UNIVERSIDADE FEDERAL DO PARANA

JESSICA DERKACZ WEIHERMANN

INTEGRACAO GEOFISICO-GEOLOGICA DO TERRENO
PARANAGUA, SUL DO BRASIL

CURITIBA

2016



UNIVERSIDADE FEDERAL DO PARANA

JESSICA DERKACZ WEIHERMANN

INTEGRACAO GEOFISICO-GEOLOGICA DO TERRENO
PARANAGUA, SUL DO BRASIL

CURITIBA

2016



JESSICA DERKACZ WEIHERMANN

INTEGRACAO GEOFISICO-GEOLOGICA DO TERRENO
PARANAGUA, SUL DO BRASIL

Dissertacdo apresentada como requisito
parcial a obteng&o do titulo de Mestre,
Curso de Pés-Graduagcdo em Geologia,
Area de Concentracdo Geologia
Exploratéria, Departamento de Geologia,
Setor de Ciéncias da Terra,
Universidade Federal do Parana.

Orientador:
Prof. Dr. Francisco J. Fonseca Ferreira

Co-Orientadores:
Prof. Dr. Leonardo Fadel Cury,
Prof. Dr. Luis Gustavo de Castro

CURITIBA

2016



W419i

Weihermann, Jessica Derkacz

Integracéo geofisico-geoldgica do terreno Paranagud, Sul do Brasil/
Jessica Derkacz Weihermann. — Curitiba, 2016.

90 f. :il. color. ; 30 cm.

Dissertagéo - Universidade Federal do Parana, Setor de Ciéncias da
Terra, Programa de Pds-graduagéo em Geologia, 2016.

Orientador: Francisco J. Fonseca Ferreira — Co-orientador: Leonardo
Fadel Cury — Co-orientador: Luis Gustavo de Castro.
Bibliografia: p. 86-90.

1. Espectrometria de raios Gama. 2. Magnetismo terrestre. 3. Cartografia
geoldgica. 4. Brasil, Sul - Litoral. |. Universidade Federal do Parana.
Il.Ferreira, Francisco J. Fonseca. lll. Cury, Leonardo Fadel . IV. Castro, Luis
Gustavo de. V. Titulo.

CDD: 558.16




TERMO DE APROVACAO

JESSICA DERKACZ WEIHERMANN

“Integracdo geofisico-geologica do terreno
Paranagud, sul do Brasil.”

Dissertacdo de Mestrado aprovada como requisito parcial para
obtenc¢do do grau de Mestre no Programa de POs-Graduagdo em
Geologia, area de concentragdo em Geologia Exploratéria, da
Universidade Federal do Parana. Comissao formada por:

Prof. Dr. Daw%’és de Castro - UFRN

‘/ww\)> ,Q;{i’( ?(‘“/fu?

Prof Dr. Carlos Eduardo de Mesquita Barros - UFPR

_ﬁ/ T ‘ L~z 7’_‘,.,‘»-

Prof. Dr. Francnscof]ose Fonseca Ferrelra UFPR
\E’ﬁreStdente

Curitiba, 25 de fevereiro de 2016.



AGRADECIMENTOS

Agradeco em primeiro lugar a Deus pela vida, pela sabedoria e pelas
oportunidades, sem Ele nada disso seria possivel.

Aos meus pais e familiares por todo apoio e dedicacao.

Ao Prof. Dr. Francisco José Fonseca Ferreira pela orientacdo,
dedicacdo, pelos ensinamentos e por sua disposicdo em ajudar sempre que
necessario.

Aos coorientadores Prof. Dr Leonardo Fadel Cury e ao Geoldgo Dr. Luis
Gustavo de Castro pelas discussdes e contribuigdes na pesquisa.

Agradeco aos Geolégos Msc. Rodoilton Stevanato, Gabriel Fontanella e
Hérlon Costa pelo auxilio.

A CPRM pelo fornecimento dos dados aerogeofisicos do Projeto
Aerogeofisico Parana-Santa Catarina, sem 0s quais esta pesquisa ndo seria
possivel.

A CAPES pelo apoio financeiro.

Agradeco ao suporte técnico do LPGA e ao Programa de Pos
Graduacao em Geologia/UFPR pela compreenséo e apoio.

E a todos que de alguma forma colaboraram com esta pesquisa.



RESUMO

O Terreno Paranagua, localizado na por¢éo litordnea dos estados de Santa
Catarina, Parana e Sao Paulo, € um segmento crustal constituido por unidades
geoldgicas pré-cambrianas, delimitado a SW pelas zonas de cisalhamento
transcorrentes Palmital e Alexandra e a NW pelas zonas de cavalgamento
Serra Negra e Icapara. Esse terreno é constituido em sua maior parte por um
complexo igneo, com grande variedade de rochas graniticas representadas
pelas Suites Morro Inglés, Rio do Poco e Canavieiras-Estrela. As rochas
encaixantes de natureza gnaissica sao associadas ao Complexo Sao Francisco
do Sul e as metassedimentares a Sequéncia Rio das Cobras. Considerando a
dificuldade de acesso, escassez de afloramentos e espesso manto de
intemperismo, o Terreno Paranagua € pouco estudado. Assim, 0 presente
estudo pretende, com os métodos gamaespectrométricos e magnetomeétricos,
contribuir para o conhecimento geolégico do Terreno Paranagud, procedendo
uma integracdo geofisico-geologica. O desenvolvimento da pesquisa foi
calcado na andlise critica e processamento dos dados aerogeofisicos
disponibilizados pela Companhia de Pesquisa de Recursos Minerais (CPRM)
atravées do Projeto Parana-Santa Catarina. Através do processamento
gamaespectrométrico foram gerados mapas basicos (K, eU, eTh) e ternarios
(R-K/G-eTh/B-eU). A integracdo geofisico-geoldégica mostrou excelente
compatibilidade entre os mapas gamaespectrométricos e geoldgicos das suites
graniticas. A comparacdo estatistica entre os dados litogeoquimicos (K, U, Th)
e geofisicos (K, eU, eTh) mostrou consisténcia em todas as suites graniticas
estudadas (Canavieiras-Estrela, Morro Inglés e Rio do Poco). A investigacdo da
mobilidade dos radionuclideos, perante o relevo e o manto de intemperismo,
consistiu na analise de perfis esquematicos de elevacao relacionados com
cada radionuclideo e a comparacdo de mapas basicos e seus correspondentes
em 3D, e através do estudo de movimentos de massa registrados na regidao.
Através da magnetometria foi avaliada a utilizagcdo dos métodos de realce de
anomalias baseados em modelos sintéticos e sua aplicacdo para os dados do
Terreno Paranagud. Foi possivel verificar as respostas magnetométricas a luz
dos dados geoldgicos disponiveis e observar a contribuicdo desses métodos de
realce para o estudo do Terreno Paranagua. O estudo do arcabouco estrutural
teve contribuicbes através dessa pesquisa, principalmente com a aplicacdo do
filtro cosseno direcional, onde foi possivel suprimir o sinal dos diques de
diabasio (NW-SE) e realcar estruturas em outras dire¢cdes (N-S, NE-SW). Os
resultados obtidos confirmaram a gamaespectrometria e a magnetometria
como importantes ferramentas para a cartografia geologica da regiao.

Palavras- Chave: gamaespectrometria, magnetometria, Terreno Paranagua,
cartografia geolodgica.



ABSTRACT

The Paranagua Terrane, located in the coastal portion of Santa Catarina,
Parana and S&o Paulo states, is a crustal segment composed of Precambrian
geological units, bounded a SW by Palmital and Alexandra strike-slip shear
zones and a NW by Serra Negra and Icapara thrust zones. This terrane is
mainly constituted by an igneous complex, with a variety of granitic rocks,
represented by the Morro Inglés, Rio do Poco and Canavieiras- Estrela Suites.
The country rocks of gneissic nature are associated with the S&o Francisco do
Sul Complex and the metasedimentary rocks of the Rio das Cobras Sequence.
Considering the difficulty of access, shortage of outcrops and thick weathering
mantle, the Paranagua Terrane is understudied. This research aims, using
gamma-spectrometry and magnetic methods, to contribute to the geological
knowledge of the Paranagua Terrane, proceeded by a geophysical-geological
integration. The research development was based on the review and
geophysical data processing provided by Brazil Geological Survey (CPRM)
through the Parand-Santa Catarina Project. Gamma-ray spectrometry
processing provided basic (K, eU, eTh), and ternary (RK / G-eTh / B-eU) maps.
The geological-geophysical integration showed excellent compatibility between
the gamma ray spectrometric and geological maps of the granitic suites. The
investigation of the mobility of radionuclides across the relief and weathering
mantle has consisted in the analysis of radionuclides schematic profiles and the
comparison of basic and 3D maps, and through the study of mass movements
registered in the region. The statistical comparison between the
lithogeochemical (K, U, Th) and geophysical (K, eU, eTh) data showed
consistency in all of the granitic suites studied (Morro Inglés, Rio do Poco and
Canavieiras-Estrela). Through magnetometry it was evaluated the use of
anomaly enhancement methods based on synthetic models and their
application to magnetic data of the Paranagué Terrane. It was possible to verify
the magnetometric responses in the light of the geologic data available in
literature and to observe the contribution of these enhancement methods for the
study of Paranagud Terrane. The structural framework study has contributed
with this research, especially with the application of directional cosine filter
where it was possible to suppress the signal from the diabase dykes (NW-SE)
and enhance structures in other directions (NS, NE-SW). The results confirmed
the gamma-ray spectrometry and magnetometry as important tools for
geological mapping in this region.

Keywords: gamma-ray spectrometry, magnetometry, Paranagua Terrane,
geological cartography.
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1 INTRODUCAO

1.1 APRESENTACAO E JUSTIFICATIVAS

A presente pesquisa tem por objeto de estudo a integracdo geofisico-geoldgica do
Terreno Paranagua, segmento pouco conhecido devido ao contexto geomorfolégico de

serranias, o que dificulta os acessos a afloramentos.

O Terreno Paranagua € constituido por unidades geoldgicas pré-cambrianas, sendo
representado em sua maior parte por um complexo igneo, com aproximadamente 250 km de
extensdo. Estas rochas sédo representadas pelas suites Morro Inglés, Rio do Poco e
Canavieiras-Estrela, sendo suas encaixantes gndissicas e gndissicas-migmatiticas
engquadradas no Complexo Sao Francisco do Sul e as metassedimentares da Sequéncia Rio
das Cobras (Cury 2009).

Considerando a dificuldade de acesso e a escassez de trabalhos geofisicos na area
de estudo, o aporte de dados aerogeofisicos (magnetométricos e gamaespectrométricos)
associados a técnicas modernas de processamento e interpretacdo poderdo contribuir para

0 avanco do conhecimento geofisico-geolégico do Terreno Paranagua.

Assim, este estudo se utiliza da aplicacdo de produtos dos métodos
gamaespectrométricos e de realce de anomalias geofisicas (analise qualitativa), e analise
espectral (analise semiquantitativa) como elementos para elaboracdo de modelos geoldgico-

geofisicos do Terreno Paranagua.

1.2 OBJETIVOS

O principal objetivo desta pesquisa consiste na confirmac¢ao e/ou complementacéo de
feicbes geoldgicas ja& mapeadas utilizando-se dos métodos magnetométricos e
gamaespectromeétricos, propondo uma integracdo geofisico-geoldgica para o Terreno
Paranagua. Tendo em vista o objetivo principal, foram estabelecidos os objetivos especificos

a sequir:

1. Andlise bibliogréfica e compilacdo de dados, documentos e produtos sobre a

area de estudo;



2. Processar os dados aerogeofisicos disponiveis com base em técnicas

atualizadas;

3. Investigar a mobilidade dos radionuclideos (K, eU, eTh) na paisagem e discutir

suas respostas em correspondéncia a geologia de superficie;

4. Pesquisar a correlagdo entre os dados gamaespectrométricos e os dados

litogeoquimicos das suites graniticas do Terreno Paranagua;

5. Processamento e interpretacdo qualitativa dos dados magnéticos,

discriminando os principais lineamentos;

6. Produzir informagBes geofisicas semiquantitativas de subsuperficie

(Deconvolucéo de Euler e Signum Transform);

~

Interpretacédo do arcabouco geofisico e integracdo aos dados geoldgicos.

1.3 LOCALIZACAO

A area objeto do presente estudo € o Terreno Paranagua, situado na porcao Sul do

Brasil, abrangendo principalmente os estados de Santa Catarina e Parana (Fig. 1-1).

O poligono limitante é definido pelas seguintes coordenadas: 48°56'24” e 47° 5708
de longitude Oeste e 24°58'38” e 26°2743” de latitude Sul, perfazendo aproximadamente
5.450.00 km?.
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Figura 1-1: Mapa de localizagéo da area de estudo (poligono vermelho).
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2.1 SINTESE DO ARCABOUCO GEOLOGICO

A éarea de estudo esté inserida na Provincia Mantiqueira e contempla parcialmente a
porcdo Sul da Faixa Ribeira, abrangendo os estados do Paranid e Santa Catarina e

segmento do extremo Sudeste do Estado de S&o Paulo.

2.1.1 Provincia Mantiqueira

A Provincia Mantiqueira (Almeida et al. 1981) esta inserida na margem continental
Sul-Sudeste do Brasil, configurando uma faixa de diregdo NE-SW com aproximadamente
3.000 km de extensao, desde o Sul do Estado da Bahia até o Uruguai. Este segmento é
limitado a Oeste pelas provincias Sao Francisco, Tocantins e Parana e a Leste pelas bacias
costeiras do Espirito Santo, Campos, Santos e Pelotas (Fig. 2-1). A Provincia Mantiqueira é

constituida pelos orogenos Araguai, Ribeira, Dom Feliciano e Sdo Gabriel, e pela zona de
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interferéncia entre os ordgenos Brasilia e Ribeira (Heilbron et al. 2004a).

T
-41

-20

24

--28



70°‘ w 60°l w 50‘: w 40‘: w

0° - -0°
AMN

PA
BO

10° S AMS -10° S

TO SF

MA

20° S -20° S
Amazonas Norte (AMN) PR
Amazonas Sul (AMS)

Borborema (BO wo Paranagua
Mantiqueira (MA
Parana (PR)

30° §1 Parnaiba (PA) 30° S

Sao Francisco (SF)

Tocantins (TO
0 200 400 800 1.200 1.600
- ee——— — KM

70° W 60° W 50° W 40°W

Figura 2-1: Mapa das provincias estruturais do Brasil indicando a Provincia Mantiqueira em verde e a area de
estudo em vermelho (Terreno Paranagud). Fonte: Modificado de CPRM (2001).

2.1.2 Faixa Ribeira

O Cinturéo Ribeira se extende por cerca de 1.400 km ao longo do Sudeste do Brasil
no rumo NE-SW (Trouw et al. 2000; Heilbron et al. 2000, 2004a, 2008). Este ordgeno esta
relacionado a colisdo obliqua entre o Craton do Sdo Francisco e outra(s) placas e/ou
microplaca(s) e/ou arco de ilhas situado(s) a Sudeste deste craton, bem como com a por¢éo

Sudoeste do Craton do Congo (Brito Neves & Cordani 1991; Heilbron et al. 2000).

Este segmento caracteriza-se por um conjunto de terrenos tectonico-estratigraficos
limitados por falhas de cavalgamento ou por zonas de cisalhamento transpressivas, sendo

marcado pelo episddio orogenético Pan-Africano-Brasiliano, cujo principal desenvolvimento



ocorreu no intervalo 670-480 Ma durante a amalgamacgéao do Supercontinente Gondwana
(Trouw et al. 2000; Heilbron et al. 2008).

A Faixa Ribeira Meridional pode ser subdividida em quatro unidades geotectbnicas
principais (Fig.2-2) ou terrenos, colocados lado a lado durante a aglutinacdo do
Supercontinente Gondwana. Partindo do interior do continente até o litoral, no leste do
Parand, sdo encontrados o Dominio Apiai, a Microplaca Curitiba, a Microplaca Luis Alves e o
Terreno Paranagua (Basei et al. 1992; Siga Jr. 1995; Cury 2009). Estas unidades foram
individualizadas com base em estudos geoldgicos, envolvendo caracteristicas litolégicas,
petrogréficas, estruturais, geocronoldgicas e geoquimicas, além de dados gravimétricos
(Basei et al. 1992; Cury 2009).

No contexto regional do Cinturdo Ribeira Meridional vale a pena mencionar o Arco de
Ponta Grossa, um enxame de diques do Mesozoico com uma tendéncia NW-SE com
extensdes superiores a 600 km e larguras que variam de 20 a 100 km (Portela Filho &
Ferreira 2003). Estas estruturas podem ser vistas nos mapas magnéticos do Terreno

Paranagua.
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Figura 2-2: Mapa geoldgico da porcdo Meridional da Faixa Ribeira com o Terreno Paranagud em destaque.
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molassicas do Grupo Castro e Formagdo Camarinha; 3, Granitos do tipo A;; 4, Suite It(; 5, Bacias de Curitiba e
Camarinha; 6, Sucessdes neoproterozoicas mais recentes; 7, Granitos célcio-alcalinos neoproterozdicos; 8,
Sucessdes neoproterozoicas mais antigas; 9, Sucessdes neoproterozoicas mais recentes; 10, Formacdes do
Estateriano; 11, Ortognaisses peralcalinos estaterianos; 12-16, Terrenos Curitiba e Luis Alves; 12, Bacias
extensioanis e granitos peralcalinos; 13, Sucessdes neoproterozoicas; 14, Granitos calcio-alcalinos
neoproterozoicos; 15, Ortognaisses Riacianos (AT, Complexo Atuba; JU, granulito Juréia); 16, Ortognaisses e
granulitos do Terreno Luis Alves; 17-18, Terreno Paranagud; 17, Granitos célcio-alcalinos neoproterozoicos;
18, Sucessbes neoproterozoicas. Principais zonas de cisalhamento: ZCl, Itapirapud; ZCMA, Morro Agudo;
ZCQO, Quarenta Oitava; ZCR, Ribeira; ZCL, Lancinha; ZCC, Cubatédo; SP, Sutura Pién.

2.1.3 Dominio Apiai

O Dominio Apiai é composto por sequéncias metavulcanossedimentares meso e
neoproterozoicas, nucleos do embasamento paleoproterozoico e maci¢cos graniticos
neoproterozoicos, cuja associagdo compde compartimentos tectbnicos balizados por
expressivas zonas de cisalhamento num contexto deformacional transpressivo (Fiori 1992;
Campanha & Sadowski 1999; Cury 2009; Heilbron et al. 2008).

Os principais eventos de deformacgédo, magmatismo e metamorfismo ocorreram entre

620 e 600 Ma e o tempo de deslocamento ao longo das zonas de cisalhamento destrais que



separam os dominios internos deste dominio € limitado entre 590-575 Ma (Heilbron et al.
2008).

2.1.4 Microplaca Curitiba

7

A Microplaca Curitiba € composta pelas sequéncias metassedimentares Capiru,
Setuva e Turvo-Cajati, pelo Complexo Atuba e pela Suite Rio Pién. O Complexo Atuba é
constituido por gnaisses-migmatiticos e granitos, ja as rochas metassedimentares sao
representadas pelas sequéncias Capiru, Setuva e Turvo-Cajati. A Suite Rio Pién é expressa
por um complexo granitico célcio-alcalino na forma de uma faixa alongada de direcdo NE-
SW.

A Microplaca Curitiba foi afetada por um episédio metamérfico em torno de 600 Ma
(Siga Jr. 1995; Heilbron et al. 2008; Cury 2009). Suas caracteristicas geoldgicas,
geocronologicas e estruturais sdo peculiares, o que a distingue dos terrenos adjacentes. Foi
acrescida a borda da Microplaca Luis Alves durante o Neoproterozoico como resultado de

processos de aglutinacdes (Siga Jr. 1995).

Esta limitada a Noroeste com as sequéncias metavulcanossedimentares dos grupos
Acungui e Setuva e, a Sudeste, com 0s gnaisses granuliticos da Microplaca Luis Alves. Os
contatos sdo feitos por zonas de cisalhamento, a Noroeste a Zona de Cisalhamento
Lancinha limita a Microplaca Curitiba com o Dominio Apiai, e a Sudeste a Zona de

Cisalhamento Pién faz contato com a Microplaca Luis Alves (Siga Jr. et al.1993).

Esses gnaisses migmatiticos segundo Siga Jr. (1995) foram gerados em nivel
estrutural inferior, com registros de metamorfismo da facies anfibolito, acrescidos a borda do

Terreno Luis Alves durante o Neoproterozoico.

2.1.5 Microplaca Luis Alves

A porcéo Meridional da Microplaca Luis Alves faz contato com o Cinturdo Dom
Feliciano, na regido Setentrional com 0s gnaisses migmatiticos e granitéides da Microplaca
Curitiba e, por fim, no setor Oriental, em parte, é balizado pelo Terreno Paranagua e pela
costa brasileira. E constituida principalmente por gnaisses granuliticos, bandados a macicos,
de composi¢do tonalito-granodioritica e, secudariamente, por ultramafitos, quartzitos,
gnaisses kinzigiticos, formacgdes ferriferas, milonitognaisses granuliticos e migmatitos (Siga
Jr. et al. 1993,1995).



Hartmann et al. (2000) dataram cristais de zircao pelo método U-Pb (SHRIMP) e
determinaram a idade de cristalizacdo em 2716 + 17 Ma de protolitos magmaticos formados
no Arqueano. O primeiro evento metamorfico (M1), de facies granulito teria idade em torno
de 2675 = 12 Ma, seguido pelo evento M2 marcado pela facies anfibolito com idade
semelhante ao evento M3 (2168 + 18 Ma) na facies granulito. J& a fase M4 é marcada pelo
retro-metamorfismo, com a formacgéo de clorita e epidoto em rochas afetadas por zonas de

cisalhamento.

2.1.6 Terreno Paranagua

O Terreno Paranagua € balizado a Leste pela linha de costa, a Sudoeste pelas rochas
gnassico-granuliticas da Microplaca Luis Alves e a noroeste pela Microplaca Curitiba. Todo o
contato ocidental é tectbnico sendo representado em sua por¢cdo Sul-Sudoeste pelo
Lineamento Palmital e no setor Oeste-Noroeste pelos lineamentos Alexandra e Serra Negra
(Cury 2009). E caracterizado por um complexo igneo, com grande variedade de rochas
graniticas distribuidas desde a ilha de Sdo Francisco do Sul-SC até Iguape—SP. Inclui as
suites graniticas Morro Inglés, Rio do Poc¢o e Canasvieiras-Estrela (Cury 2009) (Fig. 2-3).
Como rochas encaixantes ocorrem gnaisses, mica-xistos, quartzitos e anfibolitos. (Siga Jr.
1995). Na porcao préxima ao contato com a Microplaca Luis Alves predominam rochas
miloniticas, onde lineacdes minerais sugerem uma tectbnica de cisalhamento com

importante componente lateral (Siga Jr. 1995).

Os dados geocronolégicos sugerem que a formacgdo/deformacao das suites Morro
Inglés, Canavieiras-Estrela e Rio do Poco ocorreram principalmente no intervalo 620-570
Ma, durante um estagio tardio do periodo colisional. As idades U-Pb (zircao) dessas suites
sdo muito proximas, ndo permitindo uma separacdo clara das mesmas (Cury 2009). A
justaposicdo do Terreno Paranagua parece ter ocorrido ap0s a colagem dos terrenos Luis
Alves e Curitiba, o resfriamento deste segmento, ou de parte dele, atingiu o Cambro-
Ordoviciano evidenciando processos relacionados a fase final da aglutinagdo do Gondwana
Ocidental (Siga Jr. et al. 1995). A idade de resfiramento Cambro-Ordoviciana ainda sugere
relacdo com a aglutinacdo do Gondwana Ocidental, onde este terreno poderia representar a
continuidade do Cinturdo Kaoko na Africa que balizaria toda a porcéo costeira das regibes

Sul (parte do Cinturdo Dom Feliciano) e Sudeste (Terreno Paranagua) do Brasil (Cury 2009).



Complexo Sao Francisco do Sul

As rochas deste complexo séo situadas na porcdo Central e Meridional do Terreno
Paranagua. Seus litotipos sdo gnaisses, dioritos, quartzo-monzodioritos, granodioritos,
trondhjemitos e monzogranitos (Fig. 2-3). A mineralogia é composta principalmente por
plagioclasio, quartzo, K-feldspato, biotita, muscovita, epidoto, titanita, allanita, apatita e
zircdo. Podem ainda ser observados enclaves anfiboliticos, internamente foliados, e veios

tonaliticos por vezes como enxames (Cury 2009).

Seqguéncia Rio das Cobras

7

Esta sequéncia de forma alongada € pouco expressiva em area e envolve
principalmente biotita-quartzo xistos, muscovita-quartzo xistos, calcio-xistos, granada-
silimanita-sericita-quartzo  xistos, quartzitos, biotita-gnaisses, gnaisses granatiferos,
anfibolitos e biotititos (Fig. 2-3). Suas paragenéses minerais variam desde as facies xisto
verde (zona da biotita) e anfibolito até a facies granulito. As rochas metassedimentares da
Sequéncia Rio das Cobras ocorrem, por vezes, como xendlitos internos as suites igneas do
Terreno Paranagud e localizam-se relativamente proximo a zonas de cisalhamento (Cury
2009).

Morro Inglés

Os granitos da Suite Morro Inglés se estendem desde a ilha de S&o Francisco do Sul-
SC até a regido de Iguape-SP. Petrograficamente sédo calcio-alcalinos de alto K a
shonshoniticos, e suas assinaturas geoquimicas sugerem sua formagcdo em ambiente de
arco magmatico (Fig. 2-3). Predominam monzogranitos, sienogranitos e granodioritos
porfiriticos, ricos em fenocristais de K feldspato, e em maéaficos (anfibdlio e/ou biotita) de
granulometria média a grossa. Os minerais mais recorrentes sdo: feldspato potassico,
quartzo, plagioclasio, anfibolio + biotita e titanita como principal acessorio. Os enclaves,
feicbes de mistura (mixing e mingling) com rochas dioriticas podem ser obsevados nas

praias de Matinhos e Guaratuba no Estado do Parana (Cury 2009).

Canasvieiras-Estrela

Foi denominada primeiramente por Lopes (1987a) de Granito Canavieiras e Granito
Estrela. Ocupa a por¢cao Ocidental da Serra de Cubatdozinho (PR-SC), a oeste da Serra da
Prata (PR). Litologicamente sdo constituidos por quartzo-monzodioritos, leuco-granodioritos

e monzogranitos, constituindo corpos alongados que balizam o contato Oeste do Terreno
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Paranagua com os gnaisses-granuliticos da Microplaca Luis Alves (Fig. 2-3). Este contato é
marcado por importantes zonas de cisalhamento, onde esses granitos sdo milonitizados,
cataclasados e deformados, sugerindo a acédo de falhas na colocacédo de seus litotipos. O

volume de méficos é menor do que na Suite Morro Inglés (Cury 2009).

Rio do Poco

Esta suite ocorre por toda a extenséo do Terreno Paranaguda, sendo representada por
sienogranitos rapakivi, com caracteristicas de granitos tipo A metaluminosos a
peraluminosos, e por leucogranitos peraluminosos com duas micas (Fig. 2-3). Seus
principais minerais sdo K-feldspato, plagioclasio, quartzo, biotita e muscovita. As feicbes
estruturais e de contato, em sua grande parte, ndo sdo conclusivas para a determinacao da
colocacdo desta suite, porém observacBes na regido de lguape apontam para contato

tectdbnico com os granitos da Suite Morro Inglés (Cury 2009).
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Figura 2-3: Mapa geoldgico do Terreno Paranagua. Fonte: Modificado de Cury (2009).

11



12

2.2 GAMAESPECTROMETRIA - CONCEITOS BASICOS

O método gamaespectrométrico mede a abundancia relativa ou a concentracédo de
potéssio (K), uranio (eU) e tério (eTh) em rochas e materiais intemperizados de até 30-35 cm
de profundidade, através da deteccdo da radiagcdo gama emitida pelo decaimento radioativo
natural destes elementos (Dickson & Scott 1997; Gunn et al. 1997; Wilford et al. 1997,
Wilford 2002).

A desintegracdo de elementos radioativos pode liberar energia através da emisséo de
particulas alfa (a), beta (B) e radiagdo gama (y). Essa desintegracdo € gerada pela

instabilidade dos nucleos dos atomos desses elementos sob as condicdes naturais.

As principais fontes de radiacdo gama provém da desintegracdo do potassio 40 (*°K),
uranio 238 (***U) e tério 232 (**?Th). A radioatividade total é obtida através da medida de
todos os raios gama detectados pelo gamaespectrometro dentro da janela energética

estabelecida para a contagem total (Grasty et al. 1995).

Potassio, uranio e torio sdo o0s Uunicos elementos de ocorréncia natural com
radiois6topos que produzem raios gama com energia e intensidade suficientes para serem

medidos por levantamentos aerogamespectrométricos (Minty 1997).

A aerogamespectrometria € uma técnica que requer consideracfes de muitas
variaveis, entre elas, os contrastes das propriedades fisicas e geométricas das fontes
radioativas; a radiacdo gama medida (funcdo do tamanho e eficiéncia dos detetores); efeitos
do meio-ambiente como umidade do solo, vegetacdo e regime de chuvas; movimento das
fontes aéreas de radiacdo na atmosfera baixa, dentre outras. A interpretacdo de dados
gamaespectromeétricos requer uma compreensao de principios fisicos basicos e um controle
eficiente na aquisicdo dos dados, nos sistemas de calibracdo, no processamento e nos
procedimentos de apresentacdo dos resultados. Também precisam considerar as condi¢cdes
de desequilibrio radioativo que ocorrem nas séries de decaimento do uranio, bem como os

comportamentos geoquimicos do potassio, do uranio e do tério no ambiente (Minty 1997).
2.2.1 Geoquimica dos radioelementos

Potassio

Segundo Dickson & Scott (1997), o potassio (K) é um dos principais componentes da
crosta terrestre (2,35%), estando presente principalmente em minerais como feldspatos

potassicos (ortoclasio e microclinio com aproximadamente 13% K) e micas (biotita e
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muscovita com aproximadamente 8% de K). O potassio 40 € o principal contribuinte e
responsavel por aproximadadente 98% da radiacdo gama dos radiois6topos primarios
presentes na crosta terrestre. A janela do potassio monitora os raios gama emitidos com
energias centradas em 1,46 MeV pelo decaimento do *°K. O isétopo “°K constitui 0.012 % do

potéssio natural, ocorrendo assim como uma porcao fixa no ambiente natural.
Uranio

O uranio € um metal reativo com uma abundancia média de aproximadamente 3 ppm,
uma das menores da crosta terrestre. Possui dois estados de valéncia, U™ e U™, sendo sua
forma mais reduzida, o U™, geralmente contido em minerais insoltveis (Dickson & Scott
1997). Quando nas rochas igneas, aparece com valéncia U™, suas propriedades
cristaloquimicas s&o parecidas com o Th™ e elementos terras raras leves (LREE), o que

explica a geoquimica coerente de U, Th e LREE em rochas igneas (Bea 1999).

A mobilidade do U*® é modificada pela adsorcdo a ¢xidos hidratados de ferro,
minerais de argila e coléides, como também pela reducdo de minerais de U** quando

encontra ambientes redutores (Dickson & Scott 1997).

A série de decaimento do uranio (**®U) termina no is6topo estavel °°Pb. O uranio nao
emite radiacdo gama e durante seu decaimento a maior parte da energia gama transmitida
provém de seus is6topos filhos ?*Bi e ?*Pb. Entretanto sdo exigidos longos tempos de

integracdo das medidas para se obter concenta¢cdes seguras (Dickson & Scott 1997).

Em rochas o urénio ocorre como Oxidos e silicatos, uraninita e uranotorita,
principalmente em minerais como a monazita, o xenotimeo e o zircdo; como quantidades
traco em outros minerais formadores de rocha; ou ainda ao longo dos limites de gréos,
possivelmente como 6xidos ou silicatos de uranio. Dos principais minerais que “carregam” o
uranio, somente a monazita e o zircao sédo estaveis durante o intemperismo (Dickson & Scott
1997). As estimativas de U sdo comumente chamadas na literatura de equivalente de uranio,
pois ndo emite radiacdo gama.

Tdrio

O tério & um elemento actinideo com valéncia Th** e sua concentracdo média na

crosta terrestre € baixa, aproximadamente 12 ppm (Dickson & Scott 1997). A solubilidade

dos complexos de tério é geralmente baixa, exceto em solu¢des acidas (Langmuir & Herman
1980).
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Como o uranio, o tério ndo emite raios gama durante o seu decaimento, mas é o
elemento pai numa série de decaimento a qual termina num elemento estavel, o **®Pb. Os
raios gama mais energéticos emitidos pelo 2°®Tl (2.62 Mev) sdo utilizados para quantificar as

contagens/concentracdes do equivalente de torio.

O tério é constituinte de minerais acessorios como, alanita, monazita, xenotimeo,
zircdo e esfeno, e em niveis maiores que 1000 ppm ou em quantidades-traco em outros
minerais constituintes das rochas (Krishnaswami 1999). Os principais minerais que contém
Th (monazita e zircdo) sdo estaveis durante o intemperismo e podem acumular-se em
depdsitos de minerais pesados. O torio liberado durante o intemperismo pode ser retido em

oxidos e hidroxidos de Fe ou Ti e em argilas (Dickson & Scott 1997).

2.2.2 Distribuicdo dos radioelementos em rochas e solos

A aplicacdo da aerogamespectrometria se baseia no conteudo dos radioelementos
dispostos nas rochas e solos. A concentracdo dos radioelementos em rochas igneas
aumenta com o incremento de Si. Portanto, rochas félsicas encerram maior concentracdo de
radioelementos que as rochas méficas e ultrabasicas (Fig.2-4). Como o Th € mais
abundante que o uranio, as razbes Th/U podem ser usadas como indicativas do grau de

diferenciacéo de suites igneas (Dickson & Scott 1997).
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Figura 2-4: Variagéo das concentragfes de K, U e Th de rochas igneas com o incremento de Si. Fonte:
Modificado de Dickson & Scott (1997).

Estudos em rochas metamorficas (rochas gnassicas derivadas de granitos e
anfibolitos derivados de doleritos) sugerem que o metamorfismo nao afeta a concentracéo
de radioelementos. Ja nas rochas sedimentares o contetudo dos radioelementos geralmente
reflete as rochas fonte originais. Assim, pode-se esperar que sedimentos imaturos de fontes
graniticas contenham teores elevados de radionuclideos, enquanto sedimentos mais

maturos, constituidos principalmente de quartzo, devem revelar indices radioativos mais
baixos (Dickson & Scott 1997).

As respostas gamaespectrométricas em granitos dependem fortemente de um fator
climatico, devido a mobilidade do potassio (K) durante o intemperismo em ambientes de

clima subtropical com fortes chuvas, fator que também controla a migracado do uranio (U)
(Ulbrich et al. 2009).

Os solos cobrem grande parte da superficie da Terra, por isso, a relacdo entre os
radioelementos na cobertura superficial e a rocha subjacente € de grande importancia no
estudo do mapeamento geoldgico atraves da aerogamespectrometria. Os raios gama
emitidos na superficie irdo relatar a mineralogia e a geoquimica das rochas e de materiais
superficiais (solos, saprolitos, sedimentos aluvionares e coluvionares) (Wilford et al. 1997).
Segundo Dickson & Scott (1997), solos derivados de rochas graniticas perdem cerca de
20% do teor de radioelementos durante a pedogénese.
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No regolito, o comportamento de K, U e Th é diferente do substrato, em funcéo do
intemperismo e da pedogénese. Como regra geral, a concentracdo de K decresce com 0
aumento do intemperismo, em funcdo de sua maior solubilidade, sendo rapidamente
lixiviado do perfil regolitico. Uma excecdo € quando o potdssio € incorporado a argilas
potdssicas como a ilita. Em contraste, uranio e tério sdo associados com minerais resistatos
e sao eliminados por 6xidos de ferro no perfil de intemperismo. Entretanto, a concentracéo
de U e Th tende a permanecer a mesma ou preferencialmente aumentar em material

regolitico assim como em minerais sollveis em solucéo (Wilford 1997).

2.3 MAGNETOMETRIA - CONCEITOS BASICOS

A aeromagnetometria amplia a visdo dos meios geologicos para além do
mapeamento de superficie, permitindo observar aspectos fundamentais da geologia em
grande parte da crosta terrestre, o que auxilia o desenvolvimento de modelos geoldgicos
(Isles & Ranking 2013).

A susceptibilidade magnética € a propriedade fisica diretamente relacionada a
magnetizacdo das rochas, a qual depende da quantidade e do modo de distribuicdo dos
minerais magnéticos. A concentracdo de minerais magnéticos produz distorcbes locais

(anomalias) no campo magnético terrestre.

O campo magnético terrestre € derivado de uma funcdo potencial e evidencia
anomalias causadas por contrastes de propriedades fisicas das rochas em profundidade, e é
usado como ferramenta de reconhecimento de &reas com potencial exploratorio (Blakely
1996). Este campo dipolar se comporta como uma barra magnética localizada no nucleo
terrestre, sendo que o polo norte se encontra no Artico e o polo sul na Antartica.
Considerando que os polos magnéticos nao coincidem com os polos geogréaficos e ndo sao
estacionarios, a forca e a variacdo do campo sao relativamente suaves ao redor do globo,
alcancando intensidade minima e orientacdo horizontal em regides equatoriais (Isles &
Ranking 2013).

O campo geomagnético terrestre € composto por trés componentes essenciais
(Telford et al. 1990):

e Componente devido ao campo principal: varia lentamente e é responsavel por 99% da
intensidade do campo magnético medido na superficie da Terra. O campo principal

esta relacionado as correntes de conveccdo de material condutor que circula no
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nacleo externo liquido, entre 2.800 a 5.000 km, provavelmente composto por uma

combinacéo de niquel e ferro, os quais sédo excelentes condutores de eletricidade;

e Componente devido ao campo externo: pequena por¢cdo do campo geomagnético
associada a correntes elétricas nas camadas ionizadas da atmosfera superior. E
resultante de variacdes diurnas do campo magnético e de tempestades magnéticas e

varia rapidamente, cuja natureza é parcialmente ciclica e parcialmente aleatéria.

e Componente devido as variagdes locais do campo principal: possui intensidade muito
menor do que 0 campo magnético principal, sendo relativamente constante no tempo
e no espacgo. Resulta da variagcdo do conteddo de minerais magnéticos nas rochas
proximas a superficie terrestre, com intensidade por vezes forte, mas com distribuicao

espacial restrita. Representam os alvos magnéticos principais.
2.3.1 Magnetismo de rochas e minerais

2.3.1.1 Diamagnetismo, Paramagnetismo e Ferromagnetismo

Do ponto de vista de suas propriedades magnéticas, as substancias podem ser
classificadas em trés grupos: diamagnéticas, paramagnéticas e ferromagnéticas.

As substancias diamagnéticas quando submetidas a um campo magnético possuem
fraca magnetizacdo e sentido contrario ao do campo. Todos os materiais exibem um
comportamento diamagnético, porém quase sempre seus efeitos sdo muito pequenos para
serem detectados por levantamentos aeromagnéticos (Isles & Ranking 2013). Nas
paramagnéticas, a magnetizacdo € ainda fraca devida a sua baixa susceptibilidade
magnética, e o seu sentido é igual ao do campo, caracterizando a susceptibilidade com o
sinal positivo. A contribuicdo dos minerais paramagnéticos a assinaturas magnéticas em
aerolevantamentos é geralmente insignificante (Isles & Ranking 2013).

Ja as ferromagnéticas tém susceptibilidades magnéticas muito elevadas e positivas, o
que lIhes permitem magnetizagbes com intensidades muito fortes e no mesmo sentido do
campo (Nagata 1961). O ferromagnetismo diminui com o0 aumento da temperatura e
desaparece por completo na temperatura de Curie (Telford et al. 1990). Tanto nas
substancias diamagnéticas como nas paramagneéticas, a susceptibilidade é constante, nas
ferromagnéticas, entretanto, ndo € constante e depende da intensidade do campo externo. O

ferromagnetismo é o responséavel pela magnetizacdo observada nos materiais geologicos.
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2.3.1.2 Magnetizacdo das rochas

A magnetizacdo observada nas rochas, em decorréncia da presenca de minerais
magnéticos na sua composi¢cdo, pode ser classificada em magnetizacdo induzida e
magnetizacdo remanente. A magnetizacado induzida é provocada pelo campo atual da Terra
em interacdo com 0S minerais magnéticos das rochas. Ja a magnetizacdo remanente é
adquirida ao longo da histéria geoldgica da rocha, e pode ser: termoremanente, detrital,

quimica, isotermal, viscosa e outras (Telford et al. 1990).

No processo de formacdo de rochas igneas, a magnetizacdo termoremanente é a
mais importante. Esse tipo de magnetizacdo remanescente desenvolve-se a partir do
resfriamento dos materiais geoldgicos abaixo da temperatura de Curie, na presenca do

campo magnético terrestre da época (Telford et al. 1990).

2.3.1.3 Susceptibilidade magnética de rochas e minerais

A susceptibilidade magnética depende, principalmente, da quantidade, do tamanho
dos graos e do modo de distribuicdo dos minerais ferromagnéticos contidos na rocha. As
rochas sedimentares encerram as menores suscetibilidades, em contrapartida, os maiores
valores sao registrados nas rochas igneas basicas. Em todos os casos a suscetibilidade
depende apenas da quantidade de minerais ferromagnéticos presentes na rocha,
especialmente de magnetita (Telford et al. 1990).

3 MATERIAIS E METODOS

A presente pesquisa foi desenvolvida através do levantamento, tratamento e
integracdo de dados relevantes a associacdo geofisico-geolégica do Terreno Paranagua.
Foram analisados e interpretados dados gamaespectrométricos e magnetomeétricos do
Projeto Aerogeofisico Parani-Santa Catarina (CPRM 2011), cuja localizacéo € indicada na
FIGURA 3-1. As especificacdes técnicas estdo detalhadas na TABELA 3-1, enquanto 0s

equipamentos estdo indicados na TABELA 3-2.



Tabela 3-1 - Especifica¢des técnicas do aerolevantamento. Fonte: CPRM (2011).

Projeto Paran&-Santa Catarina
Ano 2011

Métodos Magnetometriae Gamaespectrometria
Espacamento entre as linhas de voo 500 metros
Alturamédia de voo 100 metros

Direcéo N-S

das linhas de voo

Intervalo 0,1s- magnetdmetro
entre as medigcdes 1,0s- espectrémetro
geofisicas

Direcéo E-W

das linhas de controle

Espacamento 10 km

entre as linhas

de controle

Tabela 3-2 — Equipamentos utilizados no levantamento aéreo. Fonte: CPRM (2011).

Prefixo da Aeronave PR-FAG PT-WOT | PR-LDS
Modelo da Aeronave Caravan Il PA31
Fabricante da Aeronave REIMS 406 Piper Navajo

Aeromagnetdémetro

Scintrex CS-3

Gamaespectrometro

Exploranium GR-820

Volume dos Cristais Detectores
de lodeto de Sédio

2.560 poldown e 512 polRup

Sistema de Navegacédo

FASDAS

Sistema de Aquisicdo GPS

Trimble AgGPS 132 DGPS “Realtime”

Camera de Video

Panasonic WV-484

Radar Altimetro

KING 405 Collins ALT-50

Altimetro Barométrico

Fugro/Enviro

Magnetdmetro Terrestre

GEM Systems GSM-19

Sistema de Aquisicédo

FASDAS

19
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Figura 3-1: Projeto Aerogeofisico Parana-Santa Catarina (em azul), indicando o Terreno Paranagua (em
vermelho). Fonte: CPRM (2011).

O estudo do arcabouco estrutural foi calcado na magnetometria, caracterizando
melhor os dominios geoldgicos. Com a gamaespectrometria foi possivel comparar dados
aerogeofisicos e litogeoquimicos a fim de estabelecer a relacdo entre estes dados, bem
como o estudo da mobilidade dos radionuclideos. A integracdo dos dados contou com
mapas geoldgicos disponiveis na literatura, em escala regional, e dados de elevagéo de
terreno Shuttle Radar Topography Mission (SRTM) (USGS), com resolucdo de
aproximadamente 30 metros, Modelos Digital de Terreno (MDE), (Laboratério de Pesquisas
Aplicadas em Geomorfologia e Geotecnologias, Lageo), com resolugcéo de aproximadamente
15 m, integrados em ambiente de Sistema de InformacgOes Geogréficas (SIG) com auxilio do
software ArcGis™.

3.1 PROCESSAMENTO AEROGEOFISICO

Primeiramente, foram extraidos do Projeto Arogeofisico Parana-Santa Catarina
(CPRM 2011), os dados gamaespectrométricos e magnetométricos do Terreno Paranagua.
Os procedimentos de aquisi¢céo e correcao dos dados sao detalhadamente apresentados no
Relatorio Final do projeto (CPRM 2011).



21

O desenvolvimento da pesquisa foi baseado na andlise critica desses dados, na
interpretacdo dos produtos de sua transformacdo em malhas quadradas regulares,
correspondentes a ¥4 (125 m) do espagamento das linhas de voo, e na integragdo com o0s
dados geoldgicos disponiveis na literatura. Os dados foram interpolados usando o método
bidirecional (Bigrid), pelo qual a superficie produzida vai corresponder com os dados e as

estimativas serdo as mais precisas possiveis (Geosoft® 2013).

Para o processamento gamaespectrométrico foi necessario corrigir as concentracées
negativas dos canais (K, eU, eTh), talvez decorrentes de erros durante as varias correcées
como, dentre outros, a calibracdo instrumental. A inspecao visual mostrou concentragdes
negativas em todos o0s canais. Portanto, para eliminar os valores negativos foram
adicionadas constantes aos dados de cada canal de forma a resultar em valores minimos
iguais a 0,01 (Ulbrich et al. 2009) (Tab. 3.3). Foram geradas imagens primarias dos canais

K, eU, eTh e ternérias, conforme o fluxograma da Figura 3-2.

Tabela 3-3 - Valores corrigidos de cada radioelemento.

Radionuclideos

Valor Minimo

Valor Adicionado

Minimo Corrigido

(GRID)
K -0.45 +0.46 0.01
eTh -3.57 +3.58 0.01
eU -0.90 +0.91 0.01
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Figura 3-2: Etapas do processamento aerogamespectrométrico.

O processamento dos dados do campo magnético andmalo envolveu a analise
qualitativa (métodos de realce de anomalias) para obter o arcabouco estrutural e definir
dominios magnéticos. Estimativas de profundidade das fontes das anomalias (analise
semiquantitava) foram obtidas pela deconvolucdo de Euler (Thompson 1982) e pelo
algoritmo desenvolvido por Oliveira et al. (2015) baseado no método Signum transform (de
Souza & Ferreira 2012, 2013, 2015). O fluxograma da FIGURA 3-3 mostra as etapas do

processamento dos dados aromagnetométricos.
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Figura 3-3: Etapas do processamento dos dados aeromagnetométricos.

ApoOs a interpolacdo dos dados magnéticos pelo método bidirecional, com uma malha
de 125 m, o processamento qualitativo consistiu primeiramente na aplicacdo do filtro de
reducado ao polo (RTP - Baranov 1957; Grant & Dodds 1972, MacLeod et al. 1993), seguido
da continuacédo ascendente de 500 m e por fim na aplicacdo dos métodos de realce das

anomalias.

A reducéo ao polo (RTP) é uma técnica que transforma os dados magnéticos medidos
em qualquer inclinagdo do campo da Terra, ao que seria observado se o levantamento
tivesse sido realizado nos polos magnéticos (i = £ 90°) (Fig. 3-4). Em esséncia, a natureza
dipolar das anomalias magnéticas € removida. Os valores do pico dos dados RTP
correspondem 0 mais proximo possivel do centro das fontes magnéticas, enquanto as
assimetrias nas imagens RTP refletem mais precisamente as estruturas e os mergulhos dos
corpos (Isles & Ranking 2013). A reducdo ao polo é normalmente aplicada a dados

magnéticos partindo-se do principio de que a magnetiza¢do € induzida, o que implica em
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errros quando a magnetizagdo remanescente é significatva. Para a aplicagdo deste filtro é
necessario obter alguns dados, entre eles a declinacdo magnética, a inclinacdo e o campo
total da época do levantamento. Esses dados podem ser adquridos através do site do NOAA
(National Oceanic and Atmospheric Administration), onde foram obtidos no dia 22/04/2010 a
partir das coordenadas 25°30’ S e 48°30’ W, os valores da declinagdo magnética (-18,9712°),
a inclinacédo (-35,8038°) e o campo total (22. 822,6 nT). A partir destes valores o campo
magnético foi reduzido ao polo, continuado a 500 m e por fim aplicou-se os métodos de

realce de anomalias no Geosoft®.

Perfis na direcao NS magnético

I =inclinacao A = amplitude

; =, ; A=, ? A=. 0 ., \o
|| | o 2 | ol
Figura 3-4: llustrac&o do processo de reducéo ao polo (RTP). Fonte: Isles & Rankin (2013).

O procedimento de continuagédo ascendente simula a aquisicdo dos dados do campo
magnético a altitudes maiores do que a original (afastamento das fontes), removendo ou
minimizando os sinais de fontes rasas e ruidos, alta frequéncia espacial. A continuacéo
ascendente suprime as fontes rasas, destacando os sinais das fontes profundas. Aos dados

magnéticos do Terreno Paranagua foi aplicada uma continuacdo de 500 m.

Os métodos de realce aplicados foram: gradientes horizontais (Gx,Gy - Cordell &
Grauch 1985) e vertical (Gz — Evjen 1936), a amplitude do sinal analitico (ASA - Nabighian,
1972,1974 ; Roest et al, 1992), o gradiente horizontal total (GHT - Cordell & Grauch
1985),inclinacdo do sinal analitico (ISA - Nabighian 1972; Roest et al. 1992; Miller & Singh
1994), inclinacdo do gradiente horizontal total (IGHT - Cordell & Grauch 1985; Cooper &
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Cowan 2006), gradiente horizontal total da inclinacéo do sinal analitico (GHT-ISA - Verduzco
et al. 2004), Theta map (Wijns et al. 2005), Signum transform (de Souza & Ferreira, 2012,

2013, 2015) e inclinacéo do sinal analitico do gradiente horizontal total (ISA-GHT - Ferreira

et al. 2010, 2013). Os produtos resultantes da aplicacdo dos métodos de realce tem como

objetivo promover a melhoria da qualidade e representacdo dos dados geofisicos facilitando

a interpretacao, devido o realce de certas caracteristicas de interesse, como as bordas ou 0

centro dos corpos das fontes.

3.1.1 Interpretacdo qualitativa - Principais métodos de realce

As principais técnicas de realce de anomalias e suas respectivas equa¢cdes estao

representadas na FIGURA 3-5. A descricéo de tais técnicas € resumidamente apresentada a

seqguir:
Principais Métodos de Realce de Anomalias Gravimétricas e Magnéticas
M = anomalia gravimétrica ou magnética
Gradiente horizontal CM Tt ooy sy T
(diregéo y;G,) — &y GHT = || M +| oL
(mGal/m au nT/m) ¥ G ‘ ox 3 \ E‘\ i
Gradiente horizontcﬂ cM tG:::/ = f{eaalillﬁntj > TI}%izontal
(dirego x; G,) = A G, 5 > i
(mGal/m ou nT/m) cXx [z] L o ‘ "(3.‘[“‘2 _“é_\[ - _‘-- M 2
g .Ex o) \éz) |
Gradiente vertical > L : J
(diregéo z; G,) ASA = Amplitude do sinal
(mGal/m ou nT,-'mZ:' \anah’tico -_mc,%l, ol im)
4 A
» X 4| GHT
4f Gz ) —fo7| =
0=rg" 2| P8 e
¢ \GHT ) sl
ISA = Inclinagdo do sing IGHT = Inclinagdo do gradiente horizontal
analitico o) total e
. 4 GHTM\ EGHT
@ =cos —' N o i B
\ 454 ) |IS4_GHT=1g"— === || gar 1542 |[CISAY L[ 0I54)
(OGHTY"  (OGHT) =rrr e ) )
Theta Map ‘ — | + — | LN - Nt |
(rad) . @ . o )

ISA_GHT = lincinagBo do sinal analitico do gradiente GHT_iSA = Gradiente horizontal total da inclinagGo do sinal

horizantal tatal analitico
ASA (Nabighian 1972; Roest et. al. 1992); GHT (Cordell & Grauch 1985); ISA (Miller & Sing 1994); GHT_ISA (Verduzco =t ol 2004); Theta map (Wijns
etal. 2005); IGHT (Cooper & Cowan 2006); ISA_GHT (Ferreiraetal. 2013).

Figura 3-5: Principais métodos de realce de anomalias magnéticas. Fonte: Ferreira et al. (2010).

3.1.1.1 Gradiente vertical (Gz) — Evjen (1936)

A primeira derivada vertical ou gradiente vertical equivale & medi¢cado simultanea do

campo magnético em dois pontos dispostos verticalmente e separados por uma distancia
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qualquer. O resultado é obtido pela diferenca das medidas nos mencionados pontos, dividido
pela separacéo entre eles. Este filtro realca as altas freqiiéncias, em detrimento das baixas,
eliminado os efeitos regionais, de longos comprimentos de onda, derivados de fontes

profundas.

3.1.1.2 Amplitude do sinal analitico (ASA) - Nabighian (1972), Roest et al. (1992)

A amplitude do sinal analitico (ASA) é resultante da combinacdo dos gradientes
horizontal e vertical da anomalia. Seus produtos sdo dependentes da profundidade,
extenséo e do angulo de mergulho do corpo (Blakely 1996).

Os picos da ASA sdo simétricos e ocorrem diretamente sobre as bordas de corpos
largos e diretamente sobre o centro de corpos estreitos. Ainda, as meias-larguras destes
picos podem ser relacionadas com a profundidade de contatos magnéticos verticais (Gunn
1997b). Entretanto, Li (2006) mostrou que a ASA ndo € completamente independente da

magnetizacao.

3.1.1.3 Gradientes horizontais (Gx; Gy) — Cordell & Grauch (1985)

Estes filtros fornecem informacdes acerca da profundidade dos corpos andémalos,
sendo independente da direcdo do campo magnético regional, da magnetizacdo da fonte e
do mergulho do contato. Possuem fun¢gdes semelhantes ao anterior, sendo, entretanto,

aplicados nas direcdes horizontais x e y.

3.1.1.4 Gradiente horizontal total (GHT) — Cordell & Grauch (1985)

O gradiente horizontal total geralmente € utilizado para realcar os limites dos corpos e
estruturas causadoras das principais anomalias. O detalhamento das estruturas € maior

quando se aplicam derivadas de ordens superiores, porém sao realgcados também os ruidos.

O calculo das derivadas horizontais do campo magnético permite uma andlise da
geometria da superficie da malha regular, indicando mudancas abruptas no declive destes
campos potenciais, que podem ser ocasionadas por um salto no valor médio ou pela
presenca de um pico nos dados. S&o baseados nos resultados da declividade (primeira

derivada) ou na taxa da mudanca do gradiente (segunda derivada).
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3.1.1.5 Inclinacado do sinal analitico (ISA) — Nabighian (1972); Roest et al. (1992); Miller &
Singh (1994)
A inclinagdo do sinal analitico € definida pelo angulo entre a derivada vertical (Gz) e 0
gradiente horizontal total (GHT). Segundo Verduzco et al. (2004), as vantagens deste
método sdo a capacidade de normalizar imagens provenientes de dados do campo

magnético e obter bons resultados na presenca de ruido.

Este filtro tem a propriedade de ser positivo acima da fonte, cruzar o zero proximo das
bordas e ser negativo fora da fonte, sendo capaz de responder igualmente bem tanto para
fontes rasas quanto para fontes profundas. Por esta razdo € capaz de detectar a presenca
de fontes sutis profundas, as quais séo frequentemente mascaradas pela profusdo das
respostas das fontes mais rasas, sobretudo em areas fortemente magnetizadas. Entretanto,
por posicionar 0s maximos no centro das fontes ndo é considerado um método detector de

bordas.

A comparacdo entre a amplitude e a fase do sinal analitico torna mais segura a
interpretacdo de continuidade das estruturas. A interpretagdo isolada da fase do sinal
analitico encerra muita ambigtidade, uma vez que o processamento ndo distingue os sinais
derivados das estruturas geoldgicas dos ruidos, resultando em uma série de artefatos

espurios dispersos no contexto das anomalias reais.

3.1.1.6 Gradiente horizontal total da inclinacao do sinal analitico (GHT-ISA) — Verduzco et
al. (2004)

O método do gradiente horizontal total da inclinagdo do sinal analitico (GHT-ISA) é
baseado na aplicacdo do gradiente horizontal total (GHT) aos dados ja filtrados pela
inclinacdo do sinal analitico (ISA). E reconhecido como um método eficaz para a definicéo

de limites de corpos anémalos, além de ser independente da inclinacdo magnética.

Este método permite mapear estruturas rasas do embasamento, realcando e
posicionando os picos de amplitudes nas bordas dos corpos causadores. O método é muito
empregado para localizagdo de corpos rasos, pois as amplitudes atenuam-se com o
aumento da profundidade. Sendo independente da inclinacdo magnética e da amplitude das
anomalias, possibilita boas respostas na presenca de magnetizacéo induzida, remanente ou
ambas (Verduzco et al. 2004).
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A aplicacdo do gradiente horizontal total aos dados da inclinagdo do sinal analitico
realca feicdes ndo claramente identificadas pelos métodos anteriores. Os resultados obtidos
por esse método denotam uma melhor resolucéo da funcdo no centro e sobre os limites dos

COrpos.

3.1.1.7 Theta map — Winjs et al. (2005)

O Theta map € decorrente da normalizacdo do gradiente horizontal total pela
amplitude do sinal analitico, a qual introduz um controle efetivo de ganho, uma vez que

equaliza as amplitudes das anomalias, facilitando a interpretagao.

Este método é uma ferramenta simples e eficaz para delinear contatos magnéticos,
posicionando os minimos das anomalias diretamente sobre suas fontes. Segundo Winjs et
al. (2005), estéa técnica foi desenvolvida para baixas latitudes magnéticas, regidées nas quais

o filtro de reducéo ao polo envolve instabilidade.

3.1.1.8 Inclinagéo do gradiente horizontal total (IGHT) - Cooper & Cowan (2006)

A IGHT pode ser considerada uma versao normalizada do GHT pelo gradiente vertical
(Gz). Ela também denota igual desempenho para fontes rasas e profundas. Este filtro resulta
em valores de maxima amplitude sobre os limites dos corpos e valores minimos em seus

centros, sendo utilizado para delimitar as bordas dos corpos magnéticos.

3.1.1.9 Inclinag&o do sinal analitico do gradiente horizontal total (ISA-GHT) - Ferreira et al.
(2010, 2013)

A inclinacdo do sinal analitico do gradiente horizontal total é considerado eficaz para a
interpretacdo qualitativa de mapas magnetométricos, sendo também utilizado para a
detecgdo de bordas de corpos anémalos. Tem como objetivo realcar o gradiente horizontal
total de anomalias utilizando a inclinacdo do sinal analitico. Uma de suas principais
caracteristicas é equalizar sinais provenientes de fontes rasas e profundas, e ndo produz
bons resultados quando os dados ndo estdo reduzidos ao polo ou quando as fontes

encerram magnetizagao remanente (Ferreira et al. 2013).

3.1.1.10 Signum transform — de Souza & Ferreira (2012, 2013, 2015)

7

O Signum transform € um método qualitativo e semiquantitativo baseado em
derivadas simples para a interpretacdo de anomalias magnéticas de fontes discretas. Sua
metodologia € baseada na normalizagdo de uma funcdo da derivada do campo magnético
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andmalo ou de uma funcao dele. Este filtro pode ser aplicado em trés fungbes distintas, a
derivada vertical de primeira ordem, a derivada vertical de segunda ordem e a derivada
vertical de primeira ordem menos o gradiente horizontal total (de Souza & Ferreira, 2012,
2013, 2015).

f)
STIf1() = {1fao T® #0
1, fx)=0

am azm aMm .
Onde f pode ser representado por: f= — e fs E_|E|' sendo M a anomalia
magnética, dz a derivada vertical e dx a derivada horizontal. Os valores de ST(f)
das anomalias apresentam apenas dois valores e suas bordas teoricas
correspondem aos pontos onde os dados ransformados mudam seu valor de -1 a
+1.

3.1.2 Interpretagdo semiquantitativa — Deconvolugdo de Euler & Signum transform (Souza
& Ferreira 2012, 2013, 2015)

O processamento semiquantitativo consistiu no emprego da deconvolucao de Euler e
da aplicacdo do Signum transform, com base no algoritmo desenvolvido por Oliveira et al.

(2015), afim de estimar a profundidade das fontes magnéticas.

A deconvolucao de Euler fornece uma rapida estimativa da localizacéo e da geometria

das fontes anémalas a partir de dados potenciais, sem a necessidade de presumir a direcédo

do vetor magnetizacdo. Este método é baseado na equacédo (Reid et al. 1990): (x — xo)% +
(y—yo)Z—;+ (z—zo)% = —T, onde (xo,y0,z0) € a posicao da fonte magnética onde o

campo magnético (7) é detectado a partir de x5,z n € o indice estrutural,sendo uma medida
da taxa de decaimento da anomalia magnética com a distancia entre a fonte e o ponto de
medida, i.e., um indicativo da forma geometrica da fonte anémala (por exemplo, n = 0 para
um contato, n = 1 para um dique vertical ou uma soleira, n = 2 para um cilindro horizontal ou

vertical e n = 3 para uma esfera ou um dipolo).

O algoritmo proposto por Oliveira et al. (2015) estima a profundidade e a largura de
fontes magnéticas, sendo uma automatizacdo do meétodo Signum transform (de Souza &
Ferreira 2012, 2013, 2015). A fonte magnética é primeiramente realcada usando um filtro de
deteccdo de borda baseado numa transformacgéo simples (Signum transform), que retém

apenas os sinais do campo andémalo. As profundidades e as larguras das fontes séo
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calculadas usando as distancias entre o centro das anomalias filtradas e o ponto onde as
derivadas do campo espacial mudam o seu sinal (zero crossover points) (Oliveira et al.
2015).
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GAMMA-RAY SPECTROMETRY OF GRANITIC SUITES OF THE PARANAGUA TERRANE,

SOUTHERN BRAZIL

ABSTRACT

The Paranagud Terrane, located in the coastal portion of the states of Santa Catarina, Parana and
S&o Paulo, Southern Brazil, is a crustal segment constituted mainly by an igneous complex, with a
variety of granitic rocks inserted into the Mar Mountain Ridge with an average altitude of
approximately 1200 m above sea level, with high peaks of up to 1800 m. Due to the difficulty of
access, shortage of outcrops and a thick weathering mantle, this Terrane is understudied. This
research aims to evaluate the gamma-ray spectrometry data of granitic suites of the Paranagua
Terrane, in correspondence with the geological, petrographical, lithogeochemical, relief and mass
movements information available in the literature. The aerogeophysical data were acquired along
north-south lines spaced at 500 m, with a mean terrain clearance of 100 m, and are represented by
potassium (K, %), equivalent in thorium (eTh, ppm) and equivalent in uranium (eU, ppm). After the
critical analysis of the data, basic (K, eU, eTh) and ternary (R-K / G-eTh / B-eU) maps were
generated, and then superimposed on the Digital Elevation Model (DEM). The investigation of
radionuclides mobility across the relief and weathering mantle consisted in the analysis of schematic
profiles of elevation related with each radionuclide and the comparison of K,eU e eTh maps with their
3D correspondents, and through the study of mass movements registered in the region. The statistical
comparison between the lithogeochemical (K, U, Th) and geophysical (K, eU, eTh) data showed
consistency in all the granitic suites studied (Morro Inglés, Rio do Poco and Canavieiras-Estrela).
Through the gamma-ray spectrometry was possible to establish a relationship between scars (from
mass movements) and the gamma-ray responses, the radionuclides mobility and the relief, and also

the mapping of granitic bodies.

Keywords: gamma-ray spectrometry, granitic suites, radionuclides mobility.
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1. INTRODUCTION

In recent decades, airborne gamma-ray spectrometry has been established as a tool for
geophysical-geological mapping to aid both mineral exploration and lithological information. The
gamma-spectrometric results in areas of granitic rocks are outstanding in total count and K, eU, eTh
maps due to significant levels of these elements in igneous rocks (Gunn et al., 1997). In particular, the
gamma-spectrometric cartography of granitic terrains is facilitated by high concentrations of
potassium (K, %), uranium (eU, ppm) and thorium (eTh, ppm).

The gamma-ray spectrometry method measures the relative abundance or concentration of K,
eU and eTh in rocks and weathered materials with up to 30-45 cm deep, by detecting the gamma
radiation emitted by the natural radioactive decay of these elements (Dickson & Scott, 1997; Gunn et
al., 1997; Minty, 1997; Wilford et al., 1997; Wilford, 2002; International Atomic Energy Agency, 2003).
The main sources of gamma radiation are derived from the disintegration of potassium 40 (*°K),
uranium 238 (**8U) and thorium 232 (**?Th). The total radioactivity is obtained by measurement of all
gamma rays detected by gamma-ray spectrometer within the energy window set for the total count
(Grasty et al., 1985).

Each element is associated with a channel of the spectrometer where its energy is focused. The
gamma ray emitted by the potassium (“°K) is concentrated at the peak of 1.46 MeV. As the isotopes of
28y and #*°Th do not emit gamma radiation, their products of radioactive decay ““Bi and °®Tl,
respectively, are used for the quantification of gamma ray, whose energy of which is centered at 1.76
and 2.61 MeV (Kaplan, 1955; Dickson & Scott, 1997). Their concentrations are, therefore, reported as
equivalent U (eU) and equivalent Th (eTh). These three naturally occurring elements have
radioisotopes producing gamma ray with sufficient energy and intensity to be measured by airborne
gamma-ray spectrometric survey (Minty, 1997).

Due to the difficulty of access and the scarcity of geophysical work at the research area, the
gamma-ray spectrometric data associated with modern processing techniques and interpretation can
contribute to the advancement of geophysical-geological knowledge of the Paranagué Terrane. The
main focus of this work is to establish a relationship between geological and geochemical data
available in literature and gamma-ray spectrometric data, as well as the investigation of radionuclides

mobility across the relief and mass movements which have occurred at the study area.

1.1- Characterization of the research area

The study area is located between the states of Santa Catarina, Parana and extreme southeast
Sdo Paulo, bounded by coordinates: 48°56'24" and 47°57'08" West longitude and 24°58'38" and
26°27'43" South latitude amounting to approximately 5 450.00 km? (Fig. 1).
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The Paranagud Terrane is inserted in the geomorphological context of the Mar Mountain Ridge,
a typical escarpment of divergent continental margin (Summerfield, 1991; Matmon et al., 2002).
Located along the southern/southeastern Brazilian coastline with an average altitude of approximately
1200 m above sea level, setting up a mountain range adjoining the Paranaense Coastal Plain, with
high peaks of up to 1800 m above sea level, supported by various lithologies (Oka-Fiori et al., 2006).
This group of ridges divides the watersheds of the rivers that flow to the coast. Despite having their
origins in the vicinity of the coast, these rivers flow into the interior. The petrographic and structural
nature of the Serra do Mar granites in Parana State make them resistant to erosion and sustain their

outstanding elevations (Almeida & Carneiro, 1998).

~-20

Séo Paulo

Parana

24

r-28

0 120000 240.000 480.000 Meters
| ST TR W W ST T— —

T T
-56 -53 -50 -47 -44 -41

Figure 1 - Location map of the study area (black polygon).

1.2- Geological setting

The Paranagua Terrane is part of the southern segment of the Ribeira Belt, a complex orogenic
belt extending for 1400 km along the Atlantic coast of Brazil occupying the central position in West
Gondwana (Heilbron et al., 2000; Heilbron et al., 2010). The Southern Ribeira Belt comprises four
geotectonic terranes: Apiai, Curitiba Luis Alves and Paranagud (Fig. 2) placed side by side during the
assembly of the Supercontinent Gondwana, each one with its own distinct tectonic significance (Basei
et al., 1992; Siga Jr., 1995; Cury, 2009). The Apiai terrane is manly composed by mesoproterozoic
metavulcanosedimentary rocks, among which can be recognized paleoproterozoic basement nuclei
composed by ortogneisses and several neoproterozoic granitic bodies. The position of all those

geological units are controlled by major shear zones in the context of transpressional tectonics, the
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reason why many authors consider this rocks as a tectonic domain (Campanha & Sadowski, 1999;
Cury, 2009).

The Curitiba terrane is characterized by gneisses and migmatites with paleoproterozoic ages,
understood as a metamorphic complex deformed and metamorphosed during the neoproterozoic
collisions. Overlaying those gneisses we can find epimetamorphic rocks related to a passive margin
metasedimentary succession, with several stratigraphic records well preserved inside a thrust nappe
belt developed during the Neoproterozoic. Siga Junior (1995) considers that this terrane behaved like
a microplate in the southern portion of Ribeira Orogenic System (Hartmann et al., 2000; Heilbron et
al., 2008).

The Luis Alves terrane is predominantly composed by granulites with paleoproterozoic ages and
at least two metamorphic episodes in about. 2.35 Ga and 2.31 Ga (Harara et al.; 2005) Throughout
the extent of this terrane no significant neoproterozoic records can be found, reason why there is a
consensus for several authors to classify it as a microplate (Basei et al., 1992; Siga Junior, 1995;
Harara et al.; 2005).
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PARANAGUA TERRANE
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Canavieiras - Estrela Suite
Rio do Pogo Suite

Basement Units

.\'
o

Figure 2 - Geological map of the meridional portion of the Ribeira Belt with Paranagua Terrane
highlighted in light gray. Modified from Cury (2009).

The Paranagua terrane is mainly constituted by an arc-related granitic complex, spread in a
large NE-SW elongated stripe, located in Southern Ribeira Belt, Southeastern Brazil. The country

rocks of these granites occur as a disrupted folded belt composed of metassedimentary rocks and
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gneissic-migmatitic rocks in split basement nuclei. The southern part of the Paranagua Terrane is
characterized by high angle tectonics; on the other hand, the northern portion by low angle tectonics.
The transcurrent shear zones of Southern Paranagua Terrane, comprising a sinistral kinematic with
obligue component, are marked by the coexistence of strike-slip and down-dip lineations. The thrust
shear zones represent a large front collision, located in the Northern Paranagué Terrane, with north-
northwest convergence and oblique components. The transition between these two distinct tectonic
styles is given by N-S faults associated with a transpressive regime, with lateral ramp characteristics.
Different generations of granite intrusions took place during the magmatic arc development, with
petrographic, lithogeochemical and isotopic similarities suggesting emplacement stages during a late
collisional event. Older U-Pb zircon ages between 620-610 Ma indicate the presence of a relatively
early magmatism associated to the first stages of subduction in southern Paranagué Terrane. The
main magmatic period is characterized by Neoproterozoic records obtained by U-Pb zircon, which
give ages between 600-580 Ma. Furthermore, the metamorphic peak of the metassedimentary
sequence, with U-Pb monazite age of 599 + 5 Ma, is quite close to the main magmatic events (Cury,
2009).

The Paranagua Terrane is composed of precambrian geological units distributed in a NE-SW
elongated swath, about 250 km long and 30 km wide, in south-southeastern Brazil, within the States
of Sao Paulo (nothern Paranagua terrane), Parana and Santa Catarina (southern Paranagua terrane).
This terrane is mainly constituted by an igneous complex, represented by the Morro Inglés, Rio do
Poco and Canavieiras-Estrela suites (Fig. 3). The country rocks of these I.s. granites are gnaissic and
gnaissic-migmatitic rocks of the Sao Francisco do Sul Complex and metassedimentary rocks of the

Rio das Cobras Sequence.



25°00'S

25°30'S

26°00'S

0175Ga?
0,58 Ga

0,63 Ga

1.6 Ga?

21Ga

48°30'W 48°00'W

@ Holocene Quaternary: alluvial, colluvial and littoral deposits.

Pleistocene Quaternary: alluvial, colluvial and littoral deposits.

Rio do Pogo Suite: rapakivi syenogranites with an A type signature,
Sgrp. metaluminous to weakly peraluminous. Two-mica leucogranites
with a marginally peraluminous character.

0,62 Ga
Canavieiras -Estrela Suite: quartz-monzodiorites, leuco-granodiorites Ilha do Cardoso
and monzogranites, with porphyritic and inequigragular terms. Alkaline.
Mafic minerals represented by amphibole and biotite (amphibole % biotite).

Morro Inglés Suite: porphyritic monzo and syenogranites,with
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Rio das Cobras Sequence: biotite-quartz-schist, muscovite-quartz-schist, calcium schist,
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granodiorites, trondhjemites and monzogranites, locally with migmatization features.

37

Figure 3 — Geological map of the Paranagué Terrane, indicating the study area in white. Modified from
Cury (2009).
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The Morro Inglés Suite is the most expressive unite in Paranagua Domain, being mainly
represented by leucocratic rocks in gray tonalities, with medium to thick-grained porfiritic texture,
frequently foliated, composed by megacrystals of K-feldspar (2 to 10cm), plagioclase (Anl12-20),
quartz, hornblende % biotite and accessory phase composed by sphene, apatite, epidote, allanite and
zircon. Mafic enclaves with spherial to angular shapes are often observed, in most composed by
diorites and amphibolites with fine-grained equigranular texture. Lithochemical sighatures are
compatible with arc magmatic-generated granitic rocks, with high-K to shoshonitic calc-alkaline
character and relatively high contents of Ba, Nb, Zr, Rb, Sr, Th and K20. This pattern resembles the
one observed in sin- to late-collisional environments related to mature magmatic arcs, with sources
modified by crustal contamination.

The Canasvieiras Suite outcrop in the western section along shear zones, showing leucocratic
rocks in gray to rosy colors, with medium to fine-grained inequigranular texture, that usually exhibit
deformation features characterized by cataclastic and mylonitic therms. The mineralogy is compose
by k-feldspar, plagioclase, quartz and biotite, with sphene, allanite and zircon as accessories.
Comparativily, the Morro Inglés Suite rocks present higher values of K20 and smaller values of Na20
than the rocks of the Canavieiras-Estrela Suite. Both suites show important variations of Ba and Sr,
high values of Rb and Zr, and medium-to-high values of Nb and Y.

The Rio do Pocgo Suite outcrop as restricted bodies along the Paranagua Domain, in most
represented by leucocratic and hololeucocratic rocks with medium to fine-grained equigranular
texture, frequently foliated as magmatic flow. The mineralogy is compose by K-feldspar, quartz,
plagioclase (An8-15), biotite + muscovite and accessories represented by apatite (with dimensions
about 1 -1,5mm), allanite, epidote and zircon. The geochemical data allows recognized a sub-alkaline
signature with a peraluminous association. The REEs patterns of Rio do Pogo and Morro Inglés suites
are quite similar, denoting an enrichment of all elements.in this suite, which present a marginally

peraluminous character, with HREE-depleted rocks, without an Eu negative anomaly.

2. MATERIAL AND METHODS

In the present research, gamma-ray spectrometric data (K, eU, eTh) of the Paranagua Terrane
(Fig. 3) from the Aerogeophysical Parana-Santa Catarina Project (CPRM, 2011) was processed and
interpreted. The data acquisition parameters are shown in Table 1. After data quality analysis, the
data set was interpolated in regular square grids of 125 m (¥ of the flight lines spacing) and
represented in basic (K, eU, eTh) and ternary (RGB) maps. The visual inspection showed negative
concentrations for all channels (K, eU, eTh), perhaps due to errors during various corrections such as,
for example, instrumental calibration. So, as negative or null values contribute to mask the reasons

(eU/K, eTh/K, eUleTh), it is recommended that a minimum value be assigned by adding constants
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that results in higher or equal values as e.g. 0.01 for K, eU and eTh (Ferreira et al., 2009), as shown
in Table 2.

Project Parana-Santa Catarina
Year 2011

Spacing between flight lines 500 m

Flight height 100 m

Direction of flight lines N-S

Interval between the geophysical measurements | 1,0s- spectrometer
Direction of control lines E-W

Spacing between control lines 10 km

Table 1 — Technical specifications of the airborne survey. Modified from CPRM (2011).

Radionuclides | Minimum (GRID) | Value add | Corrected Minimum

K -0.45 +0.46 0.01
eTh -3.57 +3.58 0.01
eU -0.90 +0.91 0.01

Table 2 — Corrected values of each radioelement.

The integration of geophysical, geological and geochemical data, with elevation (SRTM - Shuttle
Radar Topography Mission, USGS, spatial resolution of ~ 30 m), DEM (digital elevation model,
Laboratory for Applied Research in Geomorphology and Geotechnologies, spatial resolution of ~ 15
m) and satellite images, like WorldView-1 (spatial resolution of ~ 0.6 m), was carried out in a GIS
environment (Geographic Information System).

To evaluate the study of the mobility of radionuclides two areas were selected, one represented
by the Serra da Prata (black rectangle of Fig. 4 a,b,c,d) and the other inserted in the northern portion
of the Serra da Prata (red square in Fig. 11). Three profiles of each radioelement (K, eTh, eU) were
generated and correlated with the digital elevation model to investigate the mobility of the
radionuclides controlled by the relief. 3D maps-of this selected area (Serra da Prata, inserted into the
Paranagua Terrane, Fig. 4 a, b, ¢, d, black rectangle) were made to evaluate the gamma-ray
responses through the geomorphology. Through an detailed analysis of the northern portion of the
Serra da Prata was possible to relate mass movements with gamma-ray spectrometry, due to an
event dated in March 11-2011.
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3. GEOCHEMISTRY AND MOBILITY OF RADIONUCLIDES

Potassium has an estimated concentration of 2.32% in the superior continental crust, and is a
geochemically mobile and soluble element under the most varying weathering conditions, especially
in tropical and subtropical climates with patterns of heavy rainfall, resulting in their loss in solution or
through adsorption into clay minerals (Wilford et al., 1997; Ulbricht et al., 2009). The geochemical
cycle of this element in the continents begins in the weathering stage, with the formation of residual
soil, and its release and transport as cations in interstitial solution (rainwater, the surface of rivers and
lakes and underground water), ending with their accumulation in continental and oceanic basins
(Ulbricht et al., 2009).

According to Ulbrich et al. (2009), the gamma-ray spectrometric responses in granites depend
mainly on the climate regime, resulting in implications for the development of the weathering mantle.
Due to the fact that the study area encloses hot (19°-21°C annual mean temperature) and rainy
climates (2436 mm/year pluviometric mean), high levels of potassium (K) indicate preservation of
fresh rock while lower concentrations suggest depletion and mobility in response to weathering. The
main occurrence of K in rocks is in potassic feldspars, and it’s in their most abundant polymorphs,
orthoclase and microcline. It also occurs in micas such as phlogopite, biotite and muscovite and in
some clay minerals.

The elements Th (thorium) and U (uranium) have an estimated concentration of 10.5 ppm and
2.32 ppm, respectively, in the superior continental crust. These elements are commonly present in
accessory minerals, found in various igneous and metamorphic quartz-feldspar rocks. In principle, the
uranium can be mobilized, even to present in a more soluble form (uranyl ion, under oxidizing
conditions) and therefore has the potential of being leached, a nonexistent state for thorium. Thus,
freed uranium may be retained in whole or in part, in newly formed substances including those with
organic origin. On the other hand, thorium, retained in resistate minerals, when released, should stay
trapped in pedogenic substances of organic and inorganic sources (Ulbricht et al., 2009).

The elements uranium (U) and thorium (Th) are concentrated in resistate minerals, with the
possibility of selective enrichment. However, U*® is water soluble and may also be depleted and
removed, while thorium, adsorbed to clays, is often transported during the pedogenesis. The minerals
listed in Table 3 are the main 'carriers' of U and Th in the granitic rocks (allanite, apatite, epidote,
titanite and zircon), in the study area. Although the liberation of Th and U will depend on the behavior
of these minerals phases during the weathering (Ulbrich et al., 2009).The Table 4 shows the
characteristic rocks of each Granitic Suites of the Paranagua Terrane and the respective accessory

phase, which can be compared with Table 3.



Mineral Formula System Substitution
Allanite Ca(Ce,La,Th)Fe**(Al,Fe*"),[Si"0’|SiO*|O|OH Monoclinic U Th,Ce,Ca
Apatite Ca’[OH,F,Cl)|(P0O4)7] Hexagonal U-» Ca
Epidote Cay(Fe®, Al)AIL,[Si,O;|SiO,|O|OH] Monoclinic Ce,Th,U» Ca
Titanite (Ca,Fe”",Mg)(Ti,Al,Fe®" ETR,Y)[SiO4|(O,0H,F)] Monoclinic U,Th» ETR,Y
Zircon (Zr,HNSIO, Tetragonal U,Th=» Zr,Hf
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Table 3 — Accessory minerals of granitic rocks carriers of Th and U. Modified from Ulbrich et al. (2009).

Granitic Suites

Main Rocks

Trace elements

Accessory phase

Canavieiras-
Estrela
(I type granite)

Syenogranites, monzogranites,
Granodiorites, quartz-
monzodiorite.

Ba, Sr, Rb, Zr, Nb
and Y.

Epidote, titanite, allanite,
apatite and zircon.

Morro Inglés
(I type granite)

Porphyritic monzogranites,
granodiorites

Syenogranites, tonalities and
diorites.

Ba, Rb, Zr and Sr.

Epidote, titanite, allanite,
apatite and zircon.

Rio do Poco
(Aand | type
granites)

Leucogranites, syenogranites
and
Porphyritic monzogranites.

Ba, Sr, Zr, Nb, Y
and Rb.

Epidote, muscovite, allanite, apatite
and zircon.

Table 4 — Geological units of the granitic
constituents of radioelements. Modified from Cury (2009).

4. RESULTS AND DISCUSSION

The results were divided into two fronts, the first concerning the integration of aerogeophysical

suites of the Paranagua Terrane and its main minerals

and lithogeochemical data, and the other concerning the mobility of radionuclides across the relief.

The maps of K, eTh, eU and ternary (RGB) of the Paranagua Terrane are presented in Figure 4, in

which the area of semi-detail of Prata Mountain Ridge and its corresponding profiles are indicated in

order to investigate the behavior of radionuclides across the relief.
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Figure 4 — Gamma-ray spectrometric maps of the Paranagua Terrane: K (a), eTh (b), eU (c) and ternary
(d), indicating the granitic suites: Canavieiras-Estrela (1), Morro Inglés (2) and, Rio do Poco (3),
according to Cury (2009). Rectangle indicates the sub-area of Prata Moutain Ridge in black with the
respective profiles (A-A ', B-B' and C-C').
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4.1 - Integration of aerogeophysical and lithogeochemical data

A statistical comparison between the lithogeochemical (K, U, Th) (Cury, 2009) and geophysical
(K, eU, eTh) (CPRM, 2011) data was made. It shows consistency in all granitic suites (Canavieiras-
Estrela, Morro Inglés and Rio do Poc¢o). The comparison between lithogeochemical (Canavieiras-
Estrela - 12 samples, Morro Inglés - 28 samples and Rio do Poco - 12 samples) and aerogeophysical
(Canavieiras-Estrela - 46694 samples, Morro Inglés - 45075 samples and Rio do Poco - 8057
samples) could allow us to infer the lithogeochemical composition of these suites based on airborne
geophysical data (K, eU and eTh), for the entire study area due to the uniformity of coverage and
number of samples.

The geophysical-geological integration shows good compatibility between the gamma-ray
spectrometric and geological maps of the granitic suites, of which the Morro Inglés presented the
highest gamma-ray spectrometric values, followed by the Canavieiras-Estrela with intermediate
values and the Rio do Poco with the lowest values.

In Figure 5 the lithogeochemical data from the various suites of Paranagua Terrane can be
compared, showing that the average of thorium, uranium and potassium contents are practically
equivalent. The Figure 6 shows comparisons between lithogeochemical and gamma-ray
spectrometric data, respectively, of granitic suites Canavieiras-Estrela, Morro Inglés and Rio do Poco.
Despite the amount of airborne geophysical samples being greater than the lithogeochemical, the
comparison proves to be consistent, confirming the accuracy of the airborne geophysical data when
compared with lithogeochemical data.
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Figure 5 — Lithogeochemical data of granitic suites of the Paranaguéa Terrane.
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Figure 6 —Comparison of the gamma-ray spectrometric and lithogeochemical data from the granitic
suites Canavieiras-Estrela (a), Morro Inglés (b) and Rio do Pocgo (c). The lithogeochemical and
geophysical data are represented by K1, Th, U and K, eTh, eU, respectively.

It is possible to note that the radionuclides values of the rock samples are almost double than
those derived from airborne geophysics. The higher responses (K, eTh and eU) in these rocks
samples are measured directly from the rocks while the gamma-ray data are affected by the
characteristics of the survey as flight line spacing, efficiency and speed of the detector, and by
environmental and other effects, such as soil moisture, rainfall and vegetation. Due to these
considerations it is possible correlate the lithogeochemical values with the airborne gamma-ray
spectrometry data.

The rocks of the Morro Inglés Suite present higher values of K (potassium) than the rocks of
other granitic suites, due to the increased amount of K-feldspar megacrysts (Cury, 2009).

The Figures 5 and 6 a, b show that the Canavieras-Estrela Suite encloses the larger thorium
values, while the Morro Inglés Suite exhibits the highest concentrations of potassium and uranium.
These high values may be associated with the geomorphology of these bodies, which are discussed
in section 4.2.

These granitic suites have representative values of K, eTh and eU due to the mineralogical
content, as K-feldspar, muscovite, allanite, zircon, apatite, epidote (see Table 4). As discussed above
the gamma-ray spectrometric responses in granitic rocks are characteristics, as indicated in Figure 4,

where the high anomalies corresponds to the granitic suites of the Paranagua Terrane.
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4.2 - Radionuclides mobility

To ascertain the mobility of radionuclides, three profiles were made (A-A', B-B' and C-C ") in the
Prata Mountain Ridge, indicated in the maps of Figure 4 (a, b, ¢) whose peaks reach 1475 m of
altitude above the sea level. The profiles are positioned in the EW direction, perpendicular to the
regional trend, and are shown in Figures 7, 8 and 9, respectively. Figure 10 shows the 3D maps of K,
eTh, eU and ternary overlapping the DEM (digital elevation model), respectively, indicating the listed
profiles. From the profiles (Figs. 7, 8 and 9) and the 3D models (Fig 10) it was possible to observe the
mobility of K, eTh and eU. In the profiles A-A' (Fig. 7), B-B’ (Fig. 8)' and C-C' (Fig. 9), the high values
of radioelements in the alluvial and colluvial deposits of the coastal plain can be explained by two
factors: mass movements (characteristic in the study area) and natural mobility of radionuclides. The
increase of gamma-ray signal of the elements K, eU and eTh in lower topographical regions and in
the drainage, indicate the colluvial transport of resistant mineral grains and the newly formed hosts of
these elements (Pickup & Marks, 2000).
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Figure 7 — Schematic geological profile A-A' indicating the distribution of K (a), eTh (b) and eU (c). See
location of the profile in Figure 4.
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Figure 8 — Schematic geological profile B-B' indicating the distribution of K (a), eTh (b) and eU (c). See
location of the profile in Figure 4.
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Figure 10 — 3D gamma-ray spectrometric maps overlapping the DEM of the Prata Moutain Ridge (see
location in Fig. 4), indicating the drainage network and the A-A "', B-B 'and C-C' profiles. K (a), eTh (b), eU
(c) and ternary (d). Canavieiras-Estrela Suite (1), Morro Inglés Suite (2), Rio do Pogo Suite (3) and Rio
das Cobras metasedimentary Sequence (4).

The research area is inserted into the Mar Mountain Ridge, which is recognized as an
environment of high susceptibility to mass movements (Fiori, 1995; Silveira et al., 2013), and these
processes are associated with the genesis and evolution of the relief (Almeida & Carneiro, 1998). In
March 11™ 2011, associated with a high volume of accumulated rain (230 mm in 24 hours, 305 mm in
48 hours and 382 mm in 72 hours), contrasting with the daily cumulative rain volume of about 50 mm
and the annual average of 2436 mm, a set of predominantly translational mudslides occurred, on the
slopes of the Prata Mountain Ridge. The bulk of material loosened by the landslide was transported
through the valleys, remobilizing previous deposits, and was deposited in the coastal plain (Silveira et
al., 2014).

In order to characterize the gamma-ray spectrometric results arising from this event, the
northern portion of the Prata Mountain Ridge (inserted in semi-detailed area of Figure 4, shown in
Figure 11) has been selected, where studies on mass movements and risk areas have been
developed by Silveira et al. (2013) and Silveira et al. (2014). The airborne survey data in this area
was obtained mainly after the event (03/18/2011 — 08/13/2011) and the gamma-ray spectrometric
responses described below are related to the post-event situation.
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Figure 11 — Ternary map of the study area in the Prata Mountain Ridge indicating the region where
occurred mass movements (in red) and the schematic x-x 'profile.

Slope, hypsometric and scar maps were generated (Fig.12). The slope is related with the
tangent plane to the topography surface, the hypsometry linked with the variation of altitude and the
scars were mapped by Silveira et al. (2013) and Silveira et al. (2014). It was possible to verify that
95% of the slide areas occurred in slopes greater than 25% (Fig. 12a) and 82% of the scars mapped
were related to altitude higher than 400 m (Fig 12 b,c). The highest elevations are supported by
differential erosion of more resistant rocks, resulting in slopes/hillsides, which have greater energy
and favor mass movement processes (Silveira et al., 2013; Silveira et al., 2014).
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Figure 12 — Maps of the northern portion of the Prata Moutain Ridge (see location in Fig. 11): slope (a),
hypsometric (b), scars (red) (c) resulting from mass movements. Drainage network (in blue)
superimposed on the digital elevation model (DEM).

The gamma-ray spectrometric anomalies of K, eTh and eU were defined by the mean + 1
standard deviation (Fig. 13), which correspond to scars related to mass movements (Fig. 12c), and
are conditioned by the drainage system. In the spatial relationship between the gamma-ray
spectrometric anomalies of K, eTh and eU and the scars corresponding to the drainage system may
be observed. Figure 13d shows the K (red), eTh (green) and eU (blue) anomalies, which correspond,
predominantly, to the scars. The highest values of the three radioelements are linked to altimetric
quotes between 200 and 400m and > 400 m (Fig. 13d). Considering that thorium is the less mobile
element, it is possible to observe the migratory trend of higher altimetric quotes to the lower ones, due

to the mass movements.
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Figure 13 — Maps of gamma-ray spectrometric anomalies (mean + 1 standard deviation) showing their
spatial relationships with the scars (see Fig.12c) on the northern portion of the Prata Mountain Ridge
(see location in Fig. 11). K (a) eTh (b), eU (c) and their joint distribution indicating the scars, the
drainage network, digital elevation model (DEM) and altimetric quotes (d).

A schematic geological profile of this northern portion of the Prata Mountain Ridge (Figs. 14 and
15) summarizes the behavior of K, eTh and eU. The migration of radionuclides to lower elevations
may be observed, particularly on the coastal plain, where their concentration should theoretically be
low. In this context, the observed anomalous values are probably due to the characteristic mass
movements in the region, controlled by the drainage system and the intense rainfall.

In the profile X-X’ displayed in Figure 15, based on gamma-ray spectrometry, geological and
geomorphological characteristics, we relate the Canavieiras-Estrela Suite with intermediate values of
radionuclides, the Rio do Poco Suite with lower grades and Morro Inglés Suite with the highest
concentrations. The high concentrations of the Morro Inglés Suite are not only related to petrography
(potassium feldspar megacrystals), but also to the fresh rock exposure resulting from the higher
number of scars generated by the mass movements. On the other hand, the high values in the

coastal plain can be explained by the remobilization of these elements with their transport related to
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mass movements. These values may also possibly be associated to the planialtimetric differences
between these suites.

Figure 16 displays this mobility in 3D models, where the scars are located mainly along the
interfluves of the watershed and are depleted along the rivers, with a deposit of fine sediments in the
lower parts. The anomalies follow this pattern of scars and are higher, precisely in these points mainly
because of the exposed rock in these places. Thus, the radionuclide mobility in this region is not only
triggered by mass movements, but can also be related to factors such as rainfall and the drainage

system.
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Figure 14 — Ternary map of the northern portion of the Prata Mountain Ridge indicating the location of
the profile x-x" in Figure 15 (See location in Figure 11).
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indicating the behavior of radionuclides.
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Figure 16 — 3D (K (a), eTh (b), eU (c) and ternary (d) maps of the northern portion of the Prata Moutain
Ridge, with the scars represented in grey.

5. CONCLUSION
The gamma-ray spectrometric mapping in granitic rocks ideally reveal significative to high
responses for K, Th and U. Although as discussed above must be considered as relevant the

variations in the landscape, as geomorphic processes, the weathering especially in regions with
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tropical and subtropical climates with high rainfall regimes. Therefore, this method is an important tool
in geological cartography, especially for granitic bodies, and in this research it has corroborated with
all field data available in the literature, serving as a way to enhance the study of the Paranagua
Terrane.

The analysis of the aerogeophysical data of the Paranagué Terrane has identified the granitic
suites Morro Inglés, Rio do Poco and Canavieiras-Estrela correlated with the high gamma-ray
spectrometry anomalies. Through the statistical comparison between the lithogeochemical and the
gamma-ray data of these granitic suites the petrographical similarity was confirmed. And it was
possible to infer the lithogeochemical composition of these granitic suites based on airborne
geophysical data (K, eTh and eU) depending on the coverage uniformity coverage and the samples
number.

Through the investigation of radionuclides mobility was possible to relate the K, eTh and eU
mobility with mass movements. The scars associated with the mudslides produces high gamma ray
spectrometric anomalies due to the remobilization of coverage and the fresh rock exposure. In this
way the gamma-ray spectrometric method could be used to contribute with the study of mass
movements associated with geomorphological and geotechnical methods

As this research is inserted in an area of difficult access and with few outcrops, gamma-ray
spectrometry has contributed to the study of the Paranaguéa Terrane, especially with the confirmation
and analysis of the Suites Morro Inglés, Rio do Po¢o and Canavieiras-Estrela.
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MAGNETIC INTERPRETATION OF THE PARANAGUA TERRANE, SOUTHERN BRAZIL

ABSTRACT

Magnetic maps reflect the spatial distribution of magnetic sources, which may be located at different
depths and have significantly different physical and geometrical properties, complicating the
identification of the corresponding geologic structures. Filtering technigues are frequently used to
separate anomalies from shallow and deep sources, and to enhance certain features of interest, such
as the edges of the causative bodies. We use a 3D model to verify the effectiveness of the
enhancement filters, from anomalous bodies of known dimensions. In this paper we emphasize the
application of enhancement methods to the magnetic data of the Paranagua Terrane, in the southern
coast of Brazil, in order to characterize the structural framework. We have tested recent enhancement
methods, such as the monogenic local amplitude and local phase and an algorithm based on the
Signum transform. The monogenic amplitude, the local phase, the Signum transform and other
methods have showed a good correlation with the Paranagua Terrane data. The estimated depth and
width of linear sources based on Signum transform presents good results. The magnetic interpretation

shows to be concordant with the structures interpreted through traditional geological methods.

Keywords: enhancement methods, magnetic structures, Paranagua Terrane.
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1. INTRODUCTION

Magnetic data are crucial to geophysical approaches to geologic mapping, especially for
structural information. These data have signals with large amplitude variation that originate from
sources with different geometries, located at different depths and with different magnetization
properties.

Enhancement methods can be used to emphasize certain characteristics in the data resulting to
facilitate qualitative geologic interpretation of the anomalies. Most methods used for enhancing
magnetic data are based on vertical or horizontal derivatives of magnetic anomalies or combinations
of them. For this reason, the study of magnetic methods continues to expand the capability of data
measuring systems, efficiency of forward modeling algorithms, effectiveness of data transformations
and the versatility of inversion approaches. Amplitude and gradient measurements are becoming
more widespread, and consequently, interpretation methods must be geared to such expanded data
sets. Forward algorithms are exploiting 3D frequency-domain representations and volume to line
integral conversions to reduce calculation time.

This work concerns the utility of enhancement methods based on theoretical models and the
application to real data of the Paranagua Terrane. The methods of enhancing magnetic anomalies
used are reduction-to-the pole (RTP — Baranov, 1957), analytic signal amplitude (ASA - Nabighian,
1972,1974; Roest et al., 1992), total horizontal derivative (THDR - Cordell & Grauch, 1985), tilt angle
(TDR - Miller & Singh, 1994), total horizontal derivative of the tilt angle (TDR_THDR - Verduzco et al.,
2004), haorizontal tilt angle (TDX - Cooper and Cowan, 2006), Signum transform (de Souza & Ferreira,
2012, 2013, 2015), tilt angle of horizontal gradient (TAHG - Ferreira et al., 2013), Euler deconvolution
(Thompson, 1982), an algorithm proposed by Oliveira et al. (2015) to estimate depth and width of the
sources, based on Signum transform, and the monogenic signal (Hidalgo-Gato & Barbosa, 2015).
The main objective of this paper is to verify the magnetic responses of the Paranagua Terrane and

compare with the geologic information available in the literature.

1.1 Characterization of the research area

The study area is located between the states of Santa Catarina, Parana and extreme southeast
of Sdo Paulo, bounded by coordinates: 48°56'24" and 47°57'08" West longitude and 24°58'38" and
26°27'43" South latitude amounting to approximately 5.450.00 km? (Fig. 1).

The Paranagua Terrane is inserted in the geomorphological context of the Mar Mountain Ridge,
a typical escarpment of divergent continental margin (Summerfield, 1991; Matmon et al., 2002).

Located along the southern/ southeastern Brazilian coastline with an average altitude of
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approximately 1200 m above sea level, setting up a mountain range adjoining the Paranaense
Coastal Plain, with high peaks of up to 1800 m above sea level, supported by various lithologies
(Oka-Fiori et al., 2006). This group of ridges divides the watersheds of the rivers that flow to the coast.
Despite having their origins in the vicinity of the coast, these rivers flow towards the interior. The
petrographic and structural nature of the Serra do Mar granites in Parana State make them resistant

to erosion and sustain their outstanding elevations (Almeida & Carneiro, 1998).
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Figure 1 - Location map of the study area (black polygon).

1.2 Geological setting

The Paranagué Terrane is part of the southern segment of the Ribeira Belt, a complex orogenic
belt extending for 1400 km along the Atlantic coast of Brazil occupying the central position in Western
Gondwana (Heilbron et al., 2000; Heilbron et al., 2010). The Southern Ribeira Belt comprises four
geotectonic units: Apiai Domain, Microplate Curitiba, Microplate Luis Alves and Paranagua Terrane
(Fig. 2) placed side by side during the assembly of Supercontinent Gondwana, stretching from the
inland to the coast, in the east of Parana State (Basei et al., 1992; Siga Jr., 1995; Cury, 2009). The
Apiai Domain consists of gnaissic, metavulcanosedimentary and granitic units, marked by significant
deformation shear zones in the context of transpressional character (Campanha & Sadowski, 1999;
Cury, 2009). The Curitiba microplate is made up of Paleoproterozoic basement rocks overlayed by the
passive margin metasedimentary succession, and the Luis Alves Microplate is a predominantly
granulite facies that records at least two metamorphic episodes of c. 2.7-2.5 and 2.2-1.8 Ga (Siga Jr.,
1995; Hartman et al., 2000; Heilbron et al., 2008).
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In the regional context of the Meridional Ribeira Belt is worth to mention the Ponta Grossa Arch,
a swarm of dykes with a NW-SE trend with extension superior to 600 km and width ranging from 20 to
100 km (Portela Filho & Ferreira, 2003). These structures can be seen in the magnetic maps of the

Paranagud Terrane.
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Figure 2 - Geological map of the meridional portion of the Ribeira Belt with Paranagua Terrane
highlighted. Modified from Cury (2009).

The Paranagua Terrane is marked on the East by the shoreline, the Southwest by gneissic-
granulite rocks of the Luis Alves Microplate and the Northwest by Curitiba Microplate (Fig. 2). All the
occidental contact is tectonic, being represented in its south-southwest portion by the Palmital
lineament and in the west-northwest by Alexandra and Serra Negra lineaments. It is characterized by
an igneous complex, with a variety of granitic rocks distributed from the northeast of the State of
Santa Catarina (Sao Francisco do Sul city) to the southeast of the State of S&o Paulo, represented by
Morro Inglés, Rio do Pogco and Canavieiras-Estrela Suites and the gneiss and gneissic-migmatitic
country rocks inserted into S&o Francisco Complex and the metasedimentary rocks in the Rio das
Cobras Sequence (Fig. 3) (Cury, 2009).
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0,58 Ga - Rio do Pogo Suite: rapakivi syenogranites with an A type signature,
Sgrp metaluminous to weakly peraluminous. Two-mica leucogranites
with a marginally peraluminous character.

0,62 Ga
Canavieiras -Estrela Suite: quartz-monzodiorites, leuco-granodiorites llha do Cardoso
and monzogranites, with porphyritic and inequigragular terms. Alkaline.
Mafic minerals represented by amphibole and biotite (amphibole * biotite).

Morro Inglés Suite: porphyritic monzo and syenogranites,with
high K to shoshonitic calc-alkaline signature, locally with mixing and mingling
features of mafic magmas.

1.6 Ga? Rio das Cobras Sequence: biotite-quartz-schist, muscovite-quartz-schist, calcium schist,
garnet-sillimanite-sericite-quartz-schist,quartzite, garnet-gneiss, marble and amphibolites.

0,63 Ga

Sao Francisco do Sul Complex: gneiss composed by diorite, quartz-monzodiorite,

21Ga granodiorites, trondhjemites and monzogranites, locally with migmatization features.

Figure 3 —Geological map of Paranagua Terrane, indicating the study area in white. Modified from Cury
(2009).
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The geochronological data indicates that the formation/deformation of these granitoids is mainly
in the range of 620-570 Ma. The juxtaposition of Paranagua Terrane appears to have occurred after
the collage of Luis Alves and Curitiba terranes, the cooling of this segment, or part of it, reached the
Cambro-Ordovician showing processes related to the final assembly of West Gondwana (Siga Jr. et
al., 1995). The Cambro-Ordovician cooling age also suggests that this terrane could represent the
continuity of the Kaoko Belt in Africa that would gauge all the coastal portion of the regions south (part

of the Dom Feliciano Belt) and southeast (Paranagud Terrane) Brazil (Cury, 2009).

2. MATERIAL AND METHODS

In the present research, we have processed and interpreted magnetic data of the Paranagua
Terrane (Fig. 3) from the Aerogeophysical Parana-Santa Catarina Project (CPRM 2011), whose
characteristics are shown in Table 1. First we have applied the enhancement techniques in a
theoretical model to evaluate they effectiveness. Then these techniques were applied to real data of

Paranagué Terrane.

Project Parana-Santa Catarina
Year 2011

Spacing between flight lines 500 m

Flight height 100 m

Direction of flight lines N-S

Interval between the geophysical measurements | 0.1 s-

Direction of control lines E-W

Spacing between control lines 10 km

Table 1 —Technical specifications of the airborne survey. Modified from CPRM (2011).

Magnetic anomalies depend on the magnetization direction (induced and remanent) and the
data acquisition (Blakely, 1996). Considering the induced magnetization only, the magnetic data was
first reduced to the pole (Grant & Dodds, 1972, MacLeod et al., 1993):

[sin(I)— icos (I) cos(D—8)]?

RTP = [sin2(Ia)+cos? (Ia)cos%(D—-0)).[sin%?(I)+cos?(I)cos?(D-0)]’ (1)

Where /is the geomagnetic inclination, /a is the inclination for the amplitude correction, Dis the
geomagnetic field declination and 6 is the wave number direction. Considering the induced
magnetization only, the reduction to the pole (RTP) technique allows the anomalies position directly

above the sources.

The enhancement methods of magnetic anomalies used in this work are: analytic signal
amplitude (ASA - Nabighian, 1972,1974; Roest et al., 1992), total horizontal derivative (THDR -
Cordell & Grauch, 1985), tilt angle (TDR - Miller and Singh, 1994), horizontal derivative of the tilt
angle (TDR_THDR - Verduzco et al., 2004), horizontal tilt angle (TDX - Cooper & Cowan, 2006),
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Signum transform (de Souza & Ferreira, 2012, 2013, 2015), and tilt angle of horizontal gradient
(TAHG - Ferreira et al., 2013). The equations for these techniques are represented bellow:
The analytic signal amplitude (4SA),
2 2 2
am am am
ASA = \/ (&) +(5) + (&) @

Where M is the magnetic anomaly, dx and dy are the horizontal derivatives and dz is the vertical

derivative.

The total horizontal gradient (THDR),

THDR = \/ (‘Z—’;’)Z + (”"i—’:)z , 3)

Where M is the magnetic anomaly, dx and dy are the horizontal derivatives.

The tilt derivative (TDR),

_ _1( VDR
TDR = tan (THDR), (a)
dM
where = . (5)

and THDR is defined by equation (3).

The horizontal derivative of the tilt angle (TDR_THDR), a combination of the tilt derivative (TDR)
and its total horizontal derivative (THDR).

TDR_THDR = [(dTﬂ)z N (dTﬂ 211/2
- - dx dy ) ] , ®)

where TDR is defined by equation (4), and dx and dy are the horizontal derivatives.

Cooper & Cowan (2006) introduced a modified version of the tilt angle (TDX), normalizing the

total horizontal derivative by the absolute value of the VDR,

TDX = tan! (””’R).

|VDR| (7)

The Signum transform (ST) is a simple derivative-based method for qualitative and semi-
quantitative interpretation of magnetic anomalies from discrete sources (de Souza & Ferreira, 2012,
2013, 2015),
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)
STf(x) = Jireor T # 0

(8)

1, fx)=0
dm d’Mm dM  |dM
Wherefcouldbe:f=z; f:E and f = — ==l

and M is the magnetic anomaly. The values of STJ[f] are expected to be 1 over the sources and -

1 out of them.

The tilt angle of the horizontal gradient (TAHG), a combination of the total horizontal derivative
(THDR) and its tilt derivative (TDR).

dTHDR

TAHG = tan™ dTHDR ‘212 drHDR\? |’ ©
( dx ) ( dy )

We applied to real and synthetic data the algorithm proposed by Oliveira et al. (2015) for
automatic depth and width detection of the sources, from magnetic anomalies, based on Signum
transform method (de Souza & Ferreira, 2012, 2013, 2015). The magnetic anomaly is firstly enhanced
using an edge detection filter based on the Signum transform, represented in equation (8) which
retains only the signs of the anomalous field (Oliveira et al. 2015). The equations of depth (h) and
width (a) of the sources are described by:

h = (Xpp+ = Xpn-)/2, (10)

a=./x%— h?, (11)
where x,p+ = h + v a% + 2h? and x,, = Va? + h? .

We also tested a phase-based filter developed by Hidalgo-Gato & Barbosa (2015) with the
purpose to enhance the edges of geologic sources from magnetic data using the amplitude and the

local phase in the Poisson scale-space monogenic signal.

3. SYNTHETIC DATA

The enhancement methods were applied to 3D theoretical models to evaluate their
effectiveness. The model is composed by two prisms, P1 (length = 1600 m, width = 400 m, thickness
= 2000 m) and P2 (length = 1600 m, width = 600 m, thickness = 2000 m) with their tops located at
depth z; =100 m (P1) and z, = 300 m (P2), as indicated in the Figure 4. The bodies are located in the
north geomagnetic pole (86.27° N, 159.18° W), with inducing field intensity B = 57091 nT, direction
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(D,) = (0°% 90°%, and magnetic susceptibility k = 0.0276 SI, resulting in an induced magnetization J; =

0.5 A/m.
0—4

0 500

1000

1500 2900
2500 3000 3509 0 (\‘(\\

Easting (m) WO

Figure 4 —3D magnetic model used to evaluate the methods studied in this work. The model consists of
two prisms with dimensions of P1 (1600 x 400 x 2000 m) located at depth 100 m and P2 (1600 x 600 x
2000 m) located at depth 300 m, and separated by distance of 400 m.

The total magnetic intensity (TMI) of the bodies in Figure 4, generated in the geomagnetic
context described above, can be seen in Figure 5a. Figure 5 shows the anomalies from the
enhancement methods applied to the data in Figure 5a. The ASA method (Nabighian, 1972, 1974;
Roest et al., 1992) is presented in Figure 5b, where the filtered signal decreases amplitude as depth

increases and the anomalies are well-centered.
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Figure 5 — Magnetic anomaly maps of the model shown in Figure 4. (a) TMI at the north magnetic pole:
inducing field direction (D,l) = (00, 90°), inducing field intensity B = 57091 nT, and magnetic susceptibility
k = 0.0276 SI. (b) ASA of the data in (a). (c) THDR of the data in (a). (d) TDR of the data in (a). (e) TDR-
THDR of the data in (a). (f) TDX of the data in (a). (g) Signum transform of the data in (a). (h) TAHG of the
datain (a). (i) Amplitude of the data in (a). (j) Phase of the data in (a).
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Figure 5c¢ shows the THDR map, introduced by Cordell & Grauch (1985). The signal is
represented by maximum values at the body’s edges (with minimum values at the central part) and
the strength of the transformed signal is gradually attenuated with depth.

The TDR map introduced by Miller & Singh (1994) is shown in Figure 5d. This method equalizes
the signal amplitudes, but the peak of the transformed data are positioned directly over body center.
For this reason it cannot be considered an edge detection method (Cooper & Cowan, 2008; Ferreira
et al., 2013), but is considered an important enhancement method.

The Figure 5e represents the TDR_THDR method, introduced by Verduzco et al. (2004) with the
objective of mapping structures of shallow sources. It highlights and locates the amplitude peaks in
the edges of causative bodies. This method is often used for the location of shallow bodies, since the
amplitude of the transformed signal decreases as the sources depths increase and it is sensitive to
noise (Ferreira et al., 2013).

The TDX method (Cooper & Cowan, 2006) is shown in Figure 5f. In this method, the edges of
the sources are delineated by maximal values in the anomalies and minimum in the center of the
bodies. For deeper sources, the peaks are shifted out from the edges, making the bodies seem bigger
than they are (Ferreira et al., 2013).

The Figure 5g presents the Signum transform (de Souza & Ferreira 2012, 2013, 2015) of
second order vertical derivative, where the bodies are very well delineated.

The TAHG (Ferreira et al., 2013) (Fig. 5h) is similar to the TDX method (Fig. 5f) but, in this case,
the anomalies are less dependent on the depth of the sources and its maximum values are positioned
close to the edges, even for deeper sources. It is an effective method used for magnetic
interpretation.

The amplitude in the scale-space monogenic signal (Hidalgo-Gato & Barbosa, 2015) (Fig. 5i)
enhances all the edges of the simulated dipping or vertical bodies without amplifying the noise, and
shows a close agreement with the horizontal projections of the edges of the dipping bodies. It also
shows a strong correlation with ASA, and thus, it does not enhance the deepest edge of the body

(Hidalgo-Gato & Barbosa, 2015). The Figure 5] shows the phase in the scale-space monogenic
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signal. This method enhances strong and weak anomalies and is similar to the TDR method, with the
difference that TDR is more sensitive to the noise.

In Figure 6 (a,b) is represented the depth (a) and width (b) (equations 10 and 11, respectively),
given by the application of the algorithm (Oliveira et al. 2015) based on the Signum transform method.
The algorithm (Oliveira et al. 2015) is an automatization of the enhacement technique Signum
transform, which allows the calculation of estimated depth and width of the magnetic sources. The
results from depth correspond to approximately 75% from the original prism depth, and the results

from width correspond to approximately 84% from the original prism width (Fig. 4).
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Figure 6 — Depth (a) and width (b) of the prisms in Figure 4 estimated from the Signum transform.

4. RESULTS AND DISCUSSION

4.1 Application to real data

The enhancement methods were applied to the magnetic data of Paranagua Terrane (see
section 1.1 and 1.2).The specifications of the Paran& — Santa Catarina Project are detailed in section
2 of this paper and the magnetic data were corrected from diurnal variation, parallax error, leveling of
profiles and removal of IGRF calculated at flight height referred to year 2010. The Paranagua Terrane
has an inducing field intensity of B = 22822 nT, direction (D,l) = (-18.9%, - 35.8°% at the coordinates
25°30’ S and 48°30’'W in 2010-04-22, and magnetic susceptibility k = 0.0276 Sl, resulting in a induced
magnetization J; = 0.5 A/m. The TMI data in Figure 7a were reduced to the pole (RTP) (Figure 7b)



70

using a magnetic inclination of -35.8° and a declination of -18.9°, which corresponds to the magnetic
field at the time of the airborne survey in the center of the study area.

After the reduction to the pole we applied the upward continuation method (Figure 7c) to an
elevation of 500 m, to reduce the noise and aid delineation of deep structures. The upward
continuation calculates the potential field that would have been recorded at a higher level above the
acquisition level. The UW method provides a robust method of frequency separation in potential field
data (Jacobsen 1987) that is locally adaptive and produces a visualization of the data that is more
geologically interpretable than using a fixed frequency or band-pass filter.

As in the previous section, we applied all the enhacenment methods tested in the synthetic data
in the real data (Paranagud Terrane): total horizontal derivative —THDR (Fig. 7d), tilt angle-TDR
(Fig.7e), total horizontal gradient of the tilt angle- TDR_THDR (Fig.7f), horizontal tilt angle-TDX
(Fig.7g), Signum transform (Fig.7h), tilt angle of horizontal gradient-TAHG (Fig.7i), amplitude (Fig. 7))
and phase (Fig. 7k).

It is clear that each filter highlights different features as seen in the synthetic data. Analyzing the
results of TDR, and THDR filters is possible to observe homogeneity of the anomaly in these maps.
The, TDR_THDR, TDX and TAHG filters produce responses that highlight features and structures in
more detail, showing trends in relation to the direction of susceptibility contrast.

It is possible to note the presence of a strong northwest-southeast (NW-SE) trend in the
magnetic maps. These magnetic structures are related to the Ponta Grossa Arch (Parana Basin,
Brazil) (see Portela—Filho & Ferreira 2003) where prominent NW-SE structures reflect a Mesozoic
thick swarm of diabase dykes.

To reduce the influence of the dykes in Paranagua Terrane and to enhance structures in a
difference trend we applied a directional cosine filter along the direction of magnetic declination (-
18.9% on the TMI (Fig. 9a), using a 2° of cosine function. First the directional cosine filter was applied
only in the central portion of the Paranagua Terrane, to reduce the artifacts created by this filter. But
the final results were not satisfactory as shown in Figure 8, than we applied the filter in the whole
terrane. The TMI reduced-to-the-pole - TMI-RTP and the TMI-RTP upward to 500 m are indicated in
figures 9b and 9c, respectively. The Figure 9 shows all the enhancement techniques discussed
above, with the directional cosine filter applied.

As a way of comparison the same methods applied to the data of Paranagua Terrane were also
applied to the data in Figure 8c the following methods: total horizontal derivative —-THDR (Fig. 9d), tilt
angle-TDR (Fig. 9e), total horizontal gradient of the tilt angle- TDR_THDR (Fig. 9f), horizontal tilt
angle-TDX (Fig. 9g), Signum transform (Fig. 9h), tilt angle of horizontal gradient-TAHG (Fig. 9i),
amplitude (Fig. 9j) and phase (Fig. 9K).

The relationship between TDR and Phase as proposed by Hidalgo-Gato & Barbosa (2015) can

be seen in the magnetic data of the Paranagua Terrane (Figs. 7e and 7j , 9e and 9j), where the phase
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enhances the edges of the body and shows a close agreement with the horizontal projections of the
edges of the dipping bodies.

With the directional cosine filter is possible to note the presence of a north-south (N-S) and a
northeast-southwest (NE-SW) trend in the magnetic maps. These magnetic structures reflect the

Precambrian trends of the Paranagué Terrane.
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Figure 9 — Magnetic anomaly maps of the Paranagua Terrane (see location in Figure 1) with directional
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4.2 Estimates of the depth and width of magnetic sources
An algorithm proposed by Oliveira et al. (2015) was applied to the Paranagua Terrane data,

with the purpose of estimate the depth and width of dyke-like magnetic sources. The edges of the
magnetic sources can be recognized from the locations where one or more of the spatial derivatives
change its sign, the zero crossover points, identified by the Signum transform (de Souza & Ferreira,
2012). The sources depths and widths were calculated using the distances between the center of the

filtered anomalies and the zero crossover points, as input values (Oliveira et al. 2015).

These data were compared with the Euler deconvolution (Thompson 1982). Euler deconvolution
is a semi-automatic interpretation method that is frequently used in the magnetic interpretation. For a
given source type, which is specified by its structural index (SI), it provides an estimate of the source
location. In this case, it was used a contact model solution (Sl = 0), with a tolerance of 5% and with a

window size equal to 10 m (Fig. 10a).

Figure 10 shows the comparison of the Oliveira algorithm with the Euler deconvolution. It is

possible to note that they qualitatively agree with each other.
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(2015) algoritm based on Signum transform of the Paranagua Terrane (see location in Figure 1).

This algorithm allows an improvement of Euler, as can be seen in Figure 10b. The depths vary

from shallow bodies with less than 200 m and deeper bodies with more than 600 m, and with

intermediate responses varying from 200-400 m and 400-600 m.

The same algorithm was applied to the directional cosine data, and the results are shown in

Figure 11. It is possible to note that the depths estimated with the Euler deconvolution also qualitative

agree with the algorithm. The Figure 11b presents the Oliveira algorithm depth, and also the

responses presented are better to analyze than Euler's. The bodies depth lies on the range of

shallow, less than 200 m and in between 200-400 m, with a lower presence of deeper bodies (400-

600 m and higher than 600 m).
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Figure 11 — Directional cosine filter applied to depth estimated from Euler deconvolution (a) and depth
(b) estimated from the Oliveiras’s algoritm based on Signum transform of the Paranagua Terrane (see
location in Figure 1).

Figure 12 shows the application of the algorithm in the magnetic data of the Paranagua Terrane
to determine the bodies width. In Figure 12b this algorithm was applied in the directional cosine data.
The magnetic sources of the Paranagua Terrane have an estimated width mainly between 600 m and
1400 m and more than 1400 m. Such estimates are overstated as a result of the upward continuation
(500 m) of the magnetic data and due to the flight line spacement (500 m). It is possible to note that in

Figure 12a are more shallow bodies than Figure 12b.
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Figure 12 — Application of the algorithm (Oliveira et al. 2015) based on Signum transform to estimate the
width of the magnetic bodies, in the magnetic data (a) and in the directional cosine data (b).

4.3 Magnetic structural Interpretation

For the magnetic interpretation we used, preferably, the TAHG method, due to the fact that is
less sensitive to the depth difference. Shallower and deeper anomalous bodies have its edges
highlighted by its maximum signal amplitudes.

In Figure 11 we compared the magnetic structures interpreted from the TAHG (in black) map
with the geological structures (in red) available in the literature (Cury, 2009). The Figure 11a shows
the magnetic interpretation from the data in Figure 7h, and Figure 11b presents the magnetic

interpretation from the directional cosine filter data in Figure 8h of the Paranagué Terrane.
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Figure 13 - (a) Magnetic lineaments (black lines) interpreted from TAHG map (Fig. 7h) and the
geological structures (in red) from Cury (2009). (b) Magnetic lineaments (black lines) interpreted from
directional cosine TAHG map (Fig. 8h) and the geological structures (in red) from Cury (2009).

The magnetic interpretation was a good contribution for the Paranagua Terrane, due to the fact
that some structures cannot be seen in the geological interpretation and its existence can be only
inferred through geophysical mapping. The swarms of diabase dykes (Fig. 11a) are very expressive in
the central portion of Paranagua Terrane with a NW-SE trend. As these dykes have a significant
magnetic signal, they could mask the signal in other directions, so we used the directional cosine filter
to suppress this NW-SE trend (Fig. 11b). Regional structures can only be seen after the application of
the filter, as the Cubat&ozinho Shear Zone and the Guaratuba- Morretes Fault. Due to the study area
be located near the coast, there is also the influence of the coverage of recent deposits. The
geological structures identified in Figure 11b, shows a good correlation with the interpreted magnetic
structures, confirming the potential methods as good for the geological mapping. These results

illustrate the usefulness of enhancement methods for the interpretation of potential field data.




80

5. CONCLUSION

The use of enhancement methods is a great tool for the geological mapping. They are
employed to detect density and magnetic susceptibility contrasts between rocks, as well as to
estimate the shape and location of subsurface bodies causing such contrasts. This application is
useful in geological representation of the data, because it highlights geologic features, helping in their
interpretation. The enhancement techniques applied in this work were considered effective for the
structural magnetic outline. New edge-detections methods such as the monogenic signal (phase and
amplitude) showed consistency with the Paranagua Terrane data.

The applicability of an algorithm based on Signum transform in the magnetic data proved to be
a good semi-quantitative method in comparison with Euler Deconvolution. The responses of this
method showed great consistency with the real data, which could be considerate as an alternative to
the traditional Euler deconvolution method.

Finally, it is noticed that the interpretation maps generated from TAHG have demonstrated to be
consistent with the geologic interpretation, especially in the concern of regional structures. The
magnetic interpretation allowed us to recognize the influence of the diabase dykes in the Paranagua
Terrane, and by suppressing the signal of these dykes was possible to confirm regional structures.
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5 CONCLUSAO

Devido ao Terreno Paranagua estar inserido numa regido de dificil acesso, a
integracdo  geofisico-geolégica através dos metodos gamespectrométricos e
magnetomeétricos, contribuiu para complementacédo e confirmacao de feicdes geoldgicas ja

mapeadas.

A gamaespectrometria € uma metodologia importante na cartografia geoldgica,
especialmente de corpos graniticos. Nesta pesquisa, foi possivel estabelecer uma relacao
entre dados litogeoquimicos e aerogamaespectrométricos que confirmaram os dados de
campo disponiveis na literatura. Tal consisténcia permite inferir a composicao litogeoquimica
destas suites graniticas com base nos dados aerogeofisicos (K, eU e eTh) em funcéo da

homogeneidade da cobertura e no nimero de amostras.

As altas anomalias gamaespectrométricas foram correlatas as Suites Morro Inglés,
Canavieiras-Estrela e Rio do Poco, corroborando assim com a cartografia geoldgica

disponivel na literatura.

A mobilidade dos radionuclideos K, eTh e eU foi analisada através de perfis
esquematicos frente ao relevo, que permitiram observar a mobilidade natural e a ocasionada
por movimentos de massa decorrentes na regidao. A relacdo entre a distribuicdo dos dados
aerogamaespectrométricos e movimentos de massa pbde ser observada de forma
satisfatoria para a area em questdo. Foi possivel observar que as cicatrizes desses
movimentos podem ser relacionadas com a média + 1 desvio padrdao das anomalias
gamaespectromeétricas. Dessa forma, novos estudos associados ao mapeamento de areas
susceptiveis a movimentos de massa podem envolver técnicas gamaespectrométricas

integradas a geomorfologia e ao estudo geotécnico.

Os métodos de realce sdo uma ferramenta para o mapeamento geoldgico, sendo
utilizados para detectar contrastes de densidade e de susceptibilidade magnética das
rochas, bem como para estimar a localizacado e a forma das fontes magnéticas. Os mapas
interpretados a partir destes métodos permitiram um enriguecimento nas estruturas do
Terreno Paranagud como também confirmaram estruturas jA mapeadas. Através da

interpretagdo do mapa da inclinacdo do sinal analitico do gradiente horizontal total foi
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possivel uma maior contribuicdo no tracado de lineamentos (arcabougco magnético-
estrutural), principalmente segundo um trend NW-SE que correspondem a um enxame de
diques do Mesozodico relacionados ao Arco de Ponta Grossa. A aplicacdo do filtro cosseno
direcional permitiu suprimir o sinal de alta frequéncia desses diques, 0 que possibilitou o

realce de estruturas regionais segundo um trend NE-SW.

A automatizagdo do Signum transform através do algoritmo de Oliveira et al. (2015)
nos dados magnéticos demonstrou compatibilidade qualitativa e semi-quantitativa em
comparacao com a Deconvolucdo de Euler, possibilitando uma estimativa da profundidade
das fontes magnéticas. O numero de solucbes decorrentes do algoritmo foi menor
comparado com o Euler, e demonstraram uma maior consisténcia em relacdo aos diques,
favorecendo assim a interpretacdo. Assim, os resultados semiquantitativos do Signum
transform (h e a — algoritmo de Oliveira et al. 2015) podem constituir uma alternativa ao

tradicional método da Deconvolugéo de Euler.
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