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Resumo

Pesquisas metodoldgicas apontaram sérias limitacGes da deconvolucdo de Euler (ED)
para delinear a forma da fonte. No entanto, a ED tem sido extensivamente empregada em
dados de campo para delinear interfaces e estimar mergulhos de falhas e zonas de
cisalhamento, evidenciando uma divergéncia entre os resultados teoricos e praticos desta
técnica. Para conciliar essa discordancia, mostramos que o ED pode ajudar a inferir
informacdes Uteis sobre o volume e o mergulho da fonte, quando aplicado as anomalias
reduzidas ao polo causadas por dois tipos de corpos. No primeiro, 0 corpo pode ter
contraste uniforme de magnetizacao, mas interfaces rugosas. O mergulho pode entéo ser
estimado grosseiramente a partir do agrupamento das solugdes. No segundo tipo, as
interfaces do corpo podem ser lisas, mas apresentarem contrastes internos de
magnetizacdo. Neste caso, além de mergulho, pode-se delimitar aproximadamente o
volume da fonte a partir do envelope do agrupamento de solugdes. Para corroborar 0s
resultados tedricos, a ED foi aplicada em duas anomalias aeromagnéticas: uma delas
associada com uma zona de empurrdo e a outra com um corpo de formacdo ferrifera
bandada. Estes dois casos foram escolhidos como exemplos reais dos experimentos
tedricos: para a zona de empurrdo, o agrupamento de solucbes segue sua forma geoldgica
conhecida e permite estimar a variacdo do mergulho, enquanto que para a formagéo
ferrifera bandada, o agrupamento de solugdes se espalha ocupando um volume. Para o
ultimo caso, uma modelagem direta 3D sobre a anomalia real também foi realizada para
estimar a distribuicdo de magnetizacdo e a ED foi aplicada para o ajuste da anomalia
sintética. O agrupamento de solucGes resultante € semelhante ao obtido com a anomalia
de campo, mostrando a consisténcia dos resultados de ED. A partir dos resultados obtidos,
pode-se concluir que a ED realmente ndo delineia a forma da fonte, mas que informacoes

uteis sobre mergulho e volume podem, de fato, ser inferidas.

Palavras-chaves: Magnetometria; deconvolucdo de Euler; modelagem magnética.



Abstract

Methodological researches have pointed out severe limitations of Euler deconvolution
(ED) to outline source shape. However ED has been extensively employed on field data
to outline interfaces and estimate dips of faults and shear zones, evidencing a
disagreement between theoretical and practical results of the tool. To reconcile this
disagreement, we show that ED might help to infer useful information about source
volume and dip, when it is applied to the reduced-to-the-pole anomalies caused by two
types of body. In the first, the body might have uniform magnetization contrast but rough
interfaces. The dip can then be grossly estimated from the solution cluster. In the second
type, the body interfaces might be smooth but it has internal magnetization contrasts.
Now, besides dip, one can delimit approximately the source volume from the solution
cluster envelope. ED was also applied to field anomalies, which are caused by a curved-
shape thrust zone and by a banded iron formation. These two field cases were considered
as examples of anomalies caused by the described first and second types of bodies, being
the ED results similar for each body type: for the thrust zone, the solution cluster follows
its known geologic shape and allows to estimate dip variation whilst, for the banded iron
formation, the solution cluster spreads out occupying a volume. For the latter case, a
forward 3D modeling of the field anomaly was also performed to estimate the
magnetization distribution and ED was applied to the fit synthetic anomaly. The resulting
solution cluster is similar to the one obtained with the field anomaly, showing the
consistency of the ED results. From the obtained results, it can be conclude that ED does
not really outlines source shape but that useful information about dip and volume might
be indeed inferred.

Keywords: Magnetometry; Euler deconvolution; magnetic modeling.
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Capitulo 1

Introducéo e Objetivos

1.1 Elementos do campo geomagnético

O vetor do campo magnético total possui trés componentes ortogonais nas
direcbes X, Y e Z (Figura 1). A declinagdo magnética € o angulo entre o norte geogréfico
e 0 norte magnético e a inclinacdo | refere-se ao angulo entre o vetor campo total H e o
plano horizontal. A inclinacdo do campo magnético varia de acordo com a latitude
magnética. Isso implica que um corpo com mesma intensidade de magnetizacao pode ter
variacdo na forma e amplitude da anomalia magnética dependendo da latitude da Terra

em que o corpo estiver localizado.

Norte Geografico

Norte Magnético

. :
Mponente horizontal

Campo Total

— 0|

Componente
Vertical

Campo Magnético
da Terra

H=Intensidade do campo magnético total
=l

I=Inclinagdo do campo magnético
D=Declinagdo magnética

Figura 1: Representacdo grafica dos elementos do campo geomagnético
(modificado de Kearey et al., 2002).
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1.2 Justificativa e Objetivos

Para atender a necessidade de interpretar grande volume de dados aeromagnéticos
de forma rapida, a partir da década de 70 surgiram os métodos automaticos (Barbosa e
Silva, 2005), por exemplo: deconvolucdo de Werner (Hartman et al., 1971); o método de
Naudy (Naudy, 1971); o método de CompuDepth (O’Brien, 1972); e a deconvolucédo de
Euler (ED) (Thompson, 1982). Dentre eles, o mais popular é o método de Thompson
(1982) desenvolvido para estimar simultaneamente a posi¢éo e tipo de fontes magnéticas.
Devido a isto, 0 método tem sido discutido e aperfeicoado por diversos autores (Barbosa
etal., 1999; Barbosa et al., 2000; Silva et al., 2001; Reid 2003; Cooper, 2004; FitzGerald
et al. 2004; Mushayandebvu 2004; Melo et al. 2013; M. Fedi, 2013; Guoging Ma, 2014;
Melo e Barbosa 2017, entre outros) e atualmente é uma das técnicas mais utilizadas para
interpretacdo pratica de dados potenciais. No entanto, estudos analiticos destacam
algumas deficiéncias da ED (Barbosa & Silva, 2005), dentre elas: a) presenca de nuvem
de solugdes espurias obtidas pelo critério de Thompson (1982); b) necessidade de
conhecimento a priori do indice estrutural (IE); c) limitagdes na determinacdo de
susceptibilidade; d) dificuldade em inferir mergulho de fontes magnéticas e e) ineficacia

para determinar a forma tridimensional de fontes anémalas (Uieda et al., 2014).

Apesar das limitagdes apontadas por pesquisas metodoldgicas, a ED vem sendo
largamente utilizada na préatica em diversas areas para interpretacao de dados potenciais,
por exemplo: detectar lineamentos, falhas, trends e/ou contatos geolégicos (Ferracioli et
al., 2002; Orug and Keskinsezer, 2008; Reeh et al., 2008; El-Gout et al., 2010; Orug and
Selim, 2011; Araffa et al., 2012; Gohl et al., 2013; Al-Saud. 2014; Rocha et al., 2014;
Araffaetal., 2015; Hadhemi et al., 2016; Wang et al., 2017; Martins-Ferreira et al., 2018;
Weiherman et al., 2018), localizar zonas de sutura (Bournas et al., 2003), estimar
parametros de falhas (Ndougsa-Mbarga et al., 2012; Chen et al., 2014; Harrouchi et al.,
2016; Khalil et al., 2016; Awoyemi et al., 2017; Bahrudin and Hamzah, 2018), localizar
falhas para fazer correlagbes com hipocentros no caso de estruturas sismogénicas
(Mazabraud et al., 2005; Minelli et al., 2016), delinear estruturas e/ou blocos tectonicos
em bacias sedimentares (Anand et al., 2009; Chandrasekhar et al., 2009; Ferraciolli et al.,
2009; Castro, 2011; Cooper et al., 2011; Castro et al., 2014; Dhaoui et al., 2014; Curto et
al., 2015; Sridhar et al., 2017), delinear estruturas de impacto (Werner et al., 2010),

caracterizar zonas ou corpos de ferro (Mieth et al., 2014; Alamdar et al., 2015; Alamdar,
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2016; Oladunjoye et al, 2016; Moghtaderi et al., 2017; Olasunkami et al., 2017),localizar
corpos andmalos crustais (Ebbing et al., 2007; Alrefaee et al., 2017), e mapear estruturas
do embasamento em &reas Precambrianas (Osinowo et al., 2014; Zhang et al., 2015;
Akinlalu et al., 2018; lbraheem et al., 2018).

Portanto, existe uma lacuna entre os estudos metodologicos e a comunidade
cientifica que utiliza a ED na pratica que precisa ser melhor entendida: se pesquisas
metodoldgicas apontam que as solucdes da ED estdo associadas apenas ao topo das fontes
ou estimam no maximo uma localizacdo aproximada da fonte, qual o significado
geoldgico das solucdes obtidas nas aplicacdes praticas que nao estdo correlacionadas com
0 topo das fontes andmalas? O objetivo desse trabalho foi demonstrar que os modelos
sintéticos precisam reproduzir melhor corpos geoldgicos reais para diminuir as

discrepancias entre as duas abordagens.



Capitulo 2

Materiais e Métodos

A metodologia aplicada obedeceu quatro passos: a) modelagem direta magnética
3D para corpos sintéticos; b) transformacdo de reducdo ao polo; ¢) aplicagdo da
deconvolucgdo de Euler no ambiente do Oasis Montaj; d) filtragem de solugdes espurias.

3.1  Modelagem Direta 3D para corpos sintéticos

A modelagem magnética direta foi feita usando a abordagem de Okabe (1979).
Baseado no principio da superposicdo e o teorema de Poisson associado a terceira
identidade de Green, Okabe (1979) deduziu uma expressdo analitica para calcular o
campo magnético produzido por um corpo poliedrico com facetas poligonais e

magnetizacdo uniforme (ver apéndice).

2.2 O Filtro Reducao ao Polo Magnético

A forma da anomalia magnética depende tanto da geometria da fonte quanto das
direcdes vetoriais de magnetizacdo. Com excecdo dos polos e equador magnético, as
anomalias magneticas apresentam carater dipolar, o que dificulta sua interpretacdo. Sendo
assim, para interpretar dados magnetomeétricos em regides de latitudes magnéticas baixas
ou intermediarias ¢ comum utilizar a transformacdo de reducdo ao polo, permitindo
centralizar o pico positivo sobre a fonte andmala (Figura 2), (Silva, 1986; Blakely, 1995).
Este tipo de filtragem torna a direcdo de mergulho dos corpos mais evidente. Além disso,
a deconvolugdo de Euler aplicada no campo magnético reduzido ao polo produz

estimativas de profundidades mais precisas (Thompson, 1982).
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— >

Filtro Reducgao

Figura 2: Esquema da aplicacdo do filtro de reducéo ao polo (Blakely, 1996).

No entanto, este tipo de filtragem pode introduzir alinhamentos espurios na
direcdo da declinacdo magnética quando aplicado em anomalias localizadas em baixa
latitude magnética (Blakely, 1996). Para diminuir o exagero das feicdes N-S causadas
como efeito desse filtro foi empregada uma pseudo-inclinagdo que consiste em aplicar
correcdo na componente de magnitude do algoritmo (Geosoft, 2015).

No dominio da frequéncia, o operador matematico da reducdo ao polo magnético
é definido pela expresséo:

L(®) L

- [sen(1) —icos(1)*cos(D —6)?]

Eq. (2.1)

onde I=inclinagdo magnética; D=declinagio magnética e 0 é o nimero de onda. A medida
que | se aproxima de zero e (D-0) se aproxima 7/2, o operador se aproxima do infinito e
a equacdo se torna instavel, o que ocorre frequentemente em regides de baixas a
intermedidrias latitudes magneticas. Sendo assim, a instabilidade pode ser minimizada

pelo uso da pseudo-inclinacéo (la) que é usada para controlar a amplitude do uso do filtro:

1

L(0) = . >
[sen(l,)—icos(l)*cos(D —-6)]

Eq. (2.2)
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Geralmente, utilizamos empiricamente o valor do complemento da inclinacéo

para este fator de corregéo.

2.3 O Problema Inverso: Deconvolucéo de Euler 3D

O método de Thompson (1982) é uma técnica de modelagem geofisica inversa

baseada na equacdo da homogeneidade de Euler:

oT Gl o1
(X—Xo)&+(y—VO)EHZ—ZO)E——UT, Eq.(2.3)

em que (Xo, Yo, Zo) representa a posicéo da fonte magnética cujo campo total T é detectado

em (X,y,z). O grau de homogeneidade 7 esta associado com um indice estrutural, que é a

medida da taxa de decaimento do campo magnético em funcdo da distancia de sua fonte
e varia de acordo com a fonte magnética. O processo inverso relaciona o campo
magnético e os componentes do gradiente para a localizacdo das fontes de uma anomalia,

com base no indice estrutural (77 =0 para contato, 7 =1 para dique, =2 para cilindroe n
=3 para esfera).

Como tentativa de simular uma aproximacao local para obter uma separagao
regional-residual, assume-se uma perturbacdo no campo magnético tal que:
h=h (x,y,2) =T(X,Y,2)+b, admitindo-se informac&o preliminar do indice estrutural

e sendo b um nivel de base desconhecido. Desta forma, a Equacéo (2.3) torna-se:

Xoa_h+yoa_h+z @4_ b— ah y—h—i—Za—h—}-?]h EQ(24)
OX oy oz EX oy oz

A equacéo (2.4) pode ser escrita na forma matricial:

nom oM . U

X = Ui +1hy
ox oy oz OX 8y ' oz
: : : S e Yo |_ . Eq. (2.5)
z
oh, oh, ohy 0 oh, 8h1 oh,
T T T 't h
x oy b ) \Mwox TUnG T T

A equacdo (1.3) representa um problema inverso linear da forma Gm=d ,

onde a matrizG e R ™* ¢ o operador linear, m representa o vetor de parametros do

modelo e d o vetor das observacoes.
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Admitindo-se um valor conhecido para o indice estrutural, a metodologia de Euler
estima as coordenadas da fonte andmala (Xo, Yo € zo), e 0 nivel de base (b). Esses
pardmetros sdo calculados dentro de um intervalo, conhecido como janela mével de

dados, aplicando-se 0 método dos quadrados minimos na equacéo (2.5):
m=(G'G)"(G'd), Eq.(2.6)

sendo M= (%, ¥, Z, b)" o vetor das estimativas dos parametros.

2.4 Critérios de Filtragem

Utilizamos dois critérios de filtragem: a) tolerancia maxima nas incertezas de

profundidade; b) critério do volume de filtragem.

2.4.1 Tolerancia maxima das incertezas nas estimativas de profundidade

Segundo Thompson (1982), o critério de aceitacdo das solucdes deve atender:

A

Zy

103,

> & Eq.(2.7)

o,, € 0 desvio padrdo de Z,e ¢ um escalar positivo fornecido pelo intérprete. O desvio

padrdo é tratado como uma "barra de erro" na estimativa de profundidade e forma a base
para um algoritmo que determina se uma estimativa de profundidade deve ou ndo ser
aceita. Cada estimativa aceita e relacionada com uma dada janela de dados é considerada
como uma possivel solucdo e um simbolo (representando o indice estrutural presumido)
é plotado nas coordenadas (Xo, Yo, Zo). O indice estrutural experimental que produz a
menor dispersdo das solucdes é selecionado como a melhor estimativa do verdadeiro

(Thompson, 1982). O critério deve aceitar a estimativa de n que produza a menor
dispersdo das solugdes.
Utilizamos o critério proposto por Reid et al. (1990). Os autores recomendam

aceitar as solucdes associadas a incertezas nas estimativas de profundidade limitadas em
até 15%.
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2.4.2 Volume de Filtragem

O segundo critério adotado é aplicado apds a filtragem pelas incertezas das
profundidades. E um critério empirico simples que desenvolvemos e consiste em
descartar as solucdes que estdo localizadas fora de um dado prisma obliquo definido por
oito vertices (Figura 3). As faces superior e inferior do prisma sdo paralelas a superficie
da Terra e podem ser retdngulos ou losangos. As dimensdes e mergulho do prisma (angulo
a na figura) sdo inferidas a partir da andlise visual do conjunto de solugdes ED e da
anomalia reduzida a polo, de modo que, de acordo com a avaliacdo do intérprete, o prisma
contém as solucOes aceitaveis. Em particular, as dimensdes horizontais do prisma devem
ser grandes o suficiente para conter o conjunto de solu¢es mais rasas que delineiam a

face superior da fonte magnética.

Figura 3: Exemplo do prisma — segundo critério de filtragem

Por geometria analitica, criamos um algoritmo de forma que inicialmente obteve-

se 0 vetor unitario normal a cada face. Depois, para cada solucgéo foi calculado o produto

escalar do vetor distancia entre essa estimativa e a normal a cada face ( L ). Se o resultado
dessa operacdo fosse maior ou igual a zero para todas as faces, a solucdo seria aceita. Se
ao menos um produto escalar fosse negativo, a solucdo seria considerada espuria e

eliminada do conjunto original de profundidades estimadas.
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2.5 Aplicacbes

Para verificar a eficacia da metodologia, inicialmente, fizemos testes em corpos
sintéticos de formas que 0s mesmos representassem 0 maximo possivel, corpos

geoldgicos reais.

A area de estudo para aplicacdo real da metodologia esta localizada no Estado do
Piaui, nordeste do Brasil na regido sudoeste da Provincia Borborema e noroeste do Craton
Sao Francisco (Figura 4). Grande parte dos corpos e estruturas associadas as fontes
magnéticas ndo aflora. Portanto, supde-se que a sua continuidade em subsuperficie pode
ser melhor caracterizada aplicando-se o método de deconvolucédo de Euler. Além disso,
as duas areas foram sistematicamente escolhidas de forma que cada uma represente 0s
principais resultados obtidos nos dados sintéticos. A primeira, localizada na Faixa Riacho
do Pontal esta associado a uma zona de empurrdo sendo que a anomalia magnética pode
estar correlacionada ao dado sintético que reproduz material magnético fino colocado em
ambiente compressivo. O segundo corpo, localizado na porcéo noroeste do Craton Séo
Francisco corresponde a uma sequéncia meta-vulcano-sedimentar com formagoes
ferriferas bandadas, que possuem zonas contendo concentracGes massivas de minério de
ferro. A anomalia pode ser comparada ao resultado do dado sintético com contraste

interno de magnetizacéo.
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Figura 4: Mapa geologico da Provincia Borborema com a localizacéo da area de estudo

(modificado de Bizzi et al., 2003). Os retangulos em vermelho indicam as duas areas de
estudo.
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ABSTRACT

Methodological researches have pointed out severe limitations of Euler deconvolution
(ED) to outline source shape. However ED has been extensively employed on field data
to outline interfaces and estimate dips of faults and shear zones, evidencing a
disagreement between theoretical and practical results of the tool. To reconcile this
disagreement, we show that ED might help to infer useful information about source
volume and dip, when it is applied to the reduced-to-the-pole anomalies caused by two
types of body. In the first, the body might have uniform magnetization contrast but rough
interfaces. The dip can then be grossly estimated from the solution cluster. In the second
type, the body interfaces might be smooth but it has internal magnetization contrasts.
Now, besides dip, one can delimit approximately the source volume from the solution
cluster envelope. ED was also applied to field anomalies, which are caused by a curved-
shape thrust zone and by a banded iron formation. These two field cases were considered
as examples of anomalies caused by the described first and second types of bodies, being
the ED results similar for each body type: for the thrust zone, the solution cluster follows
its known geologic shape and allows to estimate dip variation whilst, for the banded iron
formation, the solution cluster spreads out occupying a volume. For the latter case, a trial-
and-error 3D modeling of the field anomaly was also performed to estimate the
magnetization distribution and ED was applied to the fitting synthetic anomaly. The
resulting solution cluster is similar to the one obtained with the field anomaly, showing
the consistency of the ED results. From the obtained results, it can be conclude that
although ED does not outlines source shape it can furnish useful information about source
dip and volume.

Keywords: Magnetometry; Euler deconvolution; magnetic modeling.
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INTRODUCTION

Estimating shape and magnetization contrast of anomalous sources is a difficult task
because of the inherent ambiguity of magnetic data inversion (Blakely, 1996). Thus,
quantitative interpretation should be done ideally under the interpreter control. However,
trial-and-error modeling approaches, particularly in the 3D case, is still a very time-
consuming operation, especially when one takes into account the huge amount of data
that the interpreter usually has to deal. As a result, semi-automatic inversion methods are
the approach of choice at least for a first fast-track phase of the quantitative interpretation.
Among these methods, one of the most used is the Euler Deconvolution (ED) proposed
in the seminal work of Thompson (1982), which was generalized to the 3D case by Reid
et al. (1990). ED allows to estimate simultaneously position and type of a magnetic
source, being the type defined by a structural index (SI) associated with the decay rate of
the magnetic anomaly.

ED has been extended to the gravity case (e.g. Zhang et al., 2000; Reid, et al.,
2003) and has been widely used to interpret potential field data in several geological
problems. A literature survey allows one to find applications as varied as: detecting
lineaments, faults, trends, and/or geological contacts (Ferracioli et al., 2002; Oru¢ and
Keskinsezer, 2008; Reeh et al., 2008; EI-Gout et al., 2010; Orug and Selim, 2011; Araffa
et al., 2012; Gohl et al., 2013; Al-Saud. 2014; Rocha et al., 2014; Araffa et al., 2015;
Hadhemi et al., 2016; Wang et al., 2017; Martins-Ferreira et al., 2018; Weiherman et al.,
2018), locating suture zones (Bournas et al., 2003), estimating fault parameters (Ndougsa-
Mbarga et al., 2012; Chen et al., 2014; Harrouchi et al., 2016; Khalil et al., 2016;
Awoyemi et al., 2017; Bahrudin and Hamzah, 2018), locating faults to allow correlation
with hypocenters in the case of seismogenic structures (Mazabraud et al., 2005; Minelli
et al., 2016), delineating structures and/or tectonic blocks in sedimentary basins (Anand
et al., 2009; Chandrasekhar et al., 2009; Ferraciolli et al., 2009; Castro 2011; Cooper et
al., 2011; Castro et al., 2014; Dhaoui et al., 2014; Curto et al., 2015; Sridhar et al., 2017),
outlining impact structures (Werner et al., 2010), characterizing iron-bearing zones or
bodies (Mieth et al., 2014; Alamdar et al., 2015; Alamdar, 2016; Oladunjoye et al, 2016;
Moghtaderi et al., 2017; Olasunkami et al., 2017), locating crustal anomalous bodies
(Ebbing et al., 2007; Alrefaee et al., 2017), and mapping basement structures in
Precambrian areas (Osinowo et al., 2014; Zhang et al., 2015; Akinlalu et al., 2018;
Ibraheem et al., 2018).
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Since its proposition, potentialities and limitations of ED have been thoroughly
discussed and several improvements were proposed (e.g. Barbosa et al., 1999; Barbosa et
al., 2000; Silva et al., 2001; Reid, 2003; Cooper, 2004; FitzGerald et al., 2004;
Mushayandebvu, 2004; Barbosa and Silva, 2005; Fedi, 2013; Melo et al., 2013; Guoging,
2014; Melo and Barbosa, 2017). In particular the original ED has deficiencies associated
to the presence of spurious solutions (e.g. Barbosa and Silva, 2005) and difficulties to
estimate Sl (e.g. Silva et al., 2001). In addition it has been argued that ED cannot outline
3D sources (Uieda et al., 2014) or even estimate source dips (e.g. Barbosa and Silva,
2005).

The presence of spurious solutions has been mitigated by the usage of additional
restrictive criteria to accept solutions (e.g. Reid et al., 1990; Fairhead et al., 1994; Barbosa
etal., 1999; Mikhailov et al., 2003; Melo et al., 2013). The difficulty in estimating SI was
reduced after Barbosa et al. (1999) showed that a good choice for Sl is that one producing
the least correlation between the magnetic anomaly and a constant base level, which is a
local approximation for the regional magnetic field. An alternative approach is the Hsu
(2002) proposal of joint inversion of SI and source position. Finally, in order to obtain
estimates of source dips, extensions of ED have been proposed (e.g. Mushayandebvu et
al., 2001; Mushayandebvu et al., 2004; Ugalde and Morris, 2010; Guoging, 2014).

Let us focus on the question of the inefficacy of ED to outline 3D sources. This
inefficacy was evidenced by several theoretical studies as, for example, by Uieda et al.
(2014) based on empirical results of ED obtained with magnetic sources of simple shape
and uniform magnetization. On the other hand, contrasting results have been reported
from ED applications on field data. As examples, ED has been used to outline in vertical
sections faults and geological contacts (Fais et al., 1994; Widiwijayanti et al., 2004;
Pilkington et al., 2009; Carvalho et al., 2012; Jordan et al., 2013; Carvalho et al., 2014;
Sanchez-Rojas et al., 2014), delineate crustal-scale faults along transects (Curto et al.,
2015; Zhang et al., 2015), estimate fault dips (Ndougsa-Mbarga et al., 2012; Bahrudin
and Hamzah, 2018), and even to sketch the 3D architecture of sedimentary basins (Castro,
2011; Rodrigues et al., 2014) or to model a 3D fault system (Jammes et al., 2010; Rabii
et al., 2018). Therefore, it can be seen that there is a disagreement between the theoretical
and practical results of ED about its efficacy to outline 3D sources.

In our view, the referred disagreement is related to the question of whether

theoretical models actually typify real geological bodies. Geological bodies might have
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characteristics rarely (or hardly) incorporated in theoretical models, as high interface
roughness and intense variation of magnetization. In this work we apply ED to two types
of bodies where we incorporate these two characteristics in the simplest possible manners.
In the first one, we take into account interface roughness by employing anomalous bodies
which have uniform contrast of magnetization but delimiting interfaces containing several
edges. On the other hand, in the second type of body, the delimiting interfaces are
dominantly smooth but the magnetization intensity varies inside the body. As we show,
the obtained results with ED, applied in the reduced-to-the-pole version of the anomalies,
although do not outline accurately the sources, indeed allow the interpreter to infer useful
information about their dip and volume.

We also apply ED to two aeromagnetic field anomalies, which were judiciously
chosen in a large survey area in Piaui state, Brazil (Figure 1), as field cases as close as
possible to the two referred types of anomalous bodies, according to the available
geological information. For each case, the ED result obtained with field data is similar to
that one obtained with the respective type of synthetic data. Below, we begin by
presenting a summary of the employed methodology and, later, we show the applications

of ED for synthetic and field anomalies.

METHODOLOGY

The methodology is composed by the following elements: a) 3D magnetic modeling in
the case of synthetic anomalies and, both in synthetic and field data cases, b) reduction to
the pole transformation, ¢) application of the ED classic version (Reid et al., 1990) using

an industry tool, and d) elimination of spurious solutions.

3D magnetic modeling

The magnetic modeling was done using the approach of Okabe (1979). Based on the
superposition principle and combining the Poisson theorem and Green’s third identity,
Okabe (1979) deduced an analytical closed expression for the magnetic field produced
by a polyhedral body having polygonal facets and uniform magnetization. An algorithm
based on this expression allows to compute the magnetic anomaly of complex-shaped
bodies having uniform magnetization. In addition, by superposing the effects of multiple

bodies, it is possible to vary also the magnetization. For simplicity, the effects of



21

remanence were not taken into account so that the resulting magnetization is assumed to
be induced, even in the 3D trial-and-error modeling of field data.

The magnetic anomaly of all synthetic bodies were calculated using the typical
magnetic environment of the survey area in the Piaui state, Brazil (Figure 1): inclination
and declination equal to -23° and -22° respectively. The survey area is part of the
Borborema Province, a major geologic/tectonic unity located in the Northeastern region
of Brazil (Almeida et al., 1981). The strike of all bodies was chosen to be N60°E, because
this is the dominant direction of shear zones, related emplaced bodies, and associated
magnetic anomalies in the study area (Oliveira and Medeiros, 2018), as a result of the
Pan-African/Brasiliano tectonic event that occurred during the West Gondwana
amalgamation (Brito Neves et al., 1999; Arthaud et al., 2008).

Reduction to the pole transformation
The interpretation of magnetic anomalies is facilitated when they are reduced to the pole,
because in this condition the anomaly peak is positioned over the magnetic source and
source dips are more evident (Blakely, 1996). In addition, ED presents better performance
when it is applied to the reduced-to-the-pole version of the anomalies (Thompson, 1982).
We follow then the common procedure of applying this transformation as a previous step
to ED.

Reduction to the pole might be an unstable transformation in low-latitude regions
(Silva, 1986), because spurious magnetic lineaments might be generated along the
direction of declination. As informed above, inclination is typically equal to -23°. For this
inclination, we verified using synthetic data that spurious effects caused by reduction to
the pole are indeed present. However, they can be greatly mitigated by employing the
pseudo-inclination method (MacLeod et al., 1993).
Euler deconvolution
ED is based on the Euler’s homogeneity equation given by (Blakely, 1996):

(# —7).VT = —qT (Eq. 1)

where T is the magnetic anomalous field measured at the point #, which is caused by a
source located at the point 7, being n the decay rate of the generated anomaly. n is known
as the structural index (SI) (Thompson, 1982). For example, n = 3 corresponds to a point

dipole, n = 2 corresponds to a line of dipoles, and n = 1 is associated with a thin, dipping
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prism. Fractional Sl values are sometimes used (e.g. Reid et al., 1990; Castro, 2011) as a
manner of mitigating solution spreading.

When referred to a right-hand Cartesian coordinate system with x, y, and z axes
pointing in the North, East, and down directions, respectively, ED can be written as
(Thompson, 1982):

G-x) S+ -y S+ @ -2)5 =T -B), Ed

where (X, Y, z) =7, (Xo, Yo, Z0) = 7y, and a base level B was included to represent locally
the regional component of the magnetic field (Reid et al., 1990; Barbosa et al., 1999).

Acceptance criteria for the solutions

Eqg. 2 is valid at every point (x, y, z). However, given a Sl, Eq. 2 is often solved in the
least-squares sense for the field dataset contained in a given window in order to obtain
reliable estimates of (xo, Yo, Zo) and B. The Moore-Penrose inversion (Reid et al., 1990)
might be employed to stabilize the solutions. The window is moved and, depending on
the overlapping between adjacent windows, several estimates might be obtained for the
same source point (Xo, Yo, Zo0), from which mean and variation around the mean can be
estimated (Reid et al., 1990).

ED solutions are often too scattered so that posterior acceptance criteria are
necessary. We employ two acceptance criteria. The first one, from now on named Depth-
filtering, is the criterion described in Reid et al. (1990) that, for a set of estimates of (o,
Yo, 20), retain just the estimates whose depth uncertainty is limited to a given percentage
of the mean value (often the chosen value is lower than 15%). Table 1 shows the
parameters used in the ED for all synthetic and field cases. The second criterion,
henceforth named as VVolume-filtering, is always applied after the Depth-filtering. It is a
simple empirical criterion we developed and consists in discarding the solutions which
are located outside a given oblique prism defined by eight vertices (Figure 2). The top
and bottom faces of the prism are parallel to the Earth’s surface and might be rectangles
or rhombuses. The prism dimensions and dip (angle « in Figure 2) are inferred from the
visual analysis of both the ED solution cluster and the reduced-to-the-pole anomaly so
that, according to the interpreter appraisal, the prism contains the acceptable solutions. In
particular, the prism horizontal dimensions must be large enough to contain the cluster of

shallowest solutions that delineate the upper face of the magnetic source.
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RESULTS FOR SYNTHETIC DATA

Figure 3a shows the anomalous Body A which has uniform contrast of magnetization (1.0
A/m), in relation to the surrounding medium, but rough delimiting interfaces. On the other
hand, Figure 3b shows the anomalous Body B whose delimiting interfaces are smooth but
has strong internal contrasts of magnetization. In Figure 3b note that the magnetization
intensity inside each prism is cumulative; that is, the magnetization intensities relative to
the surrounding medium is 1.0 A/m and 5.2 A/m for the outermost (in black) and
innermost (in green) prisms, respectively.

The depths of the source tops are 1.5 km and 0.5 km for bodies A and B,
respectively. On the other hand, the depth of the source bottom is 5.5 km for both bodies.
Body A might represent, for example, a sheet of anomalous material emplaced in a
transtractive sector or crushed/squeezed in a compressive sector of a shear zone. On the
other hand, Body B might represent a massive concentration of iron ore.

The anomalous fields caused by bodies A and B were calculated on a grid on the
Earth surface having dimensions 40 km (E-W) and 30 km (S-N). The grid size is 100 m
in both directions. The resulting datasets were interpolated using the minimum-curvature
method. After the reduction to the pole transformation, the anomaly caused by Body A is
shown in Figure 4a, that shows also the projections on the Earth’s surface of the body
edges. Observe that the body strike (N60°E) is clear in the anomaly shape. In addition,
the body dip to SE (Figure 3a) can be inferred from the anomaly asymmetry along the
direction perpendicular to the body strike.

Based on the source shape, we select a priori Sl equal to 1 for Body A. After
applying just the Depth-filtering criterion, ED solutions are shown as a 3D view in Figure
5a. From this figure, it is clear that the solutions are not restricted to the top of the source.
Although the depth of the source bottom is 5.5 km, there are consistent ED solutions up
to 4.5 km (Figure 5a). Note that a subset of the ED solution cluster forms a ramp, which
follows grossly the ladder defined by the edges of Body A, while another subset forms
complex 3D shapes. The role of the second acceptance criterion of solutions (Filtering-
volume) is to eliminate as much as possible the subset of solutions forming these complex
3D shapes. Figure 5b shows the ED solutions, already presented in Figure 5a, now in a
joint view with the prism used to filter them. After applying the Filtering-volume
criterion, the remaining solutions are shown alone in Figure 5c, in a joint 3D view with

Body A in Figure 5d, and superposed on the magnetic anomaly in Figure 4b.
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To better analyze the discrepancy between the body dip and the dip associated
with the cluster of ED solutions, we show in Figure 6 the results of additional tests,
employing the same Sl and similar bodies, but modifying the dip of the ladder formed by
the edges. Note that Figure 6 shows views on the vertical section perpendicular to the
body strike and that Body A is the case (b) of this figure. From these results one can
conclude that the resolution on the dip estimate might be poor; however, even in the worst
cases at least the dip direction is safely estimated.

As a final test to evidence that the ED solution cluster is really associated with the
non-smooth boundaries of the body, we show in Figure 7 the results of three additional
tests: now we gradually remove the composing bodies, one pair at a time, starting with
the deepest pair. Accordingly, the resulting number of solutions composing the ED
clusters decreases gradually, from bottom to top. Note also that the discrepancy of the dip
estimates varies.

For Body B, the reduced-to-the-pole version of the anomaly is shown in Figure
8a. This figure also shows the projections on the Earth’s surface of the body edges,
including the internal ones. Similarly to Body A, the body strike (N60°E) is clear in the
anomaly shape. However, now the anomaly is almost symmetric in relation to its central
axis following the strike direction, thus revealing that the magnetization distribution
inside the body is also approximately symmetric. In particular, the dip (or at least, the
mean dip) is subvertical.

On the contrary of Body A, it is not easy to select an a priori value to Sl in the
case of Body B. To confirm the difficulty, we present in Table 2 the results of tests to
select Sl values based on the criteria of minimizing the variations of either the base level
and depth estimates (Melo and Barbosa, 2017a and b). The two Sl selection criteria
produce the same results (SI = 3). However, we performed three additional tests where
the internal bodies were removed, one by one, from the bottom up. Although the two
criteria suggest the same Sl values for each resulting anomaly, the suggested value
changes as the internal magnetization contrasts are removed (Table 2).

Because of the difficulty in selecting SI, we decide to apply ED with all three
possible integer values. The resulting ED solutions are shown in Figures 9a, 10a, and 11a
for Sl equal, to 1, 2, and 3, respectively. The cluster for Sl equal to 3 is also shown as
projections on the Earth’s surface in Figure 8b, superposed on the magnetic anomaly.
Observe that all ED clusters contain solutions that are not restricted to the top of the
source (Figures 9a, 10a, and 11a), in a similar manner to the results for Body A. Inspecting
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the clusters of solutions one can infer, independently of the employed S, that the body
dip is subvertical, in a consistent way with the anomaly symmetry. In addition, there are
very deep ED solutions for all SI, so that (except near its NE and SW vertical faces) the
internal volume of the body is partially occupied by solutions, particularly for SI equal to
1 or 2. Thus, a gross estimate of the source volume might be obtained from the surface
enveloping the ED solution cluster.

To confirm that the presence of the deep solutions in Figure 9a is due to the strong
internal contrasts of magnetization (Figure 3b), we show in Figures 9b-9d the results of
three ED additional tests also using SI = 1 and applying the same window parameters
(Table 1), but now removing the internal bodies one by one from the bottom up. Note that
the subset of deep solutions gradually decreases, so that in the last case (Figure 9d), when
just the outermost body (Figure 3b) is maintained, the solutions practically outline just
the top of the body. ED solution clusters for similar triads of tests are shown in Figures
10b-10d for SI = 2 and in Figures 11b-11d for SI = 3. Qualitatively the results are similar
independently of the used SI.

Summarizing the results obtained with synthetic bodies A and B, we can say, in
strict words, that ED does not really outlines 3D magnetic sources. In fact, except for the
top face of the bodies, the delimiting interfaces were not delineated in any modeled case.
However, reliable and useful information about dip (at least dip direction in the worst

case) and/or source volume might be indeed inferred for both cases.

RESULTS FOR FIELD DATA

We also apply ED to two aeromagnetic field anomalies, which were judiciously chosen
in a large survey area in Piaui state, Brazil (Figure 1) in order that their sources conform
as much as possible, accordingly to the know geological information, to the two types of
synthetic anomalous bodies above presented. The first anomaly (Figure 12), henceforth
named as Paulistana anomaly, is associated with a curved-shape thrust shear zone (Figure
13). This anomaly might be explained by a thin sheet of anomalous material
crushed/squeezed inside the thrust shear zone, being thus similar to the one caused by
synthetic Body A (Figure 3a). On the other hand, the second anomaly (Figure 14),
henceforth named as the Sdo Raimundo Nonato anomaly, is caused by a massive
concentration of iron ore inside banded iron formations contained in a meta-volcano-

metasedimentary sequence (Figure 15). This anomaly is then similar to the one caused by
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synthetic Body B (Figure 3b). Note that both shown anomalies (Figures 12 and 14) are
not yet reduced to the pole.

Aeromagnetic survey information

The two chosen anomalies are included in a large surveyed area covering the Southeastern
region of Piaui state (Figure 1) and adjacent regions of the neighboring states (Ceard, to
the East and Pernambuco, to the South). For the two chosen anomalies, the flight height
was 100 m and the survey lines were oriented in the N-S direction. Total field
measurements with cesium-vapor magnetometers were done every 0.1 s along the survey
lines, which is equivalent to every 7.7 m on the ground. The tie lines were spaced by 500
m. The GPS positioning accuracy is about 1.0 m. State-of-the-art data processing
(including IGRF removal) was performed by the firms contracted for the surveys,
resulting high precision magnetic anomalous field datasets as one can appreciate in
Figures 12 and 14. The only processing operation we applied before ED was reduction to
the pole transformation.

Paulistana anomaly - thrust shear zone

This study area is part of the Riacho do Pontal belt, near the limit between the Borborema
Province and the Sdo Francisco craton. The Riacho do Pontal belt suffered in the
Neoproterozoic intense deformation associated with the Pan-African/Brasiliano orogeny,
which occurred during the West Gondwana amalgamation (Brito Neves et al., 1999;
Arthaud et al., 2008). Nappes of the Riacho do Pontal belt are identified as vestiges of the
thrusting process of the Borborema Province over the S&o Francisco craton (Oliveira and
Medeiros, 2018). In the Paulistana area, a crustal fragment was thrusted to the South,
forming a curved-shape shear zone (Figure 13). The shear zone dip to the North and the
dip angle is low, frequently near 20° but varying between 5° and 40° (Uchéa Filho and
Freitas, 2017). In the reduced-to-the-pole version of the magnetic anomaly (Figure 16a)
the trace on the Earth’s surface of the thrust zone was added, so that one can verify that
this anomaly is really associated with this shear zone (possibly a sheet of squeezed
anomalous material).

After applying both the Depth- and Filtering-volume criteria, the resulting ED
cluster of solutions is shown in Figure 16b superposed to the magnetic anomaly. We select
SI = 1 because the causative body might be considered as a dipping curved-shaped thin
dike. Note that the solution cluster follows the thrust zone, a fact that is better appreciated
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in Figure 17, where the dipping for North (that is, ranging from NE to NW) of the solution
cluster can also be seen. Note also that the cluster includes solutions as shallow as 80 m,
in accordance with the fact that the thrust shear zone is outcropping (Figure 13). To better
analyze the dip estimates which can be obtained from the ED solutions, Figure 18a shows
a 3D view of the solutions whilst Figures 18b, 18c, and 18d show the solutions subsets
which are concentrated near the vertical planes containing the three transversal profiles
L1, L2, and L3, respectively (the positions of the three profiles are shown in Figure 18a).
Observe in Figures 18b, 18c, and 18d that every dip estimate is around 20°, in accordance
with the known geological information (Uchéa Filho and Freitas, 2017).

Similar results to the above described for the Paulistana anomaly were obtained
by Gopal (2016) for thrust zones in the Himalayas. Several other ED applications also
report dip estimates for geological structures (e.g. Rodrigues et al., 2014; Zhang et al.,
2015; Bahrundin and Hamzam, 2018)

Séo Raimundo Nonato anomaly - massive concentrations of iron ore

In this area a Neoarchean meta-volcano-sedimentary sequence occurs (Figure 15). The
basement are formed by migmatitic orthogneisses of Paleoproterozoic age (Figure 15).
The meta-volcano-sedimentary sequence includes banded iron formations (the Lagoa do
Alegre and Lagoa da Ema complexes), which have zones containing massive
concentrations of iron ore. The chosen magnetic anomaly (Figure 14) is caused by a zone
of this kind, according both to the surface geology information (Augusto et al., 2014) and
drilling holes (Cordani, 2013). Therefore, we consider this anomaly is being similar to
the one caused by synthetic Body B (Figure 3b).

A reduced-to-the-pole version of the magnetic anomaly is shown in Figure 19a,
superposed to the available geological information. A visual inspection of this anomaly
allows one to infer that its causative body: a) strikes in NE directions, b) has width
approximately equal to 850 m, ¢) has subvertical dip (because of the anomaly symmetry),
d) has a deeper upper face in its southwestern end part, and e) is possibly cut by a NW-
SE sinistral strike-slip fault offsetting its southwestern end part from the remaining part
(Figure 19b). It is known that this fault has a normal component (Augusto et al., 2014).
We assign the depth change of the upper face of the body to the normal component of this
fault.

We tested three different Sl values (1, 2, and 3), choosing SI = 3 because it

produces base level estimates showing the smallest standard deviation, following in this
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way the recommendation of Melo and Barbosa (2017a) to choose the Sl in cases where
the interest anomaly suffers the effects of interfering bodies. Note that the same Sl value
resulted from the application of this criterion to the anomaly caused by Body B (Table 2).

After applying both the Depth- and Filtering-volume criteria, the resulting ED
cluster of solutions is shown in Figure 19b, over the reduced-to-the-pole version of the
magnetic anomaly, and as a 3D view in Figure 20. From these figures one can infer that
the ED solutions, although follow grossly the anomaly contours (Figure 19b), vary from
very shallow (< 150 m) to very deep (around 700 m) (Figure 20). In their spatial
distribution, note that there is a relatively higher concentration of deep solutions in the
southwestern part of the anomaly (compare the number of yellow and red points in Figure
19b), in accordance with the previous analysis that there the upper face of the causative
body is deeper. More important, although the drill holes shown in Figure 19a have
approximately the same length, drill holes 4 and 5 did not reach the causative body but
drill holes 1, 2 and 3 found it (Cordani, 2013). Therefore, we cannot consider the deep
elements of the ED cluster of solutions as spurious because they are consistent with all
available information. In the following we give further arguments favouring the reliability
of these solutions.

We performed a trial-and-error 3D modeling of the magnetic anomaly using the
Okabe (1979) method, under the assumption that the magnetization is induced. The
resulting estimated model is shown in Figure 21 as a projection on the Earth’s surface
over the generated synthetic magnetic anomaly, and in Figure 22 as a 3D view, either
alone (Figure 22a) or together (Figure 22b) with the ED solution cluster obtained with the
field anomaly (Figure 20). Note that: a) the body strikes approximately in the direction
N75°E, b) the body dip is subvertical, c) the shallowest part of the upper face of the body
has depth equal to 100 m, d) there are strong internal contrasts of magnetization (in a
similar manner to the synthetic Body B, the contrasts shown in Figure 22a are
cumulative), e) the body has an offset between its southwestern and northeastern parts,
coinciding approximately with the position of the inferred NW-SE sinistral strike-slip
fault (Figure 19a), f) the upper face of the body is deeper in its southwestern part, g) the
intensity of magnetization increases more sharply in the northeastern end part of the body
than in the southwestern end part, and h) the modeled outermost body contains
approximately all elements of the solution cluster (Figure 22b). By this way, all available
geophysical and geological information, including the constraint that the source volume
contains approximately the ED solution cluster, were incorporated in the model.
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The generated synthetic anomaly (Figure 21) fits quite well the field anomaly
(Figure 19a), as one can verify by comparing these two figures, or by comparing the
profiles L1 to L5 (Figures 23a to 23e). Discarding the effects of laterally interfering
bodies, the only part of the anomaly in which the misfit is relatively high is along the L1
profile (Figure 23a) evidencing that the magnetization increase in the southwestern end
part of the body should be even more gradual than the modeled one. Given the small
misfit between field and synthetic anomalies, we applied ED to the latter one using the
same Sl, parameters and solution acceptance criteria employed for the field anomaly
(Table 2). The resulting ED cluster of solutions is shown in Figure 24 superposed to the
synthetic anomaly and in Figure 25 in a 3D view jointly with the modeled body. Note that
the ED solution cluster resulting from the synthetic anomaly reproduces qualitatively all
the main characteristics described previously for the ED solution cluster resulting from
the field anomaly (compare Figures 19b and 24, or Figures 22b and 25). We conclude
then the ED solution cluster (Figure 19b) is reliable and really results from the internal

contrasts of magnetization.
DISCUSSION

Let us first give qualitative mathematical arguments to support the results. Eqg. 1 (or its
version for the Cartesian coordinate system given by Eq. 2) is valid at every measuring
point. However, Eq. 2 is often solved in the least-squares sense, using the field dataset of
a mesh contained in a window. The resulting Gramm operator is increasingly diagonally
dominant as the window size increases and the mesh size decreases; in the limit when the
window size tends to infinity and the mesh size tends to zero, the Gramm operator is
exactly diagonal as shown by Barbosa et al. (1999). Let us examine the terms of the ED
least squares-equation, assuming that the window is large enough for the Gramm operator
to be strongly diagonally dominant, so that the effects of its off-diagonal entries can be
discarded. In this condition, the eingenvalues of the Gramm operator are equal to its
diagonal elements. We assume initially that the source is a vertical prism of uniform
contrast of magnetization, producing magnetic anomalies as the ones shown in Figures
26a and 26g. Later more complex bodies will be considered.

The diagonal elements of the Gramm operator are the three Cartesian terms of

— 2
|VT||", that is (g—z)z, (g—i)z, and (Z—Z)Z, besides N7, where N is number of mesh points
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contained in the window. On the other hand, the entries of the right-hand side of the ED

: : aT | oT aT | OT
least-squares equation contain elements of the form <£ |a£> and B8 <£ %>, where a
and gstand generically for x, y, and z, being & # f, and (.|.) represents the inner product

of the quantities inside the window (Barbosa et al., 1999). As a result, regions having high

=, 112 . . .
values of ||[VT||” contribute dominantly to form both the eingenvalues of the Gramm
operator and the entries of the right-hand side of the ED least-squares equation. Because

x and y define the Earth’s surface, where the measurements are done, components X and
y of VT are very well sampled and have high values over the top face borders of the

prisms (Figures 26b and 26h). On the other hand, the z-component of VT, as estimated
from measurements on the x-y plane, is relatively high over the prism center (Figures 26¢
and 26i). However, in comparison with the x- and y-components, the effects in the z-
component is lower, being much more sensitive to the depth of the top than to the depth

of the bottom of the prism. As consequence, the ED solutions are highly biased by the
contributions for VT caused by the prism upper face. For example, doubling the prism
thickness produces significant effects in the x-component of VT (compare Figures 26b

and 26h) but almost negligible effects in the z-component of VT (compare Figures 26¢
and 26i). Therefore, ED solutions are actually equivalent solutions honoring almost
exclusively the dominant effects of the upper part of the prism (compare Figures 26d and
26j).

The rationale above explains why ED is so successful in outlining the contour of
the upper face of magnetic sources: compared to all other faces, the shape and gradients
of the magnetic anomaly register very well the details of the source upper face.
Concerning the other faces of the source, there are basically two cases where their effects
on the anomaly gradient measured on the Earth’s surface might increase: if the source has
dipping and rough delimiting interfaces (containing edges, saliences, or protuberances,
for example), and/or if the source has strong internal contrasts of magnetization (produced
either by remanence and intensity variation). This is the kind of result we show here with
both synthetic and field data.

Comparing however the degree of agreement between each pair of ED results for
the synthetic and field anomalies we consider as being similar (that is, Body A and
Paulistana anomalies, for dipping rough interfaces, and Body B and Sdo Raimundo

Nonato anomalies, for strong internal contrasts of magnetization), we evaluate that we
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were comparatively much more successful with the second pair. In other words, with the
simple modeling approach through which we tried to typify real geological bodies, we
came closer to mimic real strong internal contrasts of magnetization but we are still far
from modeling real dipping rough interfaces. Actually, rough surfaces in Nature might be
even fractals and not just simple edges as we modeled here.

Despite the difference in success in modeling the two types of bodies, in both
cases one can state, at least, that ED allows the interpreter to infer more information about
a real source than just outlining its upper face contour. The ED practitioners learned this
rapidly based on their large experience in dealing with field data and comparing ED
results with available geological information. So, practitioners are one step ahead of
theorists in this matter. To confirm the practitioners view, we employ here an ED version
as close as possible to what they do (that is, a classic ED provided by a standard industry
tool) and we work just in the direction of trying to typify as far as possible real geological

bodies with the available modeling algorithms.

CONCLUSIONS

There is a disagreement in the literature between theoretical and practical results of ED
concerning its efficacy to outline 3D magnetic sources. In our view, this disagreement
can be resolved by recognizing that theoretical models are still very far from typifying
real geological bodies, because these bodies might have characteristics rarely (and hardly)
incorporated in the models as, for example, high interface roughness and intense variation
of magnetization. In this work we apply ED to synthetic magnetic anomalies produced
by two types of models incorporating in a simple manner these two characteristics. We
also apply ED to two aeromagnetic field anomalies, which were judiciously chosen as
field cases as close as possible to these two types of anomalous bodies, according to the
available geological information. The obtained results with ED, applied in the reduced-
to-the-pole version of the anomalies, were similar both for synthetic and field datasets,
particularly for the case of anomalous bodies having strong internal contrasts of
magnetization. For the models we employed, ED does not really outlines 3D magnetic
sources. However, even for these models still very simple, ED allows the interpreter to
infer more information about the magnetic sources than just outlining their upper face

boundaries. In fact, useful additional information about dip and source volume can be
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inferred if the source delimiting interfaces are very rough and/or the source has strong

internal contrasts of magnetization.
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Figure 1- Location map of the study areas in Piaui state, Brazil.
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Figure 2- Oblique prism employed in the second criterion (Volume-filtering) of
acceptance of the ED solutions. The solutions which are located outside the given prism
are discarded (see example in Figures 5b and 5c¢). The top and bottom faces of the prism
are parallel to the Earth’s surface and might be rectangles or rhombuses. The prism
dimensions and dip (angle «) are inferred from the visual analysis of both the ED solution

cluster and the reduced-to-the-pole anomaly.
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Figure 3- Anomalous synthetic bodies A (a) and B (b). Body A has uniform contrast of
magnetization (1.0 A/m) but rough delimiting interfaces. On the other hand, Body B has
smooth interfaces but strong internal contrasts of magnetization intensity. In (b) the
magnetization intensity inside each prism is cumulative. As example, the intensity
contrasts relative to the surrounding medium is 1.0 A/m and 5.2 A/m for the outermost

(in black) and innermost (in green) prisms, respectively.
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Figure 4- Body A: Reduced-to-the-pole anomaly and the projections on the Earth’s
surface of the body edges (a) and ED solutions (b). ED parameters are shown in Table 1.
The color bar for the field intensity is the same for maps (a) and (b).
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Figure 5- Body A: 3D views of the ED solutions obtained with SI = 1. After applying
only the Depth-filtering criterion (a), the same in a joint view with the prism employed
for the Volume-filtering criterion (b), after applying both Depth- and Volume-filtering
criteria (c), and the same in a joint view with the source (d). The color bar for the depth

of the ED solutions is the same for all cases.
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Figure 6- Body A: Projections of the ED solutions on the vertical section transversal to
the body strike and passing through its center. Different cases of body dip are shown to
evidence the discrepancy between the body dip and the dip associated with the ED cluster
of solutions. Dip angles of 36° to SE, 45° to SE (b, the same as in Figure 5d), 60° to SE
(c), 36° to NW (d), 45° to NW (e), and 60° to NW (f). The color bar for the depth of the

ED solutions is the same for all cases.
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Figure 7- Body A: Projections of the ED solutions on the vertical section transversal to
the body strike and passing through its center. In (a), all the stairs (that is, the horizontal
prims) composing Body A are maintained (so (a) case is the same as in Figure 6b), but
from (b) to (d), the stairs were gradually removed, one pair at a time, starting with the

deepest pair (b). The color bar for the depth of the ED solutions is the same for all cases.
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Figure 8- Body B: Reduced-to-the-pole anomaly and the projections on the Earth’s
surface of the body edges (a) and ED solutions obtained with SI =3 (b). The colors used
for the body edges in (a) are the same used in Figure 3b. ED parameters are shown in

Table 1. The color bar for the field intensity is the same for maps (a) and (b).



49

Z(km)

Z(km)

Z(km)

Z(km)

Depth (km)

0.8 1.5 22 29 3.6 43 5.0

Figure 9- Body B: 3D views of the ED solutions obtained with SI = 1. In (a), all the
internal contrasts of magnetization shown in Figure 3b are maintained, but from (b) to
(d), these contrasts were gradually removed, one by one, starting in (b), where just the
innermost prism was removed, and ending in (d), where just the outmost external prism

remains. The color bar for the depth of the ED solutions is the same for all cases.
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Figure 10- Body B: The same is in Figure 9 but now using SI = 2. The color bar for the

depth of the ED solutions is the same for all cases.
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Figure 11- Body B: The same is in Figure 9 but now using SI = 3. The color bar for the

depth of the ED solutions is the same for all cases.
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Figure 12- Paulistana study area: Maps of aeromagnetic anomalies in regional (a) and
local (b) views. The study area is located in Piaui state, Brazil (Figure 1). The
geomagnetic field has inclination and declination equal to approximately -23° and -22°,
respectively. Maps (a) and (b) are on the same scales as the geologic maps shown in
Figures 13a and 13b, respectively. The color bar for the field intensity is the same for
maps (a) and (b). Comparing magnetic and geologic maps one can verify that the curved-

shaped thrust zone is associated with a magnetic anomaly.
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Figure 13- Paulistana study area: Geologic maps in regional (a) and local (b) views.
Adapted from Uchda Filho and Freitas (2017).
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Figure 14- Sdo Raimundo Nonato study area: Maps of aeromagnetic anomalies in
regional (a) and local (b) views. The study area is located in Piaui state, Brazil (Figure 1).
The geomagnetic field has inclination and declination equal to approximately -23° and -
22°, respectively. Maps (a) and (b) are on the same scales as the geologic maps shown in
Figures 15a and 15b, respectively. The color bar for the field intensity is the same for
maps (a) and (b). Comparing magnetic and geologic maps one can verify that strong
magnetic anomalies might occur in association with a Neoarchean meta-volcano-

sedimentary sequence.
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Figure 15- Sdo Raimundo Nonato study area: Geologic maps in regional (a) and local (b)
views. Adapted from Augusto and Santos (2014).
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Figure 16- Paulistana study area: Reduced-to-the-pole version of the magnetic anomaly
shown in Figure 12b superposed to the outcropping thrust zone (a) and to the ED solution
cluster obtained with SI = 1 (b). ED parameters are shown in Table 1. The color bar for
the field intensity is the same for maps (a) and (b).
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Figure 17- Paulistana study area: Joint 3D view of the reduced-to-the-pol

anomaly and ED solution cluster. The variation in the dip direction of the E
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Figure 18- Paulistana study area: 3D view of the ED solution cluster (a) and projections
on the vertical sections transversal to the thrust zone of the ED solution subsets which are
near the profiles L1 (b), L2 (c), and L3 (c). The color bar for the depth of the ED solutions
is the same for all views. From (b) to (d), the shown lines and angles highlight the local

mean dip of the solution cluster.



59

0

)

9°18'0"S

9°18'45"S

42°38'15"W 42°37'30"W 42°36'45"W

@ Drill hole —— Mapped lineament === Inferred fault

9°18'45"S

42°38'15"W 42°37'30"W 42°36'45"W

(nT)
=251 =77  -34 331

Figure 19- Sdo Raimundo Nonato study area: Reduced-to-the-pole version of the
magnetic anomaly shown in Figure 14b superposed to the known (Augusto and Santos,
2014) or inferred geological information (a) and to the ED solution cluster obtained with
SI =3 (b). Information about the drill holes are given in Cordani (2011). ED parameters

are shown in Table 1. The color bar for the field intensity is the same for maps (a) and

(b).
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Figure 20- Sdo Raimundo Nonato study area: 3D view of the ED solution cluster.
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Figure 21- Sd0 Raimundo Nonato study area: Reduced-to-the-pole version of the
synthetic magnetic anomaly resulting from a trial-and-error 3D modeling of the field
anomaly shown in Figure 19a. The projections on the Earth’s surface of the edges of the
modeled magnetization distribution (Figure 22a) and the location of five profiles are also

shown. The colors used for the body edges are the same used in Figure 22a.
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Figure 22- Sdo Raimundo Nonato study area: 3D views of the modeled magnetization
distribution. In (a), all internal intensity contrasts are shown, besides the drill hole
positions. As in the synthetic Body B, the magnetization intensity inside each prism is
cumulative. In (b), only the outmost external body is shown with the ED solution cluster

obtained with the field anomaly (that is, the same solution cluster shown in Figure 20).
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Figure 23- Sdo Raimundo Nonato study area: Comparison between field and synthetic
(or calculated) magnetic anomalies along profiles L1 to L5. The synthetic magnetic
anomaly is due to the magnetization distribution (Figure 22a), resulting from a trial-and-
error 3D modeling of the field anomaly (Figure 19a). The location of five profiles are

shown in Figure 21.
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Figure 24- S&o Raimundo Nonato study area: Synthetic magnetic anomaly resulted from
the 3D trial-and-error modeling (also shown in Figure 21) superposed to the ED solution

cluster from it obtained using SI = 3. ED parameters are shown in Table 1.
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Figure 25- Sdo Raimundo Nonato study area: 3D view the outmost external body resulting
from the trial-and-error modeling (Figure 22a) with the ED solution cluster obtained with

the synthetic magnetic anomaly (that is, the same solution cluster shown in Figure 24).



66

a) b) )

20

10

10

Figure 26- Panel of results showing the effects of doubling the thickness of a vertical
prism in its magnetic anomaly (a and g), x-component of VT (b and h), and z-component

of VT (e and i). The vertical prism generating anomalies (a) to (c) has dimensions 5 x 5
x 5 km? whilst the one generating anomalies (g) to (i) has dimensions 5 x 5 x 10 km?.
The induced magnetization (1.0 A/m) and the depth to the upper face (0,5 km) are the
same for both prisms. ED solutions obtained in each case are superposed on the three
types of anomalies in figures (d) to (f) (thinner prism) and in figures (j) to (1) (thicker

prism). ED parameters are shown in Table 1.



67

Max.
Cell depth Windo Max. Flight
Case/Figure size Sl | toleranc w distance | height
(m) e size (km) (m)
(%)
Body A/Fig. 5d 100 1 5 10 5 0
Body A/Fig. 6b 100 1 15 20 6 0
Body A/Fig. 6¢ 100 1 5 10 5 0
Body A/Fig. 6d 100 1 5 10 5 0
Body A/Fig. 6e 100 1 10 20 6 0
Body A/Fig. 6f 100 1 5 20 6 0
Body A/Fig. 7b 100 1 5 10 4 0
Body A/Fig. 7¢c 100 1 5 10 4 0
Body A/Fig. 7d 100 1 5 10 3 0
Body B/Fig. 9a 100 1 5 7 5 0
Body B/Fig.
Y g 100 2 5 7 5 0
10a
Body B/Fig.
Y g 100 3 5 7 5 0
11a
Paulistana
anomaly/Fig. 125 1 15 20 - 100
17
S&o Raimundo
. 62.5 3 15 6 - 100
Nonato/Fig. 20
S8o Raimundo
) 62.5 3 15 6 - 100
Nonato/Fig. 25
Vertical prism/
100 1 5 10 3 0
Fig. 26d
Vertical prism/
) ] 100 1 5 10 3 0
Fig. 26j

Table 1- Parameters used in the ED for all synthetic and field cases. Each case is identified

by both its name and the main figure where the solution cluster is shown.



Internal magnetization contrasts Figure Si
With all internal prisms Fig. 11a 3
Removing just the green prism Fig. 11b 3
Removing the green and red prisms Fig. 10c 2
Removing the green, red, and blue )
prisms Fig. 10d

Table 2- Body B: Best Sl values resulting from the criteria of minimizing the variations
of either the base level and depth estimates (Melo and Barbosa, 2017a and b) for the
magnetic anomalies produced by different cases of Body B. Each case is identified by the
subset of prisms which compose the internal contrasts of magnetization and by the main

figure where the ED solution cluster is shown. The two criteria suggest the same Sl value

68

for each case. However, the suggested Sl value changes as the internal contrasts of

magnetization are removed.
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APENDICE

Modelagem Magnética Direta 3D

As modelagens sintéticas do estudo foram baseadas na proposta de Okabe (1979).
O autor utilizou a Relacdo de Poisson e a Terceira Identidade de Green correlacionada
com o principio da superposicao para obter o campo magnético de corpos poliédricos
compostos por facetas poligonais.

O potencial magnético é obtido a partir da primeira derivada do potencial
gravitacional em uma dada direcdo e o campo magnético em uma direcdo arbitraria €
adquirido a partir da segunda derivada do potencial gravitacional pela Relacdo de Poisson.
A sequir, sera descrito de forma breve os passos seguidos pelo autor para obter o campo

magnético de corpos poliédricos.

Regras de Transformacédo do Campo Gravimétrico em Magnético

Dado o potencial gravitacional U na origem P devido a um corpo de volume V:
U :-ijpu v, Eq. (3.1)

onde G é a constante de gravitacdo universal, p é a densidade do corpo e

1

u=-(x*+y*+z*) 2a distancia do corpo ao ponto de observacéo. A primeira derivada do

potencial gravitacional na dire¢éo k é dada por:
U =-VQU) .k, Eqg. (3.2)
onde V ¢é o operador gradiente (0/0x, 0/0y, 0/0z), ¢ k € o vetor diregcdo na k-ésima direcao,

k' = (k, K, k,)

ou Eq. (3.3)
k' =[cos(x,k),cos(y,k),cos(z,k)]

sendo cos(x,k), o cosseno direcional da k-ésima direcdo na direcdo x e assim por diante.
Substituindo a Equacéo (2.1) em (2.2), tem-se:

U, =G[V(pu)-k dv Eq. (3.4)
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E aplicando o teorema da divergéncia:

U, :Gjpu-k‘n ds . Eq.(3.5)
S

sendo S a superficie do corpo de volume V e n a direcdo do vetor especificando a normal

pra fora da superficie infinitesimal dS.

Adicionando a diregdo |, a segunda derivada do potencial gravitacional U,, pode

ser obtida:

Uy ==G[V-[V(pu)-K]I dV Eq.(3.6)

O teorema da divergéncia torna a equacéo (2.6) como:

Uy =-G[I'n-V(pu)-k dS Eq.(3.7)
S

Okabe (1979) utiliza a relacdo de Poisson para obter o campo magnético de
poliedros. O autor transforma a expressdo do potencial gravimétrico demonstrado na

equacdo (3.5) em potencial magnético fazendo Gp =1 e considerando k como vetor de

intensidade magnética. Além disso, considera o campo magnético do corpo na direcdo k
obtido a partir da derivacao do potencial gravimétrico (equacdo 3.7), sendo | o vetor de

intensidade magnética.

Admite-se que o corpo poliédrico é composto de vérias facetas poligonais.
Portanto, empregando o principio da superposi¢do, 0 campo magnético do corpo sera
obtido pelo somatdrio da contribuicdo magnética individual de cada faceta que compde o
corpo. O algoritmo de modelagem utilizado é flexivel quanto a forma geométrica do

corpo a ser modelado, e permite adicionar vértices ao corpo para compor o modelo.

Etapas da modelagem
A modelagem é composta por duas fases:

12 Etapa - gerar o prisma associado a fonte andmala. Os parametros de entrada
do prisma séo: a) dimensoes (altura, largura e profundidade); b) profundidade do topo do

prisma; ¢) magnetizacdo do prisma em A/m; d) declinacéo e inclinacédo; e) parametros do
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grid de amostragem (n° de pontos nas direcdes norte e leste; espacamento da amostragem,
coordenadas iniciais); f) desvio padrdo do ruido a ser inserido no campo observado; g)
direcdo (declinagéo e inclinacdo) do campo observado; h) posi¢éo do corpo no grid e i)
angulos de rotacdo do prisma.

2% Etapa — calcular o campo magnético de cada face do prisma gerado. A figura

5 apresenta alguns exemplos da composicao de corpos anémalos possiveis neste tipo de

modelagem.
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Figura 5: Exemplos de composicéo de corpos andmalos a partir de Okabe 1979.
Em a), corpo com contraste de magnetizacdo lateral e b) corpo com contraste interno de

magnetizacéo.



