carmo Group has the highest 2’Sr/%°Sr (1.11019) and
Rb/Sr (10.528) ratios. However, among the sedimentary rocks, the greywackes and the
quartz-sandstone from Alto Tapajos Group (samples Q4, G1, G2, G4, G5 and G6)
together with the quartz-sandstone Q2 of the Beneficente Group display the highest
87Sr/%8Sr (0.78401-0.92178) ratio (Tab. 3).

The ferruginous duricrusts from profile 4 (samples C7 and C3) developed from
Vila do Carmo Group has the highest ®’Sr/*®Sr and Rb/Sr (1.0009 and 2.918-8.962)
something correlated to the tuff (R). By the other hand, as well as the rocks, the lateritic
duricrusts from Alto Tapajés Group also kept the high ®Sr/®*Sr (0.8687-1.0009) and
Rb/Sr ratios (1.425 to 2.438).

Among the oxisols, the one developed from the Mn-rocks of the Vila do Carmo
Group (S7) have the highest %'Sr/%°Sr ratios, while the one overlying Mn-greywackes of
the Beneficente Group (S6) show the lowest Rb/Sr ratio (Tab. 3).

9. LEAD ISOTOPES

Lead isotopic analyzed only in the profiles over Mn-rocks of Vila do Carmo
Group with coronadite and Pb-hollandite (Tab. 4), indicate that the vermiform
duricrusts and the oxisol from profile 2 have the highest 2%°Pb/?*Pb, 2'Pb/?*Pb,
208pp/204ph and 2®Pb/?’Pb ratios (Tab. 4). Overall, the 2®Pb/%’Pb ratio tends to
increase from the Mn-rocks (samples PS and A3) to the oxisols (1.045-1.300) (Tab. 4),
while 2%®pb/?®Pb ratios decrease (2.2 to 2.1). Pb/Th and Pb/U ratios are extremely
higher in Mn-rocks (8600-43638 and 3440-21819, respectively) and it decreases up to
the oxisol (Tab. 4).

Table 4: Pb isotopic compositions of Mn-rocks, lateritic duricrusts and oxisols from profiles
from Vila do Carmo Group

Lithotype [ Sample [ ®°Pb/®*Pb [ ®Pb/®Pb | ®Pb/®Pb | ®Pb/”'Pb | ®*Pb/*®Pb | Pb/Th [ Pb/U
Mn-duricrusts and oxisol developed from Vila do Carmo Group (Profile 1-P1)

Oxisol S7 16.518 15.525 36.212 1.064 2.192 10 40.1
Duricrust Pi2 17.073 15.663 37.001 1.090 2.167 9.7 99.0
Duricrust Pil 16.455 15.532 36.192 1.059 2.200 940 2820
Duricrust Pp2 16.472 15.502 36.115 1.063 2.193 219 399
Duricrust Ppl 16.612 15.535 36.287 1.069 2.184 58 29
Duricrust M1 16.602 15.557 36.376 1.067 2.191 2500 | 1000

Mn-greywacke A3 16.345 15.640 36.394 1.045 2.227 8600 | 3440
Pinkish siltstone PS 16.248 15.516 36.000 1.047 2.216 43638 | 21819
Mn-duricrusts and oxisol developed from Vila do Carmo Group (Profile 2- P2)

Oxisol S5 20.708 15.926 40.740 1.300 1.967 0.3 2.5
Duricrust VT 19.599 15.852 39.840 1.236 2.033 99 363
Duricrust VB 18.463 15.759 38.480 1.172 2.084 88 228

Mn-greywacke A3 16.345 15.640 36.394 1.045 2.227 8600 3440

10. GEOPHYSICAL FEATURES

Gamaspectrometry airborne was used for complement the geological map and to
aid identify the correlation between protolith and lateritic duricrusts. Five domains were
individualized in the eastern portion according to K, Th and U on the RGB channels
(Fig. 8 A and B): Domain 1 (D1)- high K, reddish to pinkish color, correlated to the
acid volcanic rocks of Colider Group; Domain 2 (D2)- high Th, mainly greenish color,
pinkish when in contrast with proximal domains, sometimes black widespread
subdomains rich in Th gather the sandstones Q1 and Q3, Mn duricrusts (VT and VB)
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and bauxites (Bx) derived from tuffs are related to Vila do Carmo Group and lateritic
cover developed from them; Domain 3 (D3)- extremely high Th, black color and some
reddish tones are associated to the Mata-Mata diabase or gabbroic rocks; Domain 4
(D4) with high Th, black with purplish color, where outcrop the sandstone Q2 and the
pisolitic bauxites, framed into Beneficente Group; Domain 5 (D5) with intermediate Th
and U identified by bluish green color related to the sandstones and greywackes (Q4,
G5, G1 and G2) with lateritic cover of Alto Tapajos Group. In Domain 5 was

individualized a lateritic cover.
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Figure 8: A- Geological map carried out by CPRM (2013, 2014 and 2015) together with a
ternary map of K, Th and U on the RGB channels. B- Five geophysical domains extract from
ternary map of K, Th and U on the RGB together with samples analyzed and collected in
fieldwork.
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11.  DISCUSSION
11.1  Provenance and geochemical features of sedimentary rocks

The Sumaudma (Vila do Carmo and Beneficente groups) and Alto Tapajés basins
received sedimentary supply of several sources that provided the mineral, chemical and
physical features. The higher MnO contents in the Sumauma basin and the higher P,0s
content in the Alto Tapajos basin, highlight different sources for both basins. Moreover,
the grains of Sumauma quartz-sandstones more rounded indicate intense transport,
while those of the Alto Tapajos sandstones and greywackes mostly sub-rounded allied
to the high contents of K,O related to microcline and illite, suggest proximal source.

The chemical composition and the CIA index indicate change from strong to
moderate weathering environment in the source areas related to felsic rocks with some
contribution of mafic rocks, especially to the Mn-greywackes and sandstones of
Beneficente Group (Fig. 9A). These type of rocks and reworking of old sediments for
the Vila do Carmo and Alto Tapajos groups are also indicate by La/Th vs Hf
relationship. For the Beneficente Group and the quartz-sandstone Q3 the La/Th vs Hf
ratios assigned to intermediary rocks or a mixed of acid and basic rocks (Figure 9B).
The eNd(g) and Th/Sc ratios, Eu/Eu* and Gdn/Ybn (< 0.85 and 2, respectively) (Fig. 9C
and D), as well as Zr/Sc vs Th/Sc, Zr/Y vs Nb/Hf, HREE vs Y and Hf vs Y
(Supplementary material- Annex I, Figure Al), also mirror recycling of felsic source
from Archean to post-Archean upper continental crust (Taylor and McLennan, 1985;
Slack and Stevens, 1994; Mishra and Sen, 2012).
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Figure 9: Provenance of sedimentary rocks based on chemical features. A- Chemical
composition of sedimentary rocks of southwestern Amazonia in the A-CN-K diagram (Nesbitt
and Young, 1982); besides trends plotted according to Nesbitt and Young (1989). B-
Characteristics of source area based on Hf vs La/Th ratio (Floyd and Leveridge, 1987). C-
Characteristics of source area based in Th/Sc ratio versus eNd, (McLennan et al., 1990). *Th
values <0.1 ppm was plotted using 0.05 ppm (quartz-sandstone Al). D- Sedimentary rocks
plotted in (Gd/Yb)y versus Eu/Eu* diagram (McLennan et al., 1990) whose provenance
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appointed to Post Archean rocks with slight contribution of Archean rocks * Some Chemical
and isotopic features of sedimentary rocks of Vila do Carmo Group were reported by Brito et al.
(2010).
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Figure 10: Provenance and relationship with proximity of source area according CIA, trace
elements and Nd and Sr isotopes. A and B- Provenance of Vila do Carmo, Beneficente and Alto
Tapajos groups plotted in **Nd/***Nd versus TDM and their localization of Geochronological
Provinces (Santos et al. 2006) legend in A. Carajas Province- Olszewski et al. (1989) and Sato
and Tassinari (1997). Amazonia Central Province- Gaudette et al. (1996) Sato and Tassinari
(1997); Norcross et al. (1998) and Santos et al. (2000). Tansamazonas Province- Gruau et al.
(1985); McReath and Faraco (1997); Sato and Tassinari (1997) and Voicu et al. (2000). Tapajds
Parima Province- Sato and Tassinari (1997); Santos et al. (2000), Barreto et al. (2014) and
Marques et al. (2014). Rio Negro Province- Sato and Tassinari (1997). Rondonia Juruena
including Colider Group and lIgarapé das Lontras and Teoddsia suites- Vignol (1987); Sato and
Tassinari (1997); Payolla et al. (2002) and CPRM (2014). Sunsas and K’Mudku- Sato and
Tassinari (1997) and Rizzoto (1999). C- Proximal source of the Alto Tapajés Group
greywackes in function of the relation ¥Sr/**Sr versus CIA. D- High values of ®Sr/*®Sr in
greywackes of the Alto Tapajos Group related to K-feldspar and illite. Concentration of Rb/Sr
and ¥Sr/%°sr found at Clow et al. (1997), Kirsimae and Jorgensen (2000), Jenkin et al. (2001),
Siebel et al. (2005) and Eberlei et al. (2015).

The TDM and the “**Nd/***Nd ratios pointed as main sediment source for the
Sumaudma basin (Vila do Carmo and Beneficente groups) rocks with 1.82-1.55 Ga
(Ronddnia-Juruena Geochronological Province), especially the surrounding rocks
(Colider Group, Teoddsia, Igarapé das Lontras and Serra da Providéncia suites) near
Apui City, (Fig. 10A and B). Older rocks (Tapajos-Parima Province and the Amazonia
Central Province) as well as the narrow affinity among Mn-greywacke (A3) of Vila do
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Carmo Group with the felsic rocks of Colider Group, Teodosia and lgarapé das Lontras
suites (Fig. 10A) corroborate by Albuquerque et al. (2017), also supplied the Vila do
Carmo Group. On the other hand, distal sources of Carajds and Sunséas provinces that
are in line with the detrital zircon ages of Brito et al. (2010) and Reis et al. (2013) (Tab.
5), also supplied the Beneficente Group (Fig. 11A and B).

It is worth noting that the Vila do Carmo Group is a potential source of the
Beneficente Group, since there is an angular discordance between the units and the
sandstone of the Beneficent Group (QA) showed lithic fragments (sandstones), high
contents of Fe,O3, TiO,, rutile, Ti-magnetite (as well the tufts of Vila do Carmo- 1.5%
of sphene and Ti-magnetite) and zircon population between 1.76 and 1.74 Ga (age
inferred from Vila do Carmo) (Reis et al., 2013).

Table 5: U-Pb ages of the main zircon populations of Vila do Carmo and Beneficente groups

Lihostratigraphic Zircqn Provenance
; populations - - Authors
Unit (Ga) (Geochronological Province)

1) 2.83-2.65 1)Amazénia Central

2) 2.15-1.98 2)Tapajos Parima- Iriri Xingu Domain
1.98t01.74 Tapajos Parima and Ronddnia Juruena
(dominant)

1) 2.98-1.98 1) Carajés and Tapajds Parima

2) 1.76-1.74 2 and 3) Rond6nia Juruena (Vila do
3)1.57-1.54 Carmo and Serra da Providéncia suite)
4) 1.43-1.08 4) Sunsés

Vila do Carmo Group Brito et al. (2010)

Vilado Carmo Group Reis et al. (2013)

Beneficente Group Reis et al. (2013)

The younger sedimentary rocks of Alto Tapajés basin with two main TDM ages
(1.28-1.25 Ga and 2.88-2.59 Ga) mirror a wide source contribution of Amazonian
Craton (Carajas, Amazonia Central, Tapajos Parima, and Sunsas? provinces due to
lower TDM) (Fig. 10 A and B). However, the good correlation between ®'Sr/*°Sr versus
CIA (r*=0.97) and ¥Sr/®®Sr versus Rb/Sr (Fig. 10 C and D) linked to the high amounts
of illite and feldspar, implies autochthony or intraformational character conditioned by
the Cachimbo graben, which allowed the exposition and erosion of the volcanic
basement (Colider Group) and Sumadma basin (Reis, 2006; CPRM, 2015). This also
explains the fragments of volcanic rocks, siltstones and sandstones in the sandstones.

11.2  Correlation between protolith, lateritic duricrusts and oxisols

The Rb/Sr versus eNd signatures of the Samauma (Vila do Carmo and
Beneficente groups) and Alto Tapajés basin were kept in the respective bauxites,
lateritic duricrusts and oxisol (Fig.11A), except the tuff (sample V) with similar Rb/Sr
ratio of the sedimentary rocks and the lateritic duricrusts of Alto Tapajds basin. Thus,
the mineralogical, chemical and isotopical features allowed distinguish the bauxites
from Vila do Carmo and Beneficente Groups. The bauxite from Vila do Carmo Group
with well-preserved Ti-magnetites and slight variation in size (Fig. 11B and C) suggest
reworking, while the Beneficente sandstones coming from reworking of tuffs of Vila do
Carmo Group, have Ti-magnetites with smaller sizes (Fig. 3D). In this context,
reworking also explain the anatase in the pisolitic bauxites (B1A and B1C) most
probably derived from the weathering of the less preserve Ti-magnetite of Beneficente
sandstones.
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Figure 11: A- eNd(0) vs Rb/Sr gahters sedimentary rocks of each lithostratigraphic unit with
lateritic duricrusts and oxisols. B- Detail of Ti-magnetite well preserved in tuffs. C- Ti-
magnetite well preserved in bauxites from Vila do Carmo Group.

11.3 Behavior of Nd isotopes under extreme weathering condition

Several authors consider Nd isotopes variations along the lateritic profile result
of in situ weathering of minerals from the protolith (e.g. Ohlander et al. 2000, Ma et al.
2010). On the other hand, some of them believe in input of extraneous Nd, generally
assigned to current or old aeolic sources (Viers and Wasserburg, 2004; Liu et al., 2013,
Babechuk et al., 2015). Besides that, the Pb, Sr and Nd isotopes deconstructed the idea
of Sahara dust in Amazonian soils (Belterra Clay) as reported by Abouchami et al.
(2013).

In most of the studied samples there is no correlation between Nd isotopes along
the profiles. The generally lower **’Sm/***Nd and ***Nd/***Nd ratios in the bauxites and
duricrusts compared to the protoliths, indicate some leach effect (Fig. 12). Also is
worthy to be highlighted that there is no relationship between Nd concentrations and
SNd/A**Nd isotopic ratios in the mass balance (Tab. 6). This statement indicates no
dependence between REE concentration and ***Nd/***Nd, unlike reported by Viers and
Wasserburg (2004). Phosphatic minerals which could be adsorbed by REE in solution
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(Aubert et al. 2001); also displayed no relationship with Nd isotopes, except in the

massive Fe-duricrust (C7) of the profile P4.
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Table 6: Enrichment factor of each sample. Red values: immobile elements or enriched.

17 06 08|
POs La  Ce P Nd Sm Eu G&d Tb Dy Ho Er  Tm Yb Lu Nd/ Pb/ Pb/

144Nd 207Pb 206Pb
Profile 1
S7 0.03 0.39 0.44 042 037 0.37 0.1 0.06  0.08 0.1 011 013 014 015 0.2 0.03 0.03 0.03
Pi2 0.02 0.61 0.62 0.62 0.47 0.32 0.08 0.04 0.05 0.06 0.06 0.07 0.07 0.08 0.12 0.06 0.06 0.06
Pil 0.09 0.56 0.61 0.75 0.65 0.41 0.13 0.06 0.05 0.05 0.06 0.06 0.07 0.07 0.09 0.07 0.07 0.07
Pp2 0.35 0.7 1.25 227 3.05 5.25 176 085 0.9 095 081 0.8 074  0.77 0.9 0.27 0.27 0.26
Ppl 0.9 0.74 0.85 1.63 2.21 4.73 1.91 1.31 1.49 1.69 1.72 1.48 1.54 1.54 1.64 0.62 0.63 0.60
M1 0.37 1.84 6.88 6.61 7.79 13.98 4.16 1.69 1.87 1.73 1.5 1.31 1.36 1.42 1.59 0.68 0.70 0.67
Profile 2
S5 0.01 0.4 0.33 0.32 0.18 0.17 0.05 0.03 0.05 0.07 0.08 0.09 0.1 0.11 0.13 0.05 0.07 0.05
VT 0.09 0.4 4.62 044 039 0.32 0.1 0.08 006 007 009 009 011 011 014 0.14 0.17 0.13
VB 0.17 0.86 2428 099 0.81 071 023 021 015 021 026 027 032 032 043 0.26 0.29 0.24
Profile 4
C3 <0.1 0.4 0.44 0.7 0.91 1.29 2.02 1.64 1.53 1.63 1.33 1.29 1.26 111 0.97 1.87
Cc7 1.32 1.37 1.71 1.43 1.34 1.86 1.96 1.97 2.25 2 291 2.55 2.67 2.73 2.51 0.96
Bx 0.95 2.08 1.57 2.13 2.02 2.58 3.1 2.82 3.18 3.19 3.71 3.54 3.33 3.72 2.69 1.88
Profile 5
S3 <1 0.24 0.16 019 016 0.09 009 009 015 018 025 027 036 045 051 0.06
Cc2 0.64 6.74 4.89 5.82 4.76 2.46 2.26 1.38 1.21 0.9 0.65 0.53 0.52 0.56 0.63 0.49
B1A 0.07 0.58 0.41 0.48 0.4 0.24 0.2 017 0.26 0.3 035 039 052 058 067 0.08
B1C 0.32 1.12 0.94 1.24 1.06 1 0.95 0.82 0.96 1.24 1.19 1.15 1.38 1.48 1.52 0.42
Profile 6
C1 0.04 1.04 0.9 0.78  0.68 0.62 057 049 057 059 059 066 078 069 0.79 0.61
Cé6 <1 0.56 0.91 0.59 0.61 0.84 0.84 0.73 0.85 0.86 0.92 0.94 1.12 0.97 1.15 0.52
C4 3.53 0.47 0.61 048 053 0.52 0.5 043 044 0.5 037 043 049 041 053 0.62

The REE/(Zr+Hf) ratios >1 indicates the REE also may be trapped in cerianite
and/or in the manganese minerals (Braun et al. 1990 and Ohta and Kawabe 2001), as it
happen in the Mn-lateritic profiles developed from the Vila do Carmo Group (P1 and
P2) (Fig. 13 A and B). By the other hand, ratio < 1 suggest that the heavy minerals
control the REE concentration along the lateritic profile (Horbe and Costa, 1997) and it
happen in most of the samples of the studied profiles (Fig. 13 C, D and E). To recognize
the real influence of heavy minerals and manganese minerals+cerianite on REE and Nd
isotopes of the profiles P1 and P2, was developed a calculation following two equations
(Supplementary material-Annex Il, Figure A2, A3 and A4):

1. REE/REE:= o{[(Ho+C+Co)+Ce(pm)]/[(HO+C+C0)+Ceppm)]c} +
BI(Zr+Hf)r/(Zr+Hf)c]

2. (M"sm/*¥Nd),.c= (Sm/Nd),.c.{[(Ho+C+Co)+Ce(ppm]/[(Ho+C+Co)+Ceppm]c.d +
[(Zr+Hf)/(Zr+Hf)c].0}

The results show that the Mn-minerals and cerianite hold 62.2% and 36.5% of
REE, respectively and heavy minerals gather 37.8% and 63.5% of REE in the profiles
P1 and P2, respectively (Supplementary material, Annex Il, Figure A2, A3 and A4). By
the other hand, the **Nd resulting from **’Sm decay is mainly assigned to heavy
minerals (86.34% and 94.76% of “’Sm/***Nd in profiles P1 and P2, respectively)
(Supplementary material). Thus, the influence of Mn-minerals and cerianite is lesser
than the zircon; they hold 5.24% to 13.66% of Nd isotopes (Supplementary material,
Annex I, Figure A2, A3 and A4). These results as well the mass balance, ratifies that
there is no relationship between the behavior of REE and Nd isotopes under
extremeweathering. Also, it appointed that minerals redistribution throughout the
lateritic profile with residual concentration of zircon or leaching of Mn minerals
(coronadite, hollandite and cryptomelane) and fixation in the new formed cerianite once
REE are immobile during weathering (Laveuf and Cornu, 2009; McQueen and Scott,
2008), control the Nd isotopic signature.
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Figure 13: REE/(Zr+Hf) ratios along the profiles studied
114 Behavior of Sr isotopes on extreme weathering condition

The Sr isotopic ratios show two contradictory behaviors in the studied profiles.
The relatively uniform ®Sr/®®Sr ratios (0.73013-0.73173) between the massive and
protopisolitics duricrusts (M1, Ppl and Pp2) of profile P1 indicate no weathering effect
(Fig. 12F). However, the abrupt increase of Sr isotopes ratios from the pisolitic
duricrust (Pil) to the oxisol (S7) in profile P1 (0.76443-0.77931), and the variability in
the duricrusts (C1, C4 and C6) of profile P6 (Fig. 12F), suggests some extraneous Sr
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input, most probably related to interaction with rainwater, groundwater, as well as
reported by Innocent et al. (1996) and Ma et al. (2010) or some vegetation
redistribution. Moreover, the high mobility of Sr and the weatherability of illite and
microcline (with high ®’Sr/%°Sr ratios, Fig. 11D) of the siltstones from Alto Tapajos
basin could be inhered by ferruginous duricrusts (C1, C4 and C6- profile 6) or adsorbed
by hematite, goethite and kaolinite as reported by Cornell and Schwertmann (2006) in
soils. By other hand, the extreme leaching, resulting in kaolinite and gibbsite formation
(profiles P2 and P5) released Sr from protoliths to solution decreasing the 'Sr/%°Sr
ratios in the oxisols (Fig.12G).

11.5 Insights of Pb isotopes behavior on extreme weathering condition and the
nature of Mn-mineralizations

Radiogenic Pb (*®®Pb, 2’Pb and %®Pb) are concentrated into heavy minerals as
zircon, xenotime and rutile, whereas the ®**Pb (non radiongenic) is related to Pb
minerals, such as galena, coronadite, among others. The Pb behavior, as well of Nd
isotopes during extreme weathering conditions is lack known, the studies are
concerning to gossans (Doe and Stacey, 1974; Gulson and Mizon, 1979; Kribek et al.,
2016). These authors identified three main Pb isotopes behaviors in gossans: 1- identical
to the primary sulphide; 2- increase of Pb isotopic ratios up profiles; 3- plot on or near
the growth curve of Pb along the geological time. Despite that, they concluded that Pb
isotopic ratios variations have no relationship with weathering but with decay of U and
Th and mixing of Pb sources (Doe and Stacey, 1974; Gulson and Mizon, 1979, Kribek
et al., 2016).

Just like in the gossans, the profiles studied displayed variations in 2°Pb/2%’Pb.
The duricrusts and oxisols have higher values than the Mn-rocks, especially in profile
P2 (*°°Pb/*'Pb = 1.17-1.3) that may be related to decay of *®*U to °*Pb or mixing of
sources. This hypothesis is ratified by growth curve of Pb isotopes throughout the
geological time (**®*Pb/?*Pb versus “°'Pb/?**Pb), where lateritic duricrusts and oxisol
from profile P1 are similar of the Mn-rocks and plot near of growth curve, whereas the
profile P2 more enriched in ?*°Pb/*Pb (Fig. 14A) is totally different from the
protoliths. Other hypothesis is that the Mn-greywacke (A3) could not be the protolith to
the profile P2 due to the large differeces of Pb isotopic ratios compared to the lateritic
duricrusts and oxisol, unlike occurs in profile P1, where the Pb isotopic ratios are
similar.
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Fe-duricrusts (gossan)- Kribek et al. (2016)

On the other hand, high Pb/U (3440-21819) and Pb/Th (8600-43638) and low
208pp/207ph ratios (1.047-1.045) in the Mn-rocks are correlated to those values of
primary sulfide in Brooken Hill deposit, Australia (1.03-1.10 of 2*Pb/*’Pb), whose
Kribek et al. (2016) assigned to Proterozoic age. The Proterozoic age for the Mn-rocks
of profiles P1 and P2 is ratified by the Mata-Mata diabase (1.57 Ga- Calymmian). This
intrusion heated the marine water and precipitated Mn in the fractures of sedimentary
rocks of Vila do Carmo Group (Albuquerque et al., 2017). The hydrothermal origin
followed by weathering of the Pb and Cu mineralized sequences (dubhites) is showed
by 2%°Pb/?°’Pb versus ®*Pb/*®Pb diagram (Fig. 14B).

Therefore, the extreme weathering conditions of southwestern Amazonia, Brazil
since the ending of Cretaceous/early Cenozoic, probable ages of the lateritic duricrusts
in Amazonia (Vasconcelos et al. 1994; Ruffet et al. 1996; Costa et al. 2005; Horbe,
2014) do not affect the Pb and Nd isotopes of the parent rocks. The very good
correlation of the **Nd/***Nd, *®Pb/*’Pb and *®Pb/°°Pb (r’=+0.99; Tab. 6) in mass
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balance results of profiles P1 and P2 ratifies the immobility of Pb during extreme
weathering and that heavy minerals control the Nd isotopes.

Finally, the mineralogical, geochemical and isotopic features of the tuffs,
sedimentary rocks, lateritic duricrusts and oxisols together with gamma spectometry
domains identified allowed improve the geological knowledge of southwestern

Amazonia (Fig.15). o
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Figure 15: Geological map of study area proposed in this work (Modified from CPRM, 2006).

12. CONCLUSIONS
The geochemistry and Nd and Sr isotopes indicate the Sumadma basin filled by

erosional sediments (Vila do Carmo and Beneficente groups), has complexes sources
related to volcanic and granitic rocks (Colider Group, Igarapé das Lontras, Teoddsia and
Serra da Providéncia) associated to Archean to Mesoproterozoic terrains (Tapajos-
Parima, Sunsas and Carajas Provinces). The reworking of the older Sumdma basin and
Colider Group was the main sediment supply for the younger Alto Tapajos Basin.

The Nd, Sr and Pb isotopes have different behavior under extreme weathering. The
Nd isotopes are mainly related to redistribution throughout the lateritic profile of the
minerals with variable radiogenic ratios, while the Sr isotopic variations suggests
extraneous Sr input, most probably related to interaction with rainwater and
groundwater and longtime of exposure. The Pb isotopes are related to U and Th decay
along the geological time and allow recognized the environmental formation of Mn-
deposits. The very good correlation of Nd and Pb isotopes ratifies the redistribution of
heavy minerals along the profiles is the main reason of the isotopic changes. Finally, the
Nd isotopes together with mineral and chemical parameters and gammaspectometry
allowed recognized the protoliths of the duricrusts and bauxites.
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Figure Al- Scatter plot showing (Zr/Sc vs Th/Sc, Zr/Y vs Nb/Hf, HREE vs Y and Hf vs
Y) the relationship between the Vila do Carmo, Beneficente and Alto Tapajos groups

ANNEX 11

All chemical elements and mineralogical contents mentioned on the text are presented at

this present study and at Albuquerque et al. (2017)

Equation 1:

REE/REE= ¢{[(Ho+C+Co)+Ceppm)]/[(HO+C+Co0)+Ceppm)lc} +
BI(Zr+Hf)r/(Zr+Hf)c]

e ¢ iS a variable that indicates how much REE is related to Mn minerals and

cerianite (Ce(pm) content), whereas B is a variable that indicates how much REE

is related to heavy minerals, such as zircon, rutile, among others.

e REE; is the content of REE in Mn-greywacke (A3), while REE_ is the average

of REE in Mn lateritic duricrusts, samples M1, Ppl and Pp2 in the case of

profile 1 and VB and VT in the case of profile 2.

o [(Ho+C+Co)+Ceppm)]r is the sum of Mn minerals (Ho-hollandite, C-

cryptomelane and Co- coronadite) and Ce (ppm) element present in Mn-
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greywacke. The hollandite, cryptomelane and coronadite were chosen due to be

able to fix trace elements and, as presented by Albuquerque et al. (2017).

[(Ho+C+Co)+Ceppm)]c is the sum of Mn minerals (Ho-hollandite,

C-

cryptomelane and Co- coronadite) and Ce (ppm) element present in Mn lateritic

duricrusts, samples M1, Ppl and Pp2 in the case of profile 1 and VB and VT in

the case of profile 2.

e (Zr+Hfr is the sum of Zr and Hf presente in Mn-greywacke, (Zr+Hf)c is

the

Mn lateritic duricrusts, samples M1, Ppl and Pp2 in the case of profile 1 and VB

and VT in the case of profile 2.

1- Calculate of how much REE is related to heavy minerals and Mn minerals

and cerianite
Mn greywacke (A3)-> REE;= 53 ppm; [(Ho+C+Co)+Ceppm)]= 39 and (Zr+Hf)r= 33

Profile 1- average of the samples M1, Ppl and Pp2-> REE.= 238,66ppm;

[(Ho+C+Co)+Ce(pmlc= 133.63; ppm and (Zr+Hf)c= 75.3 ppm

Profile 2- average of the samples VB and VT-> REE;= 9555 ppm;

[(Ho+C+Co)+Cegppm)lc= 912; ppm and (Zr+Hf)c= 178.75 ppm

REE,/REE = o{[(Ho+C+Co)+Ce(pm]/[(Ho+C+Co)+Cepmyl.} +
B[(Zr+H)r/(Zr+Hf)c]

!

to find the o value

Replace ¢ 0=0.4734 | <— Profile 2- 0.0555=0.0428c + 0.1846p

value to find ‘L
the B

B=(0.2221- 0.29185)/0.44
B=(0.2221- 0.2918x0.4734)/0.44
B=0.1908

Profile 1- 0.2221=0.2918c + 0.44p—> = (0.2221- 0.29180)/0.44  Replace B from profile 1
in the equation of profile

Profile 1- Mn-minerals+cerianite= 0.2918c

Profile 1-Heavy minerals= 0.44f3
Profile 1-Heavy minerals= 0.44x0.1908=0.084-> 0.084x100/0.2221= 37.8% of REE

Profile 1- Mn-minerals+cerianite=0.2198x0.4734=0.1381-> 0.1381x100/0.2221= 62.2% of REE

Profile 2- Mn-minerals+cerianite= 0.0428c

Profile 2- Heavy minerals= 0.1846 3
Profile 2- Heavy minerals= 0.1846x0.1908=0.0352-> 0.0352x100/0.0555= 63.5% of REE

Profile 2- Mn-minerals+cerianite=0.0428x0.4734=0.0203-> 0.0203x100/0.0555= 36.5% of REE

Figure A2- Step by step of to how to calculate the content of REE related to Mn-

minerals+cerianite and heavy minerals
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Highlights of equation 2:

Mn greywacke (A3)-> (**'Sm/*Nd)= 0.1131; (**Nd/*Nd)r= 0.51184; (Sm/Nd),=
0.187

Profile 1- average of the samples M1, Ppl and Pp2> (**'Sm/***Nd).= 0.2325;
(**Nd/**Nd).= 0.511817; (Sm/Nd).= 0.385667

Profile 2- average of the samples VB and VT (**'Sm/**Nd).= 0.3341; (**Nd/***Nd).=
0.511464; (Sm/Nd).=0.212

Variations of *’Sm/**Nd through the rock to duricrust in the profile 1-
M'SmMNd) > (4'SmANd) /(M SmMNd) = 0.486452;
BNAANd) > (CBNAANd) /(BN dANd). = 1.000046

(SM/Nd) 1.c=> (Sm/Nd),/(Sm/Nd).= 0.4849

Variations of **’Sm/**Nd through the rock to duricrust in the profile 2-
M'SmMNd) > (4'SmANd) /(Y SmMNd)= 0.338521;

(NN, (Nd/ANd)/(**Nd/M*Nd). = 1.000736

(SM/N) 1> (SM/Nd),/(Sm/Nd)= 0.8821

Profile 1- 3Nd,_/1/Nd, = 1.000046 > [14Nd, = 1*Nd, . /1.000046

Replace #4Nd,_.
147Sm, /1*Nd,. = 0.486452 2 ['*7Sm, = 0.486452x *Nd, .| |equation in *4Nd,_

|

147Sm_ /13Nd, =0.486429

Profile 2- 3Nd, /Nd, = 1.000736 > |1/Nd, = 3Nd,./ 1.000736

Replace 4Nd,_,
4Sm, /'*Nd,.=0.338521 2> [**’Sm, =0.338521 x *Nd,{ [equation in *Nd,_

|

1478m_/3Nd, =0.338272

147Sm,_/'***Nd,..~> This ratio was used to represent the decay of *’Sm to ** Nd.

Figure A3- Step by step of to how to calculate the **’Sm/***Nd in interface rock to
lateritic duricrust

Equation 2:
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'Sm/M**Nd)r-c= (SM/Nd)y-c {[(Ho+C+C0)+Ceppmy]/[(Ho+C+C0)+Ceppm]c.d +
[(Zr+Hf)/(Zr+Hf)].o}

e ®isa variable that indicates how much of **’Sm that decay to ***Nd is related to

Mn minerals and cerianite (Cegpmy content), whereas 3 is a variable that indicates

how much of **’Sm that decay to ***Nd is related heavy minerals, such as zircon,
rutile, among others.
o (*'Sm/*Nd)... represent the ratio of (**'Sm/**Nd)./(**'Sm/***Nd).,

where(**’Sm/**Nd), is the content on Mn-greywacke (A3), while the

M'Sm/**3Nd). is the average of REE in Mn lateritic duricrusts, samples M1,

Ppl and Pp2 in the case of profile 1 and VB and VT in the case of profile 2.

e [(Ho+C+Co)+Ceppm)]r is the sum of Mn minerals (Ho-hollandite, C-

cryptomelane and Co- coronadite) and Ce (ppm) element present in Mn-

greywacke. The hollandite, cryptomelane and coronadite were chosen due to be

able to fix trace elements and, as presented by Albuquerque et al. (2017).

[(Ho+C+Co)+Ceppm)]c is the sum of Mn minerals (Ho-hollandite, C-

cryptomelane and Co- coronadite) and Ce (ppm) element present in Mn lateritic

duricrusts, samples M1, Ppl and Pp2 in the case of profile 1 and VB and VT in

the case of profile 2.

e (Zr+Hf), is the sum of Zr and Hf presente in Mn-greywacke, (Zr+Hf). is the

Mn lateritic duricrusts, samples M1, Pp1 and Pp2 in the case of profile 1 and VB

and VT in the case of profile 2.
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7Sm, /M3Nd,. .= (Sm/Nd,..) x{[(Ho+C+Co)+Ce ]/ [(Ho+C+Co)+Ce(yppy ] x 8 + [(Zr+HI)/(Zr+HS) Jx o}

Profile 1- 0.486429=0.4849x{0.29185 + 0.44w}
0.1414938+0.213356 o= 0.486429

Replace® | 5 =(0.486429-0.213356 ©)/ 0.141493

from profile 1
in the equation
of profile 2 to Profile 2- 0.338272=0.8821x{0.04285+ 0.1846w}
find the ® 0.0377538+0.162835 o= 0.338272 —)
value 4 l
& =[0.486429—(0.213356x 1.968538)]/0.141493
8 =0.469490

Profile 1- Mn-minerals+cerianite=0.141493 8
0.141493 x 0.469490=0.066429->0.066429x100/0.486429=13.66% of (1*7Sm/!**Nd),._.
Heavy minerals= 0.213356 »
0.213356x 1.968538=0.419999-> 0.419999 x100/0.486429=86.34% of (**7Sm/!*Nd), .

Profile 2- Mn-minerals+cerianite= 0.0377538
0.037753x 0.469490=0.017724-> 0.017724x100/0.338272=5.24% of (*’Sm/**Nd),..

Heavy minerals= 0.162835®
0.162835x 1.968538=0.320546-> 0.320546x100/0.338272= 94.76% of (**7Sm/*Nd), .

Figure A4- Step by step of to how to calculate the content of Nd isotopes related to Mn-
minerals+cerianite and heavy minerals
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CAPITULO VI: ARTIGO 3- USING AIRBORNE
RADIOMETRIC DATA TO IDENTIFY LATERITIC
DURICRUST AND SUPERGENE DEPOSITS IN
SOUTHWESTEN AMAZONIA

(Artigo em preparagdo para ser submitido junto & revista Journal of South American
Earth Sciences)

Esse artigo retne dados aerogamespectométricos da regido sudeste do estado do
Amazonas, e tem por objetivo identificar regides propicias a ocorréncia de crostas
lateriticas. Também, com base na geologia, altimetria, mapa de solos e nos modelos
estatisticos Booleano e Fuzzy sdo propostas areas com interesse exploratorio.
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AMAZONIA

Maércio Fernando dos Santos Albuquerque’; Talio Marques Soares®; Adriana Maria Coimbra
Horbe? Endel Muller Dalat Sousa’.

1-Graduate Program in Geology, Brasilia University, Geoscience Institute, Darcy Ribeiro University
Campus, 70910-900, Brasilia, Federal District, Brazil, albuguerquelll@hotmail.com; 2- Brasilia
University, Geoscience Institute, Darcy Ribeiro University Campus, 70910-900, Brasilia, Federal District,
Brazil.

ABSTRACT

Altimetric data together with gamma spectrometry and magnetometry have been studied
in southwestern Amazonia, based on Boolean and Fuzzy statistical logical with the goal
to identify favorable areas to lateritic duricruts occurrence. The region is divided into
three main surfaces: 1- Surface 1 (SP1: < 134m) composed by lowlands, valleys and
dissected hills dominated by volcanic and sedimentary rocks and Mn to Mn-Al-Fe
duricrusts; 2- Surface 2 (SP2: 134-186m) with rounded hills with concave top sustained
by Fe and Fe-Al duricrusts; 3- Surface 3 (SP3: 186-290 m) with elongated plateaus to
rounded hills supported by bauxites, Fe duricrust and rare Mn-Al-Fe duricrusts and
colluviums. Lateritic duricrusts are associated to eTh channel what gives it light green
colored in the RGB channels. The Boolean and Fuzzy models displayed good
correlation with bauxites, Mn and Mn-Al-Fe duricrusts and oxisols, while the Boolean
recognized 20% more Fe duricrusts than the Fuzzy models. However, the Fuzzy models
were efficient in discarding ironstones located in the western portion of the area, since
they does not have relationship with lateritization. Finally, the combination of relief,
eTh Fuzzy, stratigraphy and soil map allowed identify favorable areas to the occurrence
of Mn, bauxite and phosphatic duricrusts.

Keywords: altimetry, Boolean, Fuzzy, laterite

1. INTRODUCTION

Several studies have been carried out in lateritic terrains due to their great
economic value and because their importance to understand the landscape evolution
along the geological time since they are the final product of long time rocks exposure to
tropical climates (e.g. Costa, 1997; Spier et al. 2006; Beauvais et al. 2008; Anand and
Butt, 2010; Bonnet et al. 2014; Monteiro et al. 2014 and Riffel et al. 2015). Despite
composing large part of Amazonia landscapes and cover one-third of the continents,
there are few studies about the application of airborne gamma ray spectrometry
(AGRS). AGRS based on U, Th and K channels has been used with success in
Australia, pioneer in this type of study, in the identification of different types of soils
and in regolith mapping (Wilford et al. 1997; Dauth, 1997; Taylor et al., 2002; Wilford,
2012 and Moonjun et al. 2017).
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The gamma rays emanating from ground surface are classified as primary when
reflects the geochemistry and mineralogy of the bedrock, otherwise it is secondary
whenever it represent the modification of radioelement redistribution by weathering and
pedogenesis (Wilford, 1995; Wilford et al. 1997). Therefore, the weathering products
are depleted in K, except when illite and smectite are formed in low weathered soils,
saprolites or when manganese duricrusts have K-bearing manganese phases. While the
U and Th are assigned to heavy minerals or may be absorbed by goethite and hematite
(Dickson and Scott, 1997; Wilford et al. 1997).

Application of AGRS together with GIS, digital elevation model (DEM),
magnetometry, multivariate statistical, neural network, Boolean and Fuzzy logic are
increasing the mapping efficiency (Behrens et al., 2005; Carrino et al., 2011; Motta and
Faria Junior, 2016; Iza et al. 2016, Moonjun et al. 2017). These tools allow recognize
different types of soils and lateritic duricrusts derived from different types of rocks
(schists, granites, metasedimentary rocks and greenstones belts); high K in soils may be
used as parameter of weathering index, however, soils developed from the same
bedrock with different characteristics (catenas) and the similar response between soils
developed from different bedrocks is still the biggest issues in regolith mapping (Cook
et al. 1996; Wilford et al. 1997).

In this context, the purpose of this work is using AGRS to indicate domains with
higher probability of occurrence of lateritic duricrust. The large application of these
tools will help to developed better and fast tools to improve the regolith mapping
techniques, compare the efficiency of the statistical methods such as the Boolean and
Fuzzy logic, and identify areas with metallogenic potential based in geophysical and
geochemical criteria.

2. GEOLOGICAL SETTING

The study area is located in the southwestern region of Amazonia, Brazil,
between 6-8°S and 59-61°W (Fig. 1). The climate is hot and humid and is slightly drier
from May to September. The mean annual temperature ranges from 25 to 27°C, the
relative humidity is approximately 85%, and the yearly rainfall is 2,336 mm year-1.

This region contains a volcanic basement that is related to Colider Group (1.78-
1.80 Ga). Intruding the volcanic basement are granitic bodies of Teodosia (1.758-1.757
Ga) and Igarapé das Lontras (1.754 Ga) suites, all of which are intersected by the
monzogranitic batholiths of Serra da Providéncia suite (1.57-1.53 Ga, Santos, 2003;
CPRM, 2015). Two main basins have developed over the volcanic basement and
granitic bodies (Reis et al. 2013; CPRM, 2014): the first was infilled by rocks of
Sumalma Supergroup, which comprise Proterozoic volcano-sedimentary sequence,
while the second was infilled by rocks of the Alto Tapajés Group, which represent a
Paleozoic sedimentary sequence (Fig. 1).

According to Reis et al. (2013), the Sumauma Supergroup is divided in Vila do
Carmo Group and Beneficente Group. The Vila do Carmo Group (1.76-1.74 Ga)
comprises the rift phase of the Sumaima Supergroup and contains volcanoclastic,
pyroclastic and clastic units and quartz-sandstones cut by Mata-Mata diabase (1.576 Ga)
(Betiollo et al. 2009; Reis et al. 2013). The post-rift phase is related to Beneficente
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Group (1.43- 1.08 Ga), which overlaps Vila do Carmo Group. The Beneficente Group
contains orthoconglomerates and massive quartz-sandstones with rare mudstones
deposited in alluvial fans and floodplains; pinkish to purplish silicified quartz-
sandstones that were deposited in tidal plains and river channels and sublitharenites and
quartz-sandstones intercalated with siltstones and mudstones that were deposited in
aeolian and washover environments (CPRM, 2013; Reis et al. 2013).

Paleozoic basin (Alto Tapajés Group) and Neogene deposits partially cover the
older units. The weathering developed manganese, iron and aluminous lateritic
duricrusts that sustain a strong dissected landscape formed by plateaus and hills.
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Figure 1: Localization of study area and geological setting. Modified from CPRM (2013, 2014
and 2015) (Geological Survey of Brazil).
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3. SAMPLING MATERIALS AND ANALYTICAL METHODS

Along the rivers, roads and vicinal were described and collected 76 lateritic
duricrust and oxisols samples (Table 1). Also were cataloged rocks and spodosols. For
the relief patterns study was used the Shuttle Radar Topography Mission (SRTM) with
a spatial resolution of 30 m performed by the space shuttle Endeavour, in February
2000. From SRTM were generated TIN surfaces (Triangle Irregular Network) using the
ArcGIS 10, which allowed distinguishes the control of the lateritic duricrust by the
altimetry data.

The airborne gamma-ray spectrometric and magnetometric images were
obtained and processed from the Prospectors Airborne System LTDA, Rio de Janeiro,
Brazil, as part of two aerogeophysical projects (Aripuand and Sucunduri) of the
CPRM/Geological Survey of Brazil at 2008-2010. The aerogeophysical projects
covered about 208,000 km of gamma spectrometric and magnetometric profiles of high
resolution with flight lines and control spaced of 0.5 and 10 Km oriented in the N-S and
E-W directions, respectively. The flight height was fixed in 100 m above the terrain
with slight variations of 15 m. In order to avoid issues related to moisture and by the
water retained by dense vegetation that interfere in the gamma spectrometry response
reported by Minty (1997), the aerogeophysical projects in the Apui region were
performed in July and August months, the drier months of the region.

On Oasis Montaj 6.3 the K, Th and U channels of airborne gamma-ray
spectrometric and magnetometric images were loaded to make a unique mosaic. On
Arcgis 10 with the Geosoft extension was made the processing of the airborne
geophysical images and the integrated handling of all of the products.

3.1 Boolean Logic
The Boolean logic is a math system that creates rules or logical expressions to

select, analyze and process data. It may be defined by the specification of each one of
their elements or by specification of ordinary properties to all the elements. The sets are
considered as bivalent systems with their states between inclusion and exclusion. Thus,
the degree of relevance for the set X is 0 if "y" is not an element of A, by the other
hand, the degree of pertinence is 1 if "y" is an element of A (Braghin, 1998). Values of
a Boolean set are always completely categorized with no ambiguity or dichotomy about
their relevance.

The Boolean logic was first employed in each of the three landscape surfaces (<
134 m; 134 to 186 m and 186 to 290 m) of the studied region, according with (TIN >
lower boundary of each surface) Boolean operator “e” “and/&”, loaded into Raster
Calculator tool of Arcgis 10.

The Boolean logic was also applied in the eTh/Kg, and eU/K ratios.
However, the eU/K s was discarded once it not displayed correlation with the
fieldwork data. Thus, values of eTh/K () slightly below the mean are the most
representative and in Raster Calculator was used the follow equation:

1. (eTh/K ) channel > (M-(3-M)), where M is the mean of eTh/K () channel and
0 is the standard deviation
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After test all channels, it was noticed that eTh show better correlation with
lateritic duricrusts check points. The empirical interval which covers all lateritic
duricrusts is slightly below of mean and the maximum value of eTh. The upper and
lower boundaries were found by M+26 and M-(6/2), respectively (Fig.2).

The Boolean logic applied in eTh channel identified the interval more favorable
to occurrence of lateritic duricrust, according with the equation:

2. (eTh>lower boundary) and/& (eTh < upper boundary), where and/& is a

Boolean operator

Ultimately, was generated a binary map containing the correlation between the
three TIN surfaces and the Boolean products. Each surface was delimitated by follow
equations in Raster Calculator tool (Fig. 2):

3. (surface 1n1) And/& (eTh n1)
4. (surface 2n1) And/& (eTh N1)
5. (surface 3n1) And/& (eTh N1)

This binary map provided the regions more favorable to lateritic covers. All
results provided a bicolor raster with 0 and 1, where “1” has higher probability of
occurrence of lateritic duricrusts, while the lower values were transformed into “0” does
not agree with the Boolean model (Fig. 2).

3.2 Fuzzy Logic
Fuzzy logic is an extension of Boolean logic (“partial truth”, values between

"completely true™ and "completely false"). Fuzzy logic can be defined as part of
mathematical logic dedicated to the formal principles of uncertain or approximate
reasoning, therefore closer to human thought and natural language. The Fuzzy logic
may be related to the representation of incomplete or vague state of information. This
approach allows imperfect, imprecise or uncertain information, such as natural
phenomena, to be stored and expressed in terms of relevance. It also comprises a
technique in which input data must be previously rasterized and presented on a
continuous scale, with values that belong to a set between true and false, varying
between values 1 and 0 - possibility of partial pertinence (Bonham-Carter, 1994).

Initially the fuzzification of the eTh channel was made using the Spatial Data
Modeler (SDM) tool together with the categorical reclass which divided it in 10
intervals of possibility of relevance, here denominate “eTh Fuzzy” (Fig. 2).

Imprecise and incomplete information using Fuzzy logic, can be manipulated
and processed using the Fuzzy operators (Fuzzy Product, Sum and Gamma operator).
The Fuzzy Product is the product between eTh Fuzzy and elevation (TIN- Triangle
Irregular Network) (Fig. 2), the final result being less than or equal to the lowest
contribution of Fuzzy relevance values of the input maps (Bonham-Carter, 1994). The
algebraic sum may also be interpreted as logic “OR”, but not only does it assume full
compensation, it is also crescent. The membership increases whenever it is combined
with a nonzero membership (An et al. 1991). It is represented by the follow equation:

Fuzzy Sum= 1-[(1- eTh Fuzzy) x (1- TIN)] (Fig.2)

Finally, was developed the Fuzzy gamma operator (¥) which is the combination

of algebraic product and sum (Zimmermann and Zysno, 1980). This operator allows
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different degrees of compensation of combining two or more sets of information
depending on the choice of ¥, therefore the choice of an appropriate ¥ value provides
compensatory process in the aggregation of subjective information categories (An et al.
1991).The best interval that covers the most of lateritic duricrusts and oxisols was
¥=0.7, thus the Fuzzy gamma operator (x) obeys the follow equation:

Fuzzy gamma operator (¥=0.7)= (Fuzzy sum)®’ x (Fuzzy product)*®’ (Fig.2)

SRTM The Boolean logic applied
Shuttle Raddar in eTh channel separated the
Topography Mission BOOLEAN interval more favorable to
FUZZY POZrap iy Miss = the lateritic
- duricrust occurrence
TIN eTh channel
Trianglc Irregular (eTh2(upper boundary M+25) and/&
Spatial Data Modeler (SI WEDTIE (eTh2[lower boundary (M-(5/2)]

M)
Categorical reclass: /
10 intervals ‘ Raster calculator
’¢Th fuzzy” Binary map was generated

using the each one of three TIN surfaces
(surface 111) And/& (¢Th N 1)
Fizzy product (surface 2011) And/& (¢Th N 1)
J roduct= /& (¢
d i = e (surface 3N1) And/& (eTh N 1)
eTh fuzzy x TIN 1-[(1- €Th fuzzy) x (1-TIN)]| Where 1 is a binary value that
b} means high favoralibility

Fuzzy sum=

Fuzzy v (0.7)

Favorability map

Figure 2: Summary of Boolean and Fuzzy methods in the study area

In order to verify the relevance degree of the models (Boolean and Fuzzy) was
calculated the Kappa index which allows judge the favorability degree of this model
(Cohen, 1960). Landis and Koch (1977) consider kappa index between 0.81 and 1 have
a nearly perfect agreement, between 0.61-0.80 a substantial agreement, and beneath
0.60 moderate agreements, whereas values near zero indicate poor agreement. The
Kappa formula is shown below:

e Kp= (B-0)/(1-®), where = (X laterites and rocks in agreement with the
model)/X all samples. It worthy be highlighted that the rocks in agreement
with that model are those that not plot in the favorability map elaborate to
identify lateritic duricrusts

i 0):[(2 laterites in agreement and in disagreement/ 2 all samples) X (E laterites and rocks in agreement/ )
all samples)] + [(2 rocks in agreement and in disagreement/ z all samples) X (Z laterites and rocks in

disagreement/ 2 all samples)]
To calculate the kappa index were used 939 checkpoints including rocks,

laterites, oxisol and spodossols. The mostly used rock data belongs to CPRM (Brazilian
Geological Survey, 2006) and it is available online at
http://geowebapp.cprm.gov.br/ViewerWEB/index_lito_250k.html, while the others
checkpoints are from Albuquerque and Horbe (2015) and Albuquerque et al. (2017).
Finally, two samples of lateritic duricrusts were chosen for the Scanning
Electronic Microscope (SEM, Quanta 250 FEI) analysis following Au-Pd metallization
at Amazonas Federal University. The geochemical data were carried out in AcmeLab,
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Vancouver, Canada, and are available in Albuquerque and Horbe (2015) and
Albuquerque et al. (2017).

4, RESULTS AND DISCUSSION
4.1 Relief and lateritic context in southwestern Amazonia

The southwestern Amazonia gathers two geomorphological domains separated
by Aripuand River, wherein on the right is positioned the Dissecated Plateaus of
Southern Amazonia, and on the left, the Planed Surfaces of the Amazonia (Dantas and
Maia, 2010; Fig.3A). Three main altimetry surfaces have been recognized in the studied
region according the type of lateritic duricrust occurrence. The main mineralogy,
macroscopic and microscopic features of the lateritic duricrust is summarized in Table
1.

The surface 1 (SP1) has till 134 m altitude, dominated by strong dissecting
valley in “U”, lowlands, steep slopes and hills, sedimentary and volcanic rocks and
pisolitic, protopisolitic, massive and vermiform Mn to Mn-Al-Fe duricrusts outcrops
(Fig 3B and C). The surface 2 (SP2) is composed by rounded hills with concave top,
134 to 186 m altitude and 1 km of extension, where outcrops fragmental, pisolitic and
nodular Fe and Fe-Al duricrusts (Fig 3B and D). In surface 3 (SP3) predominate strong
dissected elongated plateaus to rounded hills (NE-SW and NW-SE), 186 to 290 m altitude
and 4-21 Km of extension and 2-10 Km of width with dendritic to sub dendritic and
rectangular drainages linked to large rivers of the region (Aripuand, Acari and
Sucunduri). They are sustained by massive and pisolitic bauxites and massive
ferruginous duricrust (Fig 3B, E and F), with rares Mn-Al-Fe duricrusts and Mn
colluviums, all of them overlapped by yellowish oxisol developed from tuffs and
sandstones from Sumatma Supergroup.
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Figure 3: A- Altimetry map subdivided into surfaces. B- Altimetry profile showing the different
altitudes of lateritic duricrusts and the lithostratigraphic units. C- Mn massive duricrust duricrust
developed from sedimentary rocks of the Sumalma Supergroup. D- Nodular Fe duricrust
developed from sedimentary rocks of the Alto Tapajos Group. E- Massive bauxite volcanic
rocks of Sumaltma Supergroup. F- Pisolitic duricrust sandstones of the Sumaima Supergroup
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Table 1: Main characteristics and mineral composition of the duricrusts of each profile. N.I- not

identified
Duricrust | Framework/skeleton | Pisoliths/Angular fragments Cavities/ fractures
Surface 1
Pinkish frgmework, composed by g|bb5|_te, hematite Red pisoliths of hematite and
and kaolinite. Secondary frosted to metallic plasma of | . = ! - . -
Mn-Al-Fe - S gibbsite with up to 2 cm | Filled by kaolinite and
S hollandite, cryptomelane and goethite involves the | 3. -
Pisolitic - - . .~ | diameter are sustained by | quartz
framework Coronadite veinlets are widespread in
framework
framework
Pisoliths (1.5 cm ¢) involved by
Mn Bluish grey, hard, dense, with metallic luster, rich in ?r?;\rrtr?:w:rrli év(')(tjﬁsgrr:a:m:gogzg E:gfﬁme by ging'
Protopisolitic | romanechite/hollandite, cryptomelane and pyrolusite by the same minerals of | goethite and hematite
framework.
Greyish, pulverulent and porous rich in cryptomelane, . -
M;\Qve hollandite and pyrolysite with intergrown of gibbsite N.1 Fg;?ﬁiteby kaolinite - and
and hematite g
M- Hard, dense and porous bluish grey skeleton (80% of Fé:el,\?l?ite art:c)j/ hemkaiic;:alr;lnteé
. bulk duricrust) with submetallic to earthy brightness N.1 g
vermiform : h total of 20% of the bulk
composed mainly romanechite and quartz ;
duricrust
Surface 2
The skeleton is friable (80% of bulk duricrust) . .
Fe-A! composed by goethite, hematite and gibbisite as main N.1 F'"e.d. by whitish
vermiform - g - kaolinite and quartz
minerals and by kaolinite and quartz subordinated
The framgments (till 35% of | Comprises until 25% of
Fe and Fe-Al | The sandy clay framework comprises between 45 to | bulk duricrust) are reddish to | bulk duricrust, they are
Fragmental, | 60% of bulk duricrust. It is orange when composed by | violet with till 3.5 cm diameter. | filled by  gibbisite,
pisoliticand | goethite, hematite and quartz, or it is reddish pink | They are of gibbisite and | hematite and kaolinite or
nodular when is formed by ooliths of gibbsite and kaolinite | hematite or composed mainly | goethite, quartz and rutile
surrounded by hematite and goethite. by hematite with quartz | and have coloring whitish
inclusions pink and whitish yellow.
Fe Intercalation of thin blades of goethite with quartz, NI Filled by hematite
Laminated kaolinite and hematite subordinated ' botryoidal
Surface 3
The cavities are filled by
. The framework comprises about 97% of the duricrust, small gibbsite geodes ((<
Massive . . - . - 3 cm of ¢) and,
. it is compact, brown to pink reddish, little porous with N.1 . .
bauxite oy . . - sometimes, for whitish
gibbsite and hematite as major minerals - L
clayey material of illite
and kaolinite
Hematitic and Al-goethitic (<
L Pinkish plasma (55% of bulk duricrust), sometimes, | 2.5 cm ¢) comprise about 40% | . -
P'SO“.“C whitish to reddish composed mainly by gibbsite and | of the duricrust and are Filled by kaolinite, quartz
bauxite . - . and anatase.
hematite involved by brownish to orange
goethitic cortex.
The framework is brownish, porous and composed by
hematite, goethite and gibbsite as major phases, and . .
- ; The cavities constitute
. quartz, kaolinite and anatase as trace minerals. . ] .
Fe Massive - . pipes with 3cm diameter
. Widespread on the framework is common the N.1 . -
duricrust - and are filled with yellow
presence of quartz pebbles of up to 2 cm of diameter. kaolinite
They are fractured, corroded and show indications of
dissolution
Skeleton  composed by dendritic  hollandite,
crypetomelane and pyrolusite. Involving the skeleton
Mn-Al-Fe | there is plasma of gibbsite, hematite, goethite and NI Filled by kaolinite and
Vermiform | kaolinite, with cerianite subordinated. Increase of ' quartz
hematite and gibbsite toward to top. Coronadite
veinlets are widespread in skeleton
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4.2  AGRS Interpretations

The airborne gamma-ray spectrometric ternary composition, based on eU, eTh
and Kt RGB channels of the Apui region, southwestern Amazonia, displayed several
gamma spectrometric responses which vary according the type of rock. High K content
pinkish colored, especially in the mid part of study area and along the rivers, is related
to volcanic rocks and greywackes from Alto Tapajos basin and Colider Group. High K
along the rivers is mainly assigned to volcanic rocks and sediment that accumulate the
K leached from the rocks. Granitic bodies which typically have high K, Th and U occur
in the southern and southwestern part and displayed a pale to light green color.

The eTh channel displays high to extremely high values (black with red spots
colored) assigned to basic rocks. The lateritic duricrust predominantly positioned into
eTh channel, are highlighted by the green colors as reported by Dickson and Scott
(1997), Carrino et al. (2011), Wilford et al. (1997), Wilford (2012), Iza et al. (2016),
Moonjun et al. (2017) among others. However, in mostly cases both the volcano-
sedimentary/sedimentary sequences and the lateritic duricrust and oxisols display the
same light green colored in eTh channel. This is in disagreement with the data reported
by Dickson and Scott (1997) and Isles and Rakin (2000) where the ferruginous
duricrusts, pisoliths and bauxites show the highest content of Th in average compared
with the bedrocks. Moreover, not every eTh signal identifies lateritic covers, as seen in
elevated eTh in the Quaternary deposits (Salva Terra Formation and fluvial terraces) at
the left side of Aripuané river. The Salva Terra Formation brings together ironstones
formed by fluctuations of table water in sedimentary rocks (CPRM, 2015), without
relationship with lateritic process. Also, the fluvial terraces located mainly around the
Aripuana niver show light green colored in eTh channel in consequence of high Th
accumulate after leached from the sediment source, as reported by Gunn et al. (1997).

Sand deposits that is often assigned to weathering and accumulation of quartz
from sandstones of Sumaldma Supergroup and Alto Tapajos Group, covers an area of
228.5 Km?. The areas of these deposits that are correlated to spodossols in soil map, is
identified by black with bluish spots in ternary map of K, eTh and eU on the RGB
channels (Fig. 4A, Fig. 8A and B). Nevertheless, fluvial terraces close to Aripuana
river, which have the same response in ternary map and are mapped as spodossols, were
not considered.
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Figure 4: A-Ternary map of K, eTh and eU on the RGB channels highlighting the Quaternary
deposits in yellow. B- Ironstones cropping out in the left side of Aripuana river. C- Fluvial
terraces in Aripuand river.

4.3 Boolean and Fuzzy models

Statistical methods and altimetric data were applied to verify the favorability of
duricrust occurrence in the study area. The oxisols which has almost the same chemical
composition of the overlapped lateritic duricrusts and are the final product of
dismantling and leaching of them (Horbe and Costa, 2005; Costa et al. 2014;
Albuquergue and Horbe, 2015), were used to testify the favorability of the Boolean and
Fuzzy models.

The eTh channel in the 145.78 (M+25) and 8.4 (M-(6/2)) intervals, covers about
6500 Km?, 34% of the study area. Whereas the Boolean eTh channel product distributed
into the three altimetry surfaces occupy an area of the 5884 Km?, 31% of the bulk area.
Among the three altimetry surfaces favorable to the lateritic duricrust occurrence in the
Boolean model, the SP1 covers an area of 2489 Km? (13% of bulk area), followed by
SP3 (1854 Km?, 10% of bulk area) and by SP2 (1541 Km?, 8% of bulk area). The
Kappa coefficient (Kp) calculated for all surfaces together is 0.61 what indicate
substantial favorability to duricrust occurrence according Landis and Koch (1977)
classification.
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Figure 5: Predictability map of lateritic crust occurrence based on Boolean logic performed in
each surface (SP1, SP2 and SP3) with the lateritic duricrust occurrence reported by
Albuquerque and Horbe (2015). Also is showed the eTh channel non Boolean

The Fuzzy technique (eTh Fuzzy, the Fuzzy Sum and product as well as the
Fuzzy gamma operator) was applied to improve the accuracy of Boolean products. All
generated Fuzzy models show strongly correlation with the mostly site points sampled.
In this context, eTh Fuzzy covers 3368 Km? 18% of bulk area and has the highest
degree of favorability of duricrust occurrence (Kp=0.8), followed by Fuzzy Sum and
gamma operator (y=0.7) which cover 4737 to 4900 Km? 25% of bulk area that is
classified as substantial favorability (Kp between 0.68 and 0.63) to duricrust occurrence
according Landis and Koch (1977) classification. The Fuzzy product comprises about
6049 Km?, 32% of bulk area and has the lowest kappa index (K=0.56) that mean low
favorability.

To identify the main differences between the Boolean and Fuzzy models it is
indispensable correlate to the lithostratigraphic and geomorphological settings of the
region, once it may discard or attest the regolith/laterite occurrence, as reported by
Carrino et al. (2011), Iza et al. (2016), Motta and Faria Junior (2016) and Herrera et al.
(2017). Both models show good correlation with bauxites, manganese duricrusts and
oxisols (70-100% of agreement, Tab. 2). However, the Boolean recognized 20% more
Fe duricrusts (61 of the 79 duricrusts, 67% of agreement) than the eTh Fuzzy, Fuzzy
Sum, product and gamma operator (40-47% of agreement, Tab.2). Unlike of Boolean
model, the Fuzzy models were efficient in discarding ironstones (without relationship
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with lateritization) located in left side of Aripuand river where predominate lowlands
(above 134 m), steep slopes and hills strongly dissecting.

Therefore, the Boolean model overestimates areas with below 134 m and
mapping it as duricrust when in fact are ironstones and fluvial terraces, in the mostly
cases. For this reason, the Fuzzy models are more confident, especially the eTh Fuzzy
with more Kappa index (Kp=0.8), which indicates more reliability. Despite the Fuzzy
product overestimates areas above 186 m.
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Figure 6: Predictability map of lateritic crust occurrence based on eTh Fuzzy divided into 10
classes, of which only the class 0.46 and 0.91 is extremely favorable.
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Table 2: All data presented according the agreement with the Boolean and Fuzzy models.

Rocks + spodosols in Rocks+ spodosols
agreement in disagreement
CPRM (2006) data + CPRM (2006) data + Laterites and oxisols in Laterites and Oxisols in Kappa
present study present study agreement disagreement index (Kp)
Boolean
8 oxisols (80%) 2 oxisols (20%)
20 bauxites (87%) 3 bauxites (13%)
13 Mn duricrusts (81.3%) 3 Mn duricrusts (18.7%)
20 Fe duricrusts (66.7%) 10 Fe duricrusts (33.3%)
624 236 z=61 =18 0.61
eTh Fuzzy
8 oxisols (80%) 2 oxisols (20%)
23 bauxites (100%) 0 bauxites
14 Mn duricrusts (87.5%) 2 Mn duricrusts (12.5%)
14 Fe duricrusts (46.6%) 16 Fe duricrusts (53.4%)
723 127 =59 =20 0.80
Fuzzy product
7oxisols (70%) 3 oxisols (30%)
21 bauxites (91.3%) 2 bauxites (8.7%)
14 Mn duricrusts (87.5%) 2 Mn duricrusts (12.5%)
13 Fe duricrusts (43.3%) 17 Fe duricrusts (56.7%)
608 252 =55 =24 0.56
Fuzzy Sum
7 oxisols (70%) 3 oxisols (30%)
19 bauxites (82.6%) 4 bauxites (17.4%)
13 Mn duricrusts (81.3%) 3 Mn duricrusts (18.7%)
12 Fe duricrusts (40%) 18 Fe duricrusts (60%)
668 192 ¥=51 ¥=28 0.68
Fuzzy gamma (0.7)
7 oxisols (70%) 3 oxisols (30%)
19 bauxites (82.6%) 4 bauxites (17.4%)
14 Mn duricrusts (87.5%) 2 Mn duricrusts (12.5%)
13 Fe duricrusts (43.3%) 17 Fe duricrusts (46.6%)
645 215 =53 =26 0.63

5 PERSPECTIVES of AGRS FOR MINERAL TARGETS: MANGANESE,
BAUXITE, PHOSPHOROUS AND GOLD+SULPHIDES

The combination between eTh Fuzzy (Kp=0.8), ternary map of K, eTh and eU on
the RGB channels, elevation (TIN), stratigraphy, soil map and geochemical data
allowed providing some interesting perspectives for regolith mapping and thus for
mineral researches in weathering deposits. The most favorable areas indicated by the
combination of stratigraphy, eTh Fuzzy and elevation (SP1- 0 to 134m), have provided
a 100 Km? of lateritic duricrust target areas (light blue colored areas in the Fig.8A)
surrounding the Mn deposits (Albuquerque et al. 2017). The altitude over 186 m was
discarded for Mn in this model, since the Mn is mostly related to colluviums.

The same combination of parameters used to identify potentially Mn duricrusts,
indicate 701 Km? favorable for bauxite at surface SP3 (186-290m altitude) (Fig.8A).
However, this area may be smaller, once all bauxites checkpoints are related to oxisol
type in the soil map (Fig.8B). Moreover, the main Amazonian bauxites (Paragominas,
Porto Trombetas, Juruti and Rondon do Pard) deposits are covered by oxisols (Boulangé
and Carvalho 1997, Lucas 1997, Kotschoubey et al. 2005, Costa et al. 2014 and Oliveira
et al. 2016).

Besides Mn and bauxites, there are other clues that need better investigation for
phosphor in duricrust and sandstone, and Au+sulphides. An area of 82.94 Km? close to
Jatuarana river on phosphatic sandstones framed into Alto Tapajos Group (up 7.44% of
P,Os as Liberatore et al., 1972 and Araujo et al., 1976), in altitude of 134-290 m, was
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inferred from eTh Fuzzy for the occurrence of duricrust (Fig 8 A and 8B) that is
probably phosphatic.

Some duricrusts samples have anomalous contents of Au, Au+Pb+Cu and Pb+Cu
and even preserved gold nuggets as seen in the massive bauxite (Bx) and Fe duricrust
(C7) (Fig.8A and B, Tab.3, Fig.9). These samples are mainly framed to volcano-
sedimentary rocks from Sumauma Supergroup and related Mn duricrusts, massive
bauxites and Fe duricrusts (Tab.3; Fig.8A) where Albuquerque et al. (2017) identified
hydrothermal influence. These anomalous Au, Au+Pb+Cu and Pb+Cu values in
duricrust may be useful tool for identified VMS deposits like those described by
Carvalho and Figueiredo (1982), Leite et al. (2005) and Brito et al. (2010) in the region.
The most susceptible area to VMS occurrence is located where crops out massive
bauxite and Fe massive duricrust (Bx and C7, respectively) developed of a volcano-
sedimentary sequence, such as related by Brito et al. (2010) in Nova Aripuana gold
mine, located 175 Km northern of Apui city.
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Figure 8: Favorability maps of mineral occurrence. A- Favorable areas to mineral occurrence
over geological map (Modified from CPRM, 2013; 2014 and 2015). B- Favorable areas to

mineral occurrence over soil map (IBGE- Brazilian Institute of Geography and Statistics,

SIPAM- Amazon Protection System database)

and
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Table 3: Anomalous Au, Cu and Pb content (greyish), together with sulphides occurrences in
the sedimentary rocks and duricrusts. *The Au content is presented only in this paper

Type | Sample | Au (ppb) | Cu (ppm) | Pb (ppm) | Sulphides | Author
Sedimentary rocks and lateritic duricrusts related to Alto Tapajés Group

Fe duricrust C1 <50 <130 N.1 Albuquerque and Horbe (2015)

Fe duricrust C6 <50 <130 N.1 Albuquerque and Horbe (2015)

Fe duricrust C4 <50 <130 N.1 Albuquerque and Horbe (2015)

Greywacke G6 <50 <130 N.1 Albuquerque and Horbe (2015)

Greywacke G4 <50 <130 N.1 Albugquerque and Horbe (2015)

Sedimentary rocks and lateritic duricrusts related to Sumalma Supergroup

Fe duricrust Cc2 <50 <130 N.1 Albuquerque and Horbe (2015)

Fe duricrust c7 <50 <130 N.1 Albuquerque and Horbe (2015)

Bauxite Bx <50 <130 N.1 Albuquerque and Horbe (2015)
Mn-Al-Fe duricrust VB <50 X Albuquerque et al. (2017)
Mn-Al-Fe duricrust VT <50 X Albuquerque et al. (2017)
Mn-Al-Fe duricrust Pi2 X Albuquerque et al. (2017)
Mn-Al-Fe duricrust Pil X Albuquerque et al. (2017)
Mn duricrust Pp2 X Albuquerque et al. (2017)
Mn duricrust Ppl X Albuquerque et al. (2017)
Mn duricrust M1 X Albuquerque et al. (2017)
Mn greywacke A3 X Albuquerque et al. (2017)
Pinkish siltstone PS N.1 Albuquerque et al. (2017)

det 'm HV

BSED 100 x 14.5 mm 25.00 kV 6.0

Figure 9: Gold nuggets widespread in lateritic duricrusts. A and B- Small nuggets of found at
massive bauxite and Fe-duricrust (Bx and C7), respectively, derived from volcanic rocks of Vila
do Carmo Group (Sumatma Supergroup) and EDS with ratifying the Au occurrence

6 CONCLUSIONS

The application of airborne gamma ray spectrometry using the K, U and Th
channels allow identify lateritic duricrust and oxisols, regardless whether it is Mn, Mn-
Al-Fe, bauxite, Fe or Fe-Al duricrust types. The Boolean and Fuzzy models displayed
good correlation with bauxites, Mn and Mn-Al-Fe duricrusts and oxisols. The main
difference between both models is that the Boolean recognized 20% more Fe duricrusts
than the Fuzzy models, while the Fuzzy models discarded ironstones located in the
western portion of the area, since they does not have relationship with lateritization,
therefore they have most useful in geological mapping.

The combination between eTh fuzzy, ternary map of K, eTh and eU on the RGB
channels, geological and soil map database and some chemical analysis aid to improve
the knowledge of futures researches concerning supergene deposits as bauxites,
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manganese and phosphatic duricrusts. Also, anomalous contents of Au, Cu and Pb
together with Au nuggets found in lateritic duricrusts, serve as pathfinder for gold and
sulphides deposits.
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8 GEOCRONOLOGIA (U-Th)/He

As amostras selecionadas para datacdo por (U-Th)/He, bauxita pisolitica (B1A)
do perfil P5 e crosta Fe-Al (C6) do perfil P6, ocupam relevo mais elevado (180 a 225
m) e extremamente dissecado, onde predominam platds e colinas com topo ondulado
devido a incisdo de grandes rios como Juma e Acari, por exemplo (Figura 9A). Afloram
como grandes blocos com até 2 m de espessura e, geralmente, estdo recobertos por
latossolo amarelo com até 1 m de espessura.

A bauxita pisolitica (B1A), formada a partir das rochas sedimentares do
Supergrupo Sumauma tém gibbsita (43%), goethita+hematita (29%) e caulinita (15%)
como principais constituintes mineraldgicos, e quartzo (9%) e anatésio+rutilo (4%)
como subordinados (Figura 9B). Os pisolitos, que perfazem até 30% da crosta, sdo
marrom avermelhados, fridveis e compostos por hematita e Al-goethita com até 2,5 cm
de didmetro (Figura 10A). Eles sdo envolvidos por diversas geragOes de filmes
goethiticos que, por sua vez, sdo sustentados por plasma gibbsitico (60% da crosta)
poroso, rosado, por vezes esbranquicado com tons avermelhados (Figura 10A e B). Ha
cavidades preenchidas por caulinita e grdos de quartzo tamanho areia fina.

A crosta Fe-Al (C6) oriunda das rochas sedimentares do Grupo Alto Tapajds é
composta por goethita+hematita (57%) e caulinita (27%) como principais fases
minerais, com gibbsita (12%), quartzo (4%) e rutilo (<1%) subordinados (Figura 9C).
Nos fragmentos avermelhados de hematita com até 2 cm de diametro, hd gréos
angulosos de gibbsita com até 200um de comprimento recobertos por sutis filmes de
hematita (Figura 10C, D e E). O arcabougo argilo-arenoso (45-55%) alaranjado de
composicdo goethito-caulinitica sustenta os fragmentos avermelhados de hematita, e

neles ha diversas inclusdes de gibbsita, zircdo e, por vezes, quartzo (Figura 10F).
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Figura 9: Mapa mostrando a posicao altimétrica das amostras datadas por (U-Th)/He, bem como
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quartzo. He-hematita.
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Figura 10: Principais aspectos macroscopicos e microscopicos das amostras analisadas. A-
Bauxita pisolitica (B1A) composta por pisolitos de hematita (He), cortéx de goethita (Gt) e
plasma de gibbsita (Gb) e caulinita (K). Em amarelo o detalhe da foto B. B- Relagdo de contato
entre o pis6lito hematitico e diversas geracdes de goethita. C- Crosta Fe-Al (C6) composta por
pisolitos de hematita e gibbsita. Em amarelo detalhe da foto D. D- Detalhe do nucleo e borda do
pisolito. E- Diminutos gdos angulosos de gibbsita nos nucleos do pisélito. F- Cortéx goethitico
com inclusdes de gibbsita e zircdo (Zr).
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Os resultados de (U-Th)/He estdo sumarizados na Tabela 5. Como esperado, as
hematitas que compdem o nucleo dos pis6litos sdo mais antigas que as goethitas dos
cortéx. No entanto, ha diferencas significativas entre os nucleos de hematita e 0s cortéx
de goethita. Enquanto as hematitas da bauxita pisolitica tém intervalos de formacao bem
demarcados entre 18,7 a 28,4 Ma; aquelas da crosta Fe-Al (C6) sdo mais antigas e
destacam trés intervalos de formacdo de hematita em 144,1 a 292 Ma. Os mdltiplos
filmes de goethita da bauxita e da crosta Fe-Al apresentam correlagdo temporal com
inicio de formacdo em 13.1-14.9 Ma, apos isso houve trés episodios de precipitacdo de
goethita em 16,2-17,2 Ma; 18.9-20,8 Ma e 22,5 Ma. Em média os erros analiticos das
hematitas da bauxita e da crosta Fe-Al séo de + 2,4 e £ 20,4 Ma, respectivamente;
enquanto que das goethitas giram em torno de 1,7 e 1,8 Ma.

O conteudo medio de He () nas amostras varia de 0,432 a 2,536 ncc nas
hematitas e entre 0,542 a 1,015 nas goethitas. A razdo média Th/U apresenta grande
variacdo nas hematitas (3,05 a 16,05), enquanto que nas goethitas esta variacdo é menor
(8,21 a 8,85) (Tabela 4). De modo geral o contetdo de He nas goethitas e hematitas sao
maiores nas amostras mais antigas como nas hematitas da crosta C6, por outro lado,
menores valores de Th/U estdo relacionados a hematitas mais antigas. Tal relagdo, Th/U
vs idade, ndo é perceptivel nas goethitas (Figura 11A, B, C e D).

Tabela 5: Resultados da datacdo (U-Th)/He em goethitas e hematitas.

Idade

Componente  Mineral  Amostra  ***Thpg  *0y  **Upg %o Hemey *m TAUg Th/U e Elo0a
Ma
Bauxita pisolitica desenvolvida sobre o Supergrupo Sumaima (Amostra B1A)
Pisolito Hematita B1A 0,335 15 0,091 20 0587 09 1,6 3,67 284 2,9
Pisdlito Hematita B1A 0,329 2,2 0,047 26 0419 11 2,0 6,97 277 2,8
Pisdlito Hematita B1A 0,353 2,2 0,069 25 0458 11 2,0 5,09 24,7 25
Pisdlito Hematita B1A 0,606 15 0,010 23 0,39 1,0 1,8 57,60 21,2 2,2
Pisdlito Hematita B1A 0,365 15 0,045 21 0322 11 1,6 8,02 20,2 2,0
Pisolito Hematita B1A 0,599 15 0,040 20 0411 11 1,7 14,97 18,7 1,9
Média Hematita B1A 0,431 1,7 0,060 23 0432 11 1,8 16,05 235 2,4
Cortex Goethita B1A 2,145 15 0,211 20 1810 0,9 15 10,11 20,8 2,1
Cortex Goethita B1A 1,586 15 0,168 2,0 1,358 0,9 15 9,40 20,6 2,1
Cortex Goethita B1A 1,873 15 0174 20 1419 09 15 10,67 18,9 1,9
Cortex Goethita B1A 0,876 15 0,114 2,0 0519 11 1,6 762 133 1,3
Cortex Goethita B1A 0,613 15 0,079 20 0363 11 1,6 766 133 1,4
Cortex Goethita B1A 1,073 2,2 0139 26 0,623 1,0 2,0 765 131 1,3
Média Goethita B1A 1,361 1,6 0148 21 1,015 10 1,6 8,85 16,7 1,7
Crosta brechoide Fe-Al desenvolvida sobre o Grupo Alto Tapajos (Amostra C6)
Pisolito Hematita C6 0,195 1,6 0,055 2,0 3640 0,9 1,6 354 2920 296
Pisdlito Hematita C6 0,120 1,6 0,036 20 1931 09 1,6 331 2423 246
Pisdlito Hematita C6 0,177 2,2 0,034 26 1829 08 1,9 519 1965 20,0
Pisolito Hematita C6 0,127 1,6 0,060 20 1,883 0,9 1,7 2,11 1698 17,2
Pisdlito Hematita C6 0,162 1,6 0,078 2,0 2322 09 1,7 2,07 162,7 165
Pisolito Hematita C6 0,286 15 0,137 2,0 3,612 0,8 1,7 2,07 1441 146
Média Hematita C6 0,178 17 0,067 21 2536 09 1,7 3,06 2012 204
Cortex Goethita C6 0,613 15 0,081 21 0619 10 1,6 747 225 2,3
Cortex Goethita C6 0,562 2,2 0,057 25 039 1.2 2,1 9,76 17,2 1,8
Cortex Goethita C6 0,780 15 0,06 2,1 0,603 1,0 1,6 730 17,1 1,7
Cortex Goethita C6 0,846 15 0,007 21 059% 1,0 1,6 8,68 16,6 1,7
Cortex Goethita C6 0,881 15 0,113 2,0 0,634 1,0 15 7,72 16,2 1,6
Cortex Goethita C6 0,627 2,2 0,075 26 0404 11 2,0 8,34 149 1,5
Média Goethita C6 0,718 1,7 0,088 22 0542 11 1,7 821 174 1,8
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Figura 11: RelacGes He (ncc) vs Idade em Ma e Th/U vs idade em Ma das hematitas e goethitas
datadas

8.1 Discuss0Oes das idades (U-Th)/He
O inicio da formacdo de lateritos em solos tropicais € comumente tomado como

evidéncia de um grande evento de oxidacdo em 2,3 Ga, um passo importante na
evolucdo da atmosfera da Terra (Rye & Holland, 1998; Retallack, 2010). Nesse
contexto, o laterito mais antigo ja catalogado em Sishen, Africa do Sul, data em 2,2 Ga
(Gutzmer & Beukes, 1998). A formacdo de lateritos estd condicionada também ao
surgimento das florestas no Devoniano médio, uma vez que florestas tropicais
produzem grandes quantidades de diéxido de carbono (CO,), que em contato com
moléculas de agua resulta em acido carbénico (H,COgs), um dos responsaveis por
acelerar o intemperismo quimico (Erhardt, 1965; Retallack, 2010). Soma-se a isto, a
grande quantidade de gases estufa (metano e diéxido de carbono) nos limites Cretaceo-
Terciario e Permiano-Triassico (Retallack, 2004). Esses eventos estufa do passado tém
relacdo direta com o aumento nos niveis de metano e de dioxido carbono durante os
eventos de bauxitizacdo e lateritizacdo (Retallack, 2002; 2009; 2010).

Segundo Tardy & Nahon (1985), Nahon (1986) e Théveniaut & Freyssinet (1999)
a formacdo de crostas lateriticas pode ser interpretada como um modelo de multi
camadas que envolvem remobilizacdo do Fe nos pisélitos e reprecipitacdo de Fe como
goethita. Tais fatores acarretam em agradacdo e degradacdo das crostas, de modo que
formacgéo de hematita e caulinita implicam em agradacéo e clima mais seco, enquanto

que a geracao de goethita, Al-goethita e gibbsita, aliadas a pedoturbacgdo, apontam para
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degradacéo, pois modificam o arcabougo original em condigdes mais Umidas (Beauvais,
1999, Anand & Paine, 2002, Bitom et al. 2003).

No sudeste do Amazonas, as idades U-Th/(He) obtidas em hematitas da crosta Fe-
Al (C6) apontam intensa agradacdo de crosta ferruginosa (1° fase de agradacao), num
intervalo de 150 Ma que se iniciou em 292+29,6 Ma (Final Carbonifero/Inicio do
Permiano), com intervalos bem definidos no fim do Permino/ inicio do Triassico e
Tridssico/Jurassico, e perdurou até 144,1+14,6 Ma (Final Jurassico/lnicio Cretaceo)
(Figura 12A). Os resquicios desta crosta pretérita preservadas nos pisolitos ferruginosos
indicam crosta com diminutos graos angulosos de gibbsita (< 200um) suportados por
matriz hematitica macica (Figura 10 D e E), tal qual observado por Théveniaut &
Freyssinet (1999) e Bitom et al. (2003), na Guiana Francesa e Camar@es. A gibbsita
presente nesta crosta é anterior a formacdo da hematita (Final Carbonifero/Inicio do
Permiano). Assim, o inicio do Carbonifero, com clima mais Umido e quente,
temperatura média de 20°C e CO, atmosférico médio de 1500 ppm é o cenario propicio
a formacéo de gibbsita (Berner & Kothavala, 2001).

Os diminutos graos de gibbsita (< 200um) se assemelham em tamanho e formato
aos feldspatos potassicos (>100 um) das grauvacas do Grupo Alto Tapajos (Figura 10E,
13 A e B), 0 que indica que a gibbsita foi formada por intemperismo direto dos
feldspatos potéssicos e deu origem ao horizonte “saprock”, tal qual relatado por Anand
& Butt (2003) na Australia. A partir de entdo, o clima mais seco variando entre quente e
frio perdurou do Permiano ao Triassico, e na interface Jurassico-Cretceo tornou-se
mais quente e Umido (Berner & Kothavala, 2001; Retallack, 2010), o que levou a
consolidacdo da crosta macica hematitica.

Relictos de crostas antigas sdo raros devido aos inimeros eventos de erosdo e
retrabalhamento de crostas lateriticas ocasionados pelas mudancas climaticas,
especialmente do fim do Cretaceo aos dias atuais, onde a formacao de perfis lateriticos
maturos ou imaturos foi alavancada (Costa, 1991; Retallack, 2010). Tais registros sao
relatados por Dammer et al (1999), Hécnoque et al. (1998), Ruffet et al. (1996),
Vasconcelos et al. (1996), Théveniaut & Freyssinet (1999), Théveniaut & Freyssinet
(2002), Pidgeon et al. (2004), Costa et al. (2005), Shuster et al. (2005), Spier et al.
(2006), Lima (2008), Bonnet et al. (2014), Horbe (2014), Monteiro et al. (2014) e
Riffel et al. (2015) via Ar-Ar, (U-Th)/He e paleomagnetismo realizadas no Brasil, india,

Australia, Burkina Faso. Esses dados mostram-se correlatos, e ha registros marcantes de
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“pulsos” da lateritizagdo em 56, 53, 47, 40, 35, 20, 15 ¢ 6 Ma, com algumas crostas
ferruginosas com idade < 5Ma (Figura 12 A e B).

Na regido sudeste do Amazonas, um segundo registro de agradacao de crostas foi
reconhecido pelas idades obtidas em hematitas da bauxita pisolitica (B1A), que dataram
entre 28,4+2,9 e 18,7+1,9 Ma (Oligoceno médio ao inicio do Mioceno) (Figura 12). A
partir de entdo, houve inicio da degradacdo das crostas ferruginosas em épocas mais
umidas que se estenderam desde o inicio ao fim do Mioceno (22,5+2,3 a 13,1+1,3 Ma) e
proporcionaram a formacéo de goethita. Neste contexto, pode-se dizer que ha dois
intervalos distintos de formacao de goethita, o primeiro entre 22,5+2,3 e 17,1+1,7 Ma e
segundo entre 13,1+1,3 e 16.6 £1,7 Ma. O primeiro esta alinhado ao segundo evento de
bauxitizacdo ocorrido entre o fim do Oligoceno e inicio do Mioceno reconhecido por
Kotschoubey et al. (2005) na regido de Paragominas, Para, apesar de Horbe (2014) via

paleomagnetismo enquadra-lo entre 28 e 50 Ma.
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Figura 12: Idades obtidas em goethitas e hematitas por U-Th-He e em minerais do grupo da
hollandita por Ar-Ar em diversas regides do mundo
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Figura 13: Arcabouco das grauvacas do Grupo Alto Tapajos compostas por matriz de muscovita
(Ms), illita () e quartzo (Q) com gréos de feldspato potassico (FK) e zircao (Zr).
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O sudeste do estado do Amazonas €é alvo de varios estudos de cunho geoldgico
que envolvem revisdo litoestratigrafica, prospeccdo mineral e estudo dos lateritos. A
regido é economicamente atraente em funcdo das diversas ocorréncias minerais
relatadas desde a década de 1950 pela extracdo do minério de manganés em rochas
sedimentares, crosta lateritica, colivios e desmantelados e, recentemente, pelas
ocorréncias de ouro, fosforo, sulfetos e bauxitas (Liberatore et al. 1972; Aradjo et al.
1976; Carvalho & Figueiredo, 1982; Brito et al. 2010; Silva et al. 2012; e Albuquerque
& Horbe, 2015; CPRM, 2015).

Na area de estudo, o embasamento é vulcanico acido (Grupo Colider-1,80 a 1,78
Ga), seguido de duas sequéncias vulcano-sedimentares Proterozoicas, grupos Vila do
Carmo (1,76-1,74 Ga) e Beneficente (1,43-1,08 Ga), enquadrados no Supergrupo
Sumadma; corpos graniticos reunidos nas suites intrusivas Teodosia (1,756 Ga), lgarapé
das Lontras (1,754 Ga) e Serra da Providéncia (1,57-1,53 Ga) e soleiras dos diabasio
Mata-Mata (1,57Ga) e méficas indiferenciadas. Sobrepondo estas unidades ha sucesséao
sedimentar Siluro-Devoniana do Grupo Alto Tapajos e depdsitos Cenozoicos.

O Supergrupo Sumauma tém alto conteddo de MnO (13-40%) em grauvacas e
siltitos, ao passo que o Grupo Alto Tapajds concentra P,0s (0,44-2,26%) nas grauvacas,
0 que implica em fontes distintas. Além disso, arenitos do Supergrupo Sumaima com
grdos de quartzo bem esféricos e arredondados miram contribuicdo de fontes distais.
Enquanto que grdos de quartzo subarredondados e menos esféricos dos arenitos do
Grupo Alto Tapajos indicam menos abraséo e transporte. Some-se a isso, a abundancia
de microclinio, illita e alto teor de K;O (3,9-8,5%) nas grauvacas do Grupo Alto
Tapajos, ratificando fontes proximais.

Os is6topos de Nd (0,511539-0,512071) e TDM (1,81-3,4 Ga) demonstraram
que o Supergrupo Sumalma tém fontes atreladas a Provincia Rondénia Juruena, com
maior influéncia do embasamento vulcanico do Grupo Colider e suites intrusivas
Teodosia, lgarapé das Lontras e Serra da Providéncia. Além disso, as provincias
Tapajés-Parima e Amazodnia Central supriram o Grupo Vila do Carmo, e fontes distais
relativas as provincias Carajas e Sunsds fomentaram sedimentos para as rochas do
Grupo Beneficente. Tais dados confirmaram a utilizacdo dos isétopos de Nd para
estudos de proveniéncia, pois coadunam com as idades obtidas por Brito et al. (2010) e
Reis et al. (2013). Vale ressaltar que o Grupo Vila do Carmo é potencial fonte do Grupo

Beneficente, pois ha discordancia angular entre as unidades e os arenitos do Grupo

150



Beneficente mostraram altos contetidos de Fe,O3, TiOy, rutilo, Ti-magnetita (tal qual os
tufos do Vila do Carmo) e populacdo de zircdo entre 1.76 e 1.74 Ga (idade inferida do
Vila do Carmo) (Reis et al. 2013).

As mesmas fontes do Supergrupo Sumauma foram identificadas pelos is6topos
de Nd para o Grupo Alto Tapajés, contudo boas correlacdes entre #Sr/**Sr vs CIA e
87Sr/*®Sr vs Rb/Sr atestaram seu caréter autoctone e intraformacional. De modo que,
apos a incisdo do Grabén do Cachimbo as rochas do Supergrupo Sumaldma juntamente
com as vulcanicas do Colider serviram de fontes do Grupo Alto Tapajos, de idade
Siluro-Devoniana.

Estas rochas quando expostas formaram espessas crostas manganesiferas,
bauxiticas e ferruginosas a ferro-aluminosas, recobertas por latossolos. Os protolitos
manganesiferos com 13-40% de MnO estdo relacionados as rochas dos grupos Vila do
Carmo e Beneficente, Supergrupo Sumauma. No entanto, ha significativas diferengas
mineral6gicas e geoquimicas entre eles, enquanto os do Grupo Vila do Carmo tém
maior diversidade de minerais de Mn (Pb-hollandita, coronadita e criptomelana) e altos
conteddos de Pb (17200-44000 ppm) e Cu (1446-2016 ppm), aqueles do Beneficente se
caracterizam por romanechita como fase dominante e Ba elevado (107400- 112000
ppm).

As crostas de Mn e Mn-Al-Fe desenvolvidas sobre essas rochas sdo macicas,
vermiformes, protopisoliticas e pisoliticas, ha também collvios manganesiferos. Crostas
e fragmentos coluvionares também apresentam altos teores de MnO (5 e 63%) e BaO
(612-205340 ppm). Assim como nos protdlitos, crostas desenvolvidas sobre o Grupo
Vila do Carmo tém maior diversidade de minerais de Mn (hollandita, Pb-hollandita,
criptomelana e coronadita), assim como os maiores teores de K,O, Ag, Cu, Pb e TI.

A quimica mineral, permitiu distinguir a romanechita, hollandita, Pb-hollandita,
coronadita e criptomelana uma das outras pelos contetidos K,O-BaO-PbO. Também,
individualizou Pb-hollanditas, coronaditas e romanechitas primarias das secundarias por
meio dos contetidos das razées BaO/(CuO*Co0); (PbO/CuQ)+(SiO,/Al,03); Mn,03 €
BaO/Fe,0s.

Associagdes geoquimicas também agruparam crostas e rochas desenvolvidas
sobre estas duas unidades litoestratigraficas.

e Crostas Mn-Al-Fe do Grupo Vila do Carmo (5-26% de MnO)- Goethita,
hematita, gibbsita, Al,O3, Fe,03, Sc, Th, Y, U, LOI, Rb, Ce, Pr, Nd, Ho, Er, Tm e

Yb—> Por se tratarem de crostas “bauxitizadas”, em fungdo do plasma gibbsitico
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presente em seu arcabouco, estas crostas contém mais goethita (10-27%), hematita
(5-38%) e gibbsita (6-40%), logo mais Al,O3 e Fe,Os. Sc e Th podem estar
associados a goethita e hematita, ou concentrarem-se residualmente juntamente
com o Y. A presenca macica de Ce, Pr, Nd, Ho, Er, Tm e Yb ¢é justificada pela
formacéo de cerianita. Neste ambiente oxidante, a reducdo de MnO, (Mn** para
Mn®** ou Mn*") atuou como catalisador para a oxidacdo Ce®*". A reducdo de Mn*
para Mn** também permitiu goethita e hematita fixarem Mn.

Protdlitos e crostas Mn (54-63% de MnO) do Grupo Vila do Carmo- Quartzo,
coronadita, SiO,, P,Os e Pb; e Pb-hollandita, cryptomelana, pyrolusita, Ag, As, Cu,
Ga, Sr, Tl, Sm, Eu, Gd, Tb e Dy, respectivemente. Coronadita e Pb-hollandita
contém PbO e CuO e criptomelana somente CuO. Estes minerais provém da
remobilizacdo e afinidade do Pb e Cu com Mn, o que resultou em varias geracdes
de minerais de Mn nos protdlitos e crostas lateriticas. De mesmo modo, ocorreu
com Dy, Th, Sm, Eu, As, Ag, Cu, Sr e Tl que tém afinidades geoquimicas com
esses minerais . A associacdo com o Ga se refere a sua imobilidade ou a associacdo
com Al-fosfatos. Hollandita e coronadita também sequestram P,0Os (> 0,37%) e
qguando formado nas porc¢des fosfaticas da crosta Mn, alcancam até 1%.

Protélitos e crostas do Grupo Beneficente- Romanechita, MnO, Ba, Co, Ni, Be,
Zn e Mo—> A partir da dissolucdo da barita encontrada como resquicios na Mn-
grauvaca do Grupo Beneficente, aliada a disponibilidade de MnOg®, formou
romanechita em ambiente aquoso. Em fungdo da baixa capacidade de fixar
elementos tracos, alguns deles podem ter sido capturados na superficie da
romanechita, ou o Ni** (0.57 A), Co** (0.61 A) e Mo*" (0.65 A) podem ter
substituido o Mn®*" (0.643 A) ou Mn** (0.60 A). Esse processo também ocorreu nas
crostas, uma vez que uma segunda geracdo de romanechita foi formada.

Todos os solos- Anatésio, rutilo, caulinita, TiO,, Zr, Hf, La e Nb devido a
resisténcia do rutilo e do zircdo, juntamente com a neoformacao da anatasio, nas
condigdes de intemperismo mais severas da Amazonia que promoveram a formacéo
de caulinita.

A presenca de galena, prata nativa, coronadita, Pb-hollandita, alto Cu, Tl e

anomalias positivas de Gd (1,25-2,15) nas crostas Mn desenvolvidas sobre o Vila do

Carmo séo similares aos contetidos de gossans, minérios sulfetados e depositos de Mn

de origem hidrotermal. Além do mais, a fonte hidrotermal do Mn do Grupo Vila do

Carmo, a mesma que originou os sulfetos, é a ratificada indicada pelas relacdes
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206pp207ppy s 28pp/2%phy (Zn x Ni)/MnO, vs (Cu/Zn)/Fe,0s e pelos altos teores de Cu,
Pb e Zn similar aos Gossans Australianos do tipo SEDEX, e pode classificar o Mn
supergénico como dubito. Essa atividade hidrotermal é reforcada pela presenca de
depdsitos VMS de Ag, Au, Cu, Pb e Zn e gossans na regido (Carvalho and Figueiredo,
1982; Leite et al., 2005 and Brito et al., 2010). Por outro lado, 0 Mn do Grupo
Beneficente tem assinatura sedimentar e pode ser classificado como supergénico
marinho.

Os isétopos de Sr e Nd foram utilizados para estabelecer diferencas entre perfis
com protolitos de unidades diferentes (Vila do Carmo, Beneficente e Alto Tapajos),
crostas (manganesiferas, bauxitas e crostas ferruginosas) e solos com composicoes
quimicas distintas.

Diferencas quimicas e isotdpicas marcantes foram observadas entre as rochas,
crostas lateriticas e solos que se desenvolveram nos grupos Vila do Carmo, Beneficente
e Alto Tapajos. Nesse contexto, a relagdo Rb/Sr vs eNd conseguiu agrupa-los de acordo
com a unidade estratigrafica, o que ratifa o uso de crostas lateriticas no mapeamento de
rochas mées.

As diferentes distribuicbes das razdes isotopicas de Nd ao longo dos perfis
indica efeito da lixiviacdo e, de modo geral, ndo mostraram correlacdo entre o Nd
istopo e 0o Nd elemento, ETR e P,Os no balanco geoquimico. Assim, o primeiro
critério adotado para analisar o comportamento das razdes isotdpicas de Nd ao longo do
perfil lateritico, foi reconhecer os minerais que controlam os ETR. A razdo
ETR/(Zr+Hf) >1 indica controle por minerais de Mn e cerianita. Ao passo que,
ETR/(Zr+Hf) < 1 atesta que minerais pesados como zircdo controlam a variagdo dos
ETR ao longo do perfil lateritico, como acontece na maioria dos perfis estudados.
Também ficou claro por meio de célculos que os minerais de Mn e cerianita sdo
responsaveis por 36,5 e 62% dos ETR nos perfis P1 e P2, enquanto que minerais
pesados detém 38 e 64% dos ETR nos perfis 1 e 2. Por outro lado, o *Nd é
principalmente atribuido a minerais pesados (85-95% nos perfis P1 e P2). Estes
resultados, bem como o balanco de massa, ratificam que ndo ha relacdo entre o
comportamento das raz@es isotopicas de Nd e ETR em condi¢bes de intemperismo
agressivo. Além disso, indicou que a redistribuicdo de minerais em todo o perfil
lateritico com concentragdo residual de zircdo ou lixiviagdo de minerais de Mn
(coronadite, holandita e criptomelano) e fixagdo na cerianita, uma vez que ETR sdo

imoveis durante o intemperismo, controlam a assinatura isotopica Nd.
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As raz0es isotopicas de Sr apresentaram dois tipos de comportamento ao longo
de quatro perfis. No primeiro, a razdo ®’Sr/*°Sr aumenta em diregio ao topo dos perfis
onde predominam crostas de carater Fe e Mn-Fe-Al, sugerindo a entrada de Sr
proveniente da atmosfera, agua da chuva, lencol freatico. Por outro lado, a lixiviacdo
mais severa, que resultou na formacao de caulinita e gibbsita (perfis P2 e P5) liberou Sr
dos protélitos em soluco e diminuiu a razdo %'Sr/**Sr em direcéo aos solos.

As razdes isotopicas de Pb sdo mais elevados nas crostas lateriticas e solos do
que nos protdlitos, como ndo sdo afetados pelo intemperismo, essa diferenca pode estar
relacionado ao decaimento do **®*U para o “®Pb ou misturas de fontes. Os perfis P1 e P2
ratificaram essa hipdtese quando plotodas na curva de decaimento do Pb ao longo do
tempo geolégico. A excelente correlacdo entre “*Nd/***Nd, 2°Pb/?°"Pb e 2%8ph/ 2%°ph (r?
= + 0.99; Tab. 6) no balanco de massa dos perfis P1 e P2 ratifica a imobilidade dos
is6topos de Pb durante a intemperismo extremo e que 0s minerais pesados controlam as
razBes isdtopicas Nd em condi¢des de intemperismo agressivo da Amazonia.

A proveniéncia sedimentar, aliadas a relacdo crostas lateriticas e unidade
litoestratigrafica sobre o qual se desenvolveram, juntamente com a gamaespectometria
aérea, permitiu identificar as unidades litoestratigraficas da parte leste da area de estudo,
no qual o mapeamento se encontra em andamento pela CPRM. A gammaespectometria
aliada, a altimetria demarcada pelas crostas lateriticas e métodos estatisticos Booleano e
Fuzzy, designaram areas favoraveis as ocorréncias de crostas lateriticas. O modelo
Booleano, com indice kappa de 0.61, recobre uma 4rea de 6500 Km? subdivididos de
acordo com as trés principais superficies que abrigam crostas lateriticas. Os modelos
Fuzzy, tais quais eTh Fuzzy, Fuzzy soma e produto, assim como o operador Fuzzy
gamma mostraram forte correlacdo com os locais amostrados. O eTh Fuzzy cobre 3368
Km? e tem o maior grau de favorabilidade da ocorréncia de crostas (Kp = 0,8), sequido
pelo operador Fuzzy Sum e gamma (s = 0,7), que cobrem 4737 a 4900 Km? e s&o
classificados como substancialmente favoravel (Kp entre 0,68 e 0,63). Por outro lado, o
Fuzzy produto compreende cerca de 6050 Km?, e apresenta o menor indice de kappa (K
=0,56).

Para o sucesso dos modelos Booleano e Fuzzy, a geomorfologia e a
litoestratigrafia devem ser bem conhecidas, pois sdo balizadores e podem atestar ou
descartar a ocorréncia de crostas lateriticas. Nesse contexto, os dois modelos
apresentaram boa relagdo para bauxitas, crostas manganesiferas e solos, apesar de o

Booleano ser capaz de identificar 67% das crostas ferruginosas, 20% a mais que 0S
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modelos Fuzzy. No entanto, os modelos Fuzzy foram eficientes em descartar pedras de
ferro localizadas na porcao oeste da area, pois estas ndo tém relacdo com a lateritizacéo.

Por fim, a combinacdo relevo, eTh fuzzy (melhor indice Kappa-0.8),
estratigrafia e mapa de solos permitiu identificar/sugerir 100 Km? de areas propicias a
ocorréncias de Mn, 700 Km? de &reas propicias & ocorréncias de bauxitas e 83 Km? de
crostas fosfaticas.

Sumarizando, a regido é ativa desde o Paleoproterozoico, quando rochas do
Grupo Vila do Carmo com lentes e matrizes manganesifera foram depositadas sobre o
embasamento vulcanico. Logo em seguida, a atividade magmatica relativa as soleiras de
diabasio Mata-Maté (1,57 Ga) criaram fraturas ao longo dessas rochas e permitiu a
percolacdo de agua (Albuquerque et al. 2017). A conveccdo da camara magmatica
esquentou a agua, liberando-a em direcdo ao fundo oceanico, lixiviando Au, Ag, Cu, Pb,
Fe, Ba e Mn do embasamento e reprecipitando-os ao longo das fraturas, sob a forma de
sulfetos e minerais de manganés. A partir disto, as soleiras do diabasio se instalaram e
foram erodidas juntamente com parte do Grupo Vila do Carmo. Assim, o Grupo
Beneficente foi depositado, e junto com ele manganés rico em Ba (Albuquerque et al.
2017). A incisdo do grabém do cachimbo proporcionou a deposicdo do Grupo Alto
Tapajos no Paleozdico.

O inicio da lateritizacdo remete ao Permiano e se estende até o Jurassico-
Cretaceo com agradacdo de crosta ferruginosa macica. A auséncia de dados Ar-Ar em
crostas manganesiferas impede afirmar sua época precisa de formagdo, no entanto, por
correlacdo de crostas manganesiferas em Burkina Faso, Carajas e Quadrilatero ferrifero,
apontam para o fim do Cretaceo (~70 Ma) o inicio de formacdo dessas crostas, se
estendendo até o fim do Mioceno. Neste contexto, na regido de Apui houve a segunda
fase de agradacdo de crosta ferruginosa (Oligoceno médio ao inicio do Mioceno). A
partir de entdo, dois intervalos distintos de degradacdo de crostas lateriticas (formacéo
de goethita); o primeiro entre 22,5+2,3 e 17,1+1,7 Ma e segundo entre 13,1+1,3 e 16.6
11,7 Ma. O primeiro esté alinhado ao segundo evento de bauxitizacdo ocorrido entre o
fim do Oligoceno e inicio do Mioceno reconhecido por Kotschoubey et al. (2005) na
regido de Paragominas, Para.

Portanto, a utilizagdo da mineralogia, geoquimica dos elementos maiores,
menores e tragos, quimica mineral, juntamente com isotopos de Pb, Nd e Sr das rochas,
crostas e solos demonstraram extrema importancia no que se refere a fonte das rochas

sedimentares, ao reconhecimento da natureza do material parental, ambiente de
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formacdo dos minerais de manganés e, comportamento dos isétopos de Pb, Nd e Sr em

areas de intemperismo extremo, como a Amazo6nia. A utilizacdo da aerogeofisica

designou areas propencas a ocorréncia de crostas lateriticas e regides com potencial
econbmico para manganés, bauxita, fosforo e areias para construcdes civis. Além disso,
um refinamento geoldgico foi proposto, no que tange a litoestratigrafia das rochas
geradoras das crostas e a unidade “cobertura detrito-lateriticas” foi individualizada com
mais precisdo. Por fim, a evolucdo lateritica da regido foi sustentada por aspectos
mineraldgicos, geoquimicos e geocronologicos (U-Th-He).

Sugestdes para estudos futuros:

e Para 0 aperfeicoamento da proveniéncia do Grupo Alto Tapajos, ha necessidade de
estudos da frequéncia de minerais pesados nas grauvacas e quartzo arenitos, bem
como a utilizagdo de dados geocronolégicos com U-Pb e Lu-Hf. Além disso, em
funcdo da grande quantidade de KO, as grauvacas sdo passiveis de serem datadas
por Rb/Sr, tal qual demonstrada por Da Silva et al. (2012) na bacia do Camamu,
nordeste brasileiro. O fosfato relatado por Liberatore et al. (1972) e Araujo et al.
(1976) devem ser caracaterizados e indicada sua proveniéncia

e Datacdo das crostas manganesiferas por Ar-Ar e comparagdo com os dados de U-
Th-He obtidos, a fim de estabelecer relagdes entre as épocas de lateritizacdo na
Amazonia e no mundo.

e Datar mais crostas ferruginosas por U-Th-He e aumentar o potencial estatistico das
idades com dados mais abrangentes e robustos. Ha ainda, a possibilidade da datacédo
de goethitas por U-Pb.

e Aplicar is6topos de Pb em mais perfis com o intuito de reconhecer o protolito e
analisar seu comportamento.

e Propor mapa de indice de intemperismo/lateritico e indice méfico, tal qual proposto
por Wilford (2012) e Iza (2017).

e Mapeamento em detalhe, com auxilio de furos de sondagens dos depdsitos

bauxiticos e fosfaticos recém-descobertos na regiéo.
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