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Resumo

orégeno Aracuai é uma importante regiao para a historia geoldgica do Brasil, e

por anos tem sido estudado os mecanismos geotectonicos da area para elucidar

a producao extensa das rochas graniticas que ocorrem na regiao. Os pulsos
magmaticos que formaram o ordgeno, o subdividiram em supersuites G1, G2, G3, G4
e G5, que sao responsaveis por marcar estagios geotectonicos especificos. O Complexo
Intrusivo de Aimorés é um representante dos corpos graniticos intrusivos caracteristico da
supersuite G5, de carater pos-collisional, relacionado ao climax do colapso gravitacional
do orégeno. O Complexo Intrusivo de Aimorés apresenta feicao circular, caracteristica de
uma estrutura formada por um impacto de um meteoro. Sua expressao morfologica em
superficie fez com que a regiao ficasse reconhecida localmente como “cratera de impacto
de Aimorés”. O processo de modificacao da superficie do planeta através do impacto de
corpos extraterrestres ¢ bastante comum e seus registros geologicos sao conhecidos como
crateras de impacto. A identificacdo correta de uma cratera depende de uma série de
critérios geologicos especificos, e uma investigacao inicial é possivel através de estudos
geofisicos. O objetivo deste trabalho é caracterizar a assinatura geofisica do Complexo
de Aimorés em 3D, entender a geometria das diferentes zonas litologicas e compara
suas assinaturas com outras crateras existentes. A metodologia proposta é efetuada
através da integracao de dados geoldgicos para gerar um modelo de inversao magnética
satisfatorio de ser interpretado. A inversao do campo andémalo magnético identificou uma
area de baixa susceptibilidade ao redor da intrusao ignea de aimorés, correspondente
as rochas encaixantes sin-colisionais da super suite G2. Foram identificadas também
duas zonas de alta susceptibilidade coincidentes com a regiao de ocorréncia das rochas
pos-colisionais do G5, O complexo intrusivo de Aimorés, e também o complexo intrusivo
de Urucum. A resposta magnética de Aimorés é diferente da que é esperada de crateras
de impacto com morfologia e didmetro similares. Deste modo, neste trabalho mostramos
que estruturas com caracteristicas similares em superficie podem ter diferente geometria

em subsuperficie.

Palavras-chave: Geofisica Aplicada, Inversao Magnética, Complexo Intrusivo de Aimorés.
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Abstract

he Araguai orogen is an important region for Brazil’s geological history, and for

years the geotectonic mechanisms of the area have been studied to elucidate the

extensive production of granitic rocks that occur in the site. The magmatic pulses
that build the orogen, subdivided it into supersuites G1, G2, G3, G4, and G5, and mark
specific geotectonic stages. The Aimorés Igneous Complex (AIC) is one representative
of the intrusive granitic bodies from the supersuite G5, post-collisional, related to
the gravitational collapse of the orogen. The AIC shows a circular morphology that
reassembles a structure formed through a cratering process. Its morphological expression
on surface made the region be recognized locally as “Aimorés impact crater”. It is well
known that the more common process of alteration and modification of Earth’s surface is
the impact of extraterrestrial bodies, and the geological register of such event is known
as impact craters. The correct identification of a crater depends on a number of specific
geological criteria, but an initial investigation is possible using tools such as geophysics.
Therefore, the main goal of the present work is to characterize the geophysical signature
of the Aimorés Complex in 3D, understand the geometry of the different lithological zones,
and compare their signature with other existing craters. The proposed methodology is
carried out through the integration of geological data to generate a satisfactory magnetic
inversion model to be interpreted. The inversion of the magnetic susceptibility identified
an area of low susceptibility around the igneous intrusion of Aimorés, corresponding
to the syn-collisional host rocks of the G2 supersuite. Two areas of high susceptibility
are coincident with the region of occurrence of the G5 post-collisional rocks were also
identified, the intrusive complex of Aimorés, and also, the intrusive complex of Urucum.
It is observed that the magnetic response of the CIA is different from that expected
of impact craters with similar morphology and diameter. Thus, in this work we show
that structures with similar characteristics on the surface can have different subsurface

geometry and geophysical signatures.

Keywords: Applied Geophysics, Magnetic Inversion, Aimorés Intrusive Complex.
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“It is tmportant to draw wisdom
from many different places... If
we take it from only one place it

becomes rigid and stale.”

Uncle Iroh
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CHAPTER

Introduction

rogenic Belts are regions that records extensive granite production during its

geotectonic states, and one important representative is the Aragual orogen,

located in the southeast portion of the Brazilian territory, which is a confined
terrain surrounded by cratonic landmasses (Alkmim et al., 2006, 2017; Pedrosa-Soares
et al., 2001, 2008, 2011a). The orogen granite production represents events from the
pre-collisional to the latest post-collisional stages. And there is an important link between
the type of the magmatism and the correspondent tectonic stage of the orogen (Chappel
and White, 1974, 2001). Within the granitic rocks it is possible to distinguish distinct
petrologic signatures which represents each tectonic stage: pre-collisional, collisional and
post-collisional. The pre-collisional granitic rocks are associated with the lithosphere
subduction and are well represented by normal calc-alkalic, I-type granitoids that indicates
the development of volcanic arcs in oceanic or continental active margin settings. (Pitcher,
1993; Cobbing, 1996; Pearce, 1996). Meanwhile the collisional, or syn-collisional granites
are linked with crustal thickening generally by the under thrusting of one crustal slab
beneath another (Harris et al., 1986). They correspond to the peraluminous type-S
granitoids that often results from extensive sediment subduction into the mantle, or
incorporation of the crustal melt into the mantle wedge. These rocks are formed under
the temperature rise during this stage, due to the partial melting of recycled sediments
by ultrametamorphic anatexis (Pedrosa-Soares et al., 1998), and at last there are the
post-collisional granitoids that form after the collision stage is over, these rocks are

related to the subsequent collapse of the orogen (Harris et al., 1986; Pitcher, 1993; Pearce,



1996). Post-collisional granitoids generally show no penetrative, ductile tectonic foliation,
forming roughly circular plutons with the pre-existing regional structures accommodated
around them. These rocks are High-K calc-alkalic, I-type granites to tonalites. The
peraluminous, subalkalic to alkalic S-type leucogranites are also granitoids from this
geotectonic stage. (Pitcher, 1993; Roberts and Clemens, 1993; Pearce, 1996). Type-I
granites that are associated with a distensile tectonic setting (Pedrosa-Soares et al.,
2011b). The Late Neoproterozoic-Cambrian Araguai orogen, as previously said, records
extensive granite production into granitoid supersuites (G1, G2, G3, G4, and Gb),
correspondent to each of the tectonic stages of the orogen (Alkmim et al., 2006, 2017;
Pedrosa-Soares et al., 2001, 2008, 2011a).

Aimorés Igneous Complex (AIC) has topographical features that resemble an impact
structure, such: (7) its circular shape; (i7) raised arched edges; (7i7) depressed central part;
(7v) centrifugal drainage pattern (Hachiro and Fernandez, 2004), and on satellite images
it is possible to identify the crateriform circular shape. For this reason, the structure has
been listed as a possible impact structure in Brazil on the Expert Database on Earth
Impact Structures (EDEIS). However, other petrographic evidences are necessary to
prove this sort of origin. But they have not been found in Aimorés. On the other hand,
detailed geological mapping of Aimorés region confirmed that it is a one of the granitic
intrusions of the G5 supersuite, classified as a post-collisional plutonic body intruded
into G2 sin-collisional rocks (Pedrosa-Soares et al., 2011a). Therefore, here we refer as

the Aimorés Intrusive Complex (AIC).

Aimorés has all topographical features of such structure and we would like to
investigate if its geophysical signature in 2D and 3D is also similar to an impact crater.
The understanding of the similarities and differences of the geophysical response between
Aimorés and proven impact structures will help elucidate if magnetic data can be used as
a tool to distinguish between these structures with similar terrain morphology. The impact
of celestial bodies is recognized as the main modification process of planetary bodies
surfaces in the solar system (Koeberl, 2001), including planet Earth. Astroblemes, a term
proposed by Dietz (1969), or impact craters as they are known, mark the testimony of the
impact in form of scars on the earth’s surface, however these features are hardly identified,
given the processes of erosion, sedimentation and tectonic movement that bury or erase
the records of these impact events (Crdsta, 2012). There are many features that are not
specifically characteristic features of impact structures, so the correct identification is
based on a set of metamorphic effects, often expressed in microscopic forms for example

as planar deformation features in grains of quartz, that are the unique products of impact-

2



produced shock waves (French, 1968a; French and Short, 1968; French, 1998; Koeberl and
Shirey, 1991; Koeberl, 2002; Langenhorst, 2002). The tools used to distinguish an impact
structure from other features formed by endogenous geological processes are critical
to understand the origin of structures that show similar morphological expressions.
Geophysics is frequently used to identify and explain such structures. And, because

Aimorés is listed as a possible impact structure, we decided to analyze the magnetic data
and build a 3D model as well.

Through the analysis of the magnetic data and the inversion of magnetic sus-
ceptibility, we imaged the geometry of the AIC at depth to investigate the difference
from an impact crater. I made surface 2D interpretations of the AIC magnetic data, as
well as interpretations of 3D susceptibility models of the subsurface. It was performed
3D inversions of magnetic susceptibility data in order to achieve the best model to
understand the geometry of the AIC. In this study, we propose a method to integrate
prior lithology information as a constraint to geophysical modeling and compare it to
geophysical responses of impact structures to elucidate if different geological structures

could have similar geophysical responses.

The first chapter shows the location of the AIC; its geological setting and the
methodology used in the inversion. The second chapter presents the manuscript that
is the main part of the dissertation and contains the geophysical analysis of the AIC,
inversion results, discussions and conclusions achieved. Finally, the third chapter brings

suggestions for future works.



CHAPTER

Area of study and fundamentals

2.1 Location, access, geological setting and
methods

he Aimorés Intrusive Complex (AIC) is located on the border of Minas Gerais

state, near Espirito Santo state. The region is characterized by a tropical climate

with average temperatures of 24° to 35° degrees Celsius and an annual rainfall
around of 1500mm. The area of study is located in the municipality of Aimorés, 475
kilometers from the state’s capital, Belo Horizonte. The area can be accessed through
the BR-259 and BR-381 roads (Figure 2.1).

To illustrate the main geological units the geological mapping made by the Geological
Service of Brazil CPRM in an association with the state’s secretariat of mines and energy
of Minas Gerais is displayed on Figure 2.2. The AIC is represented by the Paleozoic units
Caladao granite and Padre Paraiso charnockite. The map is in a 1:100000 scale over the
Conselheiro Pena map (SE-24-Y-C-II), and over the Minas Gerais portion of the Sao
Gabriel da Palha mapa (SE-24-Y-C-III).



2.2. GEOLOGICAL SETTING OF THE AIMORES INTRUSIVE COMPLEX
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Figura 2.1: Access image of the study area.

2.2 Geological setting of the Aimorés Intrusive

Complex

The annular multi-intrusive Aimorés Intrusive Complex has approximately 150 km?
of area, and locally has been denominated as an impact structure due to its crateriform
expressions. The region raised arched edges, depressed central part, and circular shape
of approximately 10 km in diameter contributes to the popular name “Aimorés crater”.
In 2015, there was a dam breakage in Mariana, Minas Gerais, a city 371 kilometers
away from Aimorés’s city. The mud debris flow that escaped after the dam’s disruption,
followed the course of the Doce River, an important drain of Minas Gerais state, that
passes right beside the Aimorés structure. For a while, it was a topic of discussion if
there was a possibility to divert the mud flow into the “Aimorés Crater”, the name used

in the media to refer to the AIC low topographic expression.

But the discussion about the possible impact origin of the Aimorés’s site goes

back in time to 2004, when Hachiro and Fernandez (2004) raised several observations

bt



2.2. GEOLOGICAL SETTING OF THE AIMORES INTRUSIVE COMPLEX 6
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2.3. GEOPHYSICS OF IMPACT CRATERS 7

on the structure that could be indicative of an impact origin. They proposed that the
circular morphology, the depressed central part, the planar deformation features in some
quartz grains, among other features, were indicatives of the impact. However, detailed
mapping and geologic analysis over the years in that region show that it is an igneous
structure than anything else. The complex consists of basic and intermediate rocks in its
central part and progressively more acidic rocks towards the edges. Due to its petrological
signatures, it is observed that it resembles similar G5 intrusions that occur all over the
Aracuai orogen, and it is a zoned post-collisional intrusive body, as others representatives
of this tectonic stage (Mello, 2011). Mello (2011) performed a characterization of the AIC
as a structure with high-angled edges that dips towards the center and shows magmatic

flow foliation in its porphyritic granodiorites.

The present work is the first to perform a geophysical inversion modeling over the
AIC, and the main objective is to improve the understanding of the structure at depth.
But first, it is necessary to understand the background of how the impact structures
are formed, in order to understand why Aimorés can not fall into this category of
geologic processes that modify the Earth’s surface. The second step is to contextualize

the methodology used to perform the geophysical analysis of its signature.

2.3 Geophysics of impact craters

The most frequent process of surface modification on several solid planets is the
impact of celestial bodies (Koeberl, 2001). But the record of such events is quite often
erased because of geological activities such as weathering and plate tectonics on Earth’s
surface. The ability to distinguish an impact structure from other features formed by
endogenous geological processes is a critical factor for knowledge advancement in this
area. The indicators of an impact event are found in the target rocks that have undergone
extreme temperature and pressure change due to the shock waves generated by the impact
(Melosh, 1989). These include crateriform morphology, circular drainage patterns, huge
expression of igneous rocks, deformations in local lithologies, and circular geophysical
anomalies. The general rule is that impact craters can be recognized and confirmed
with certainty only by petrographic criteria and structural evidence, but tools such as
geophysical analysis, although not conclusive, are fundamental for the beginning of the

study.
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(French and Koeberl, 2010) compilated several general principles for recognition
and searching of such impact structures: (1) Any circular feature on the earth’s surface
is more likely to be anything else than an impact structure since geological processes
occurring on the earth’s surface place a strong role on the record of these terrestrial
impact structures, making them quite rare (Trefil and Raup, 1990; Grieve, 1991, 1998).
(2) Distinctive deformation features such as shock effects occur over a relatively small
and specific area (Ludka et al., 1965; Grieve, 1991). (3) Positive confirmation of such
structure can only come from petrographic and geochemical evidence in the rocks. (4)
Remote-sensing and geophysical observations are very relevant to initial searches, but
by themselves, they can not provide conclusive evidence. (Grieve, 1991; Koeberl, 1997;
Grieve, 1998; French, 1998; Koeberl et al., 2004; French, 2005). (5) And at least, fieldwork,

sample collecting, and examination are essential.

To understand the geophysical signatures of terrestrial impact craters, we must
define the main morphologies: simple and complex (French, 1998). There is a third
type called multi-ring basin. It is quite simple to distinguish simple from complex
craters, however, the definition of multi-ring crater brings some discussion. Melosh (1989)
described them as resulting from different processes to the ones that result in the simple

or complex craters, and also, they are most likely to be found in other planetary bodies.

Simple craters are bowl-shaped with parabolic longitudinal profiles and are often
smaller when compared to the complex ones. The apparent floor of the crater is underlain
by a layer of material, called allochthonous breccia, that has fallen back into the cavity
after the impact explosion. The true floor, on the other hand, is where the fractured
and brecciated, but in-situ rocks are, it lies under the layer of allochthonous breccia
described before. Regarding the raised rim of the crater, when preserved, it displays an
overturned stratigraphy due to the rapid excavation of the cavity (Melosh, 1989; Grieve
et al., 2010). Complex craters are wider and can be differentiated based on their internal
morphology, characterized by a central core raised in relation to its floor, shallower crater
floors, and gravitational collapse terraces at the rim. The central peak at the center of
the cavity is due to a rebound of the true crater floor. The gravitational collapse of the
walls of the excavated cavity produces terraced terrains, this process results in a complex
structure wider and shallower than the simple one (Melosh, 1989). Figure 2.3 shows the

cross-section of these two morphology types.

The impact that creates the craters is the catalyzer of structural, morphological,

and mineralogical changes in the target rocks. It can also change the density and magnetic
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Figura 2.3: a) Schematic cross-section of a simple impact crater. b) Schematic cross-
section of a complex impact crater structure.

Source: adapted from Grieve et al. (2010) In: Hawke (2004).

susceptibility of such target rocks. These alterations in the petrophysical properties can
be quantified using a suitable geophysical technique. These properties contrast between
different types of rocks is used to understand the internal geometry of the crater without
the need for drilling, for example, and also to bring to light the structures that could

have been buried by post-impact sedimentation processes.

The most common geophysical signature of these structures is the circular gravity
low that extends to the crater’s edge or could go just a little beyond it. These anomalies
are observed due to the lateral density contrast with the target rocks and are mainly
caused due to the lithological and physical changes associated with the impact process
(Pilkington and Grieve, 1992). The famous Chicxulub crater, located at the Yucatan

9
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peninsula in Mexico, shows a typical negative response, more specifically 170km diameter
circular gravity low, which correlates with the rim location of the crater (Hidebrand
et al., 1991). Gravity methods proved to be efficient to measure the diameter of the crater
rim that can be identified by the extent of the gravity low, and even to estimate the
depth extent of deformation and amount of structural uplift that has occurred (Pleiscia,
2003). According to Pilkington and Grieve (1992), the peak amplitude of the negative
gravity anomaly generally increases with the structure size, up to a maximum of about
30nGal at a 30km diameter.

The magnetic signatures of impact structures are varied and quite complex due
to the greater variation in the magnitude of the magnetic properties of the target rocks
(Pilkington and Grieve, 1992). The characteristic signature is the magnetic low on the
center of the structure in simple craters, and a high magnetic anomaly on the edges easily
observed in crystalline environments, that is recognizable by the disruption of the magnetic
regional trends (Dabizha and Fedynsky, 1975; Clark, 2001), also a positive anomaly over
the central uplift in complex structures (Pilkington and Grieve, 1992). Studies have shown
that shock pressures of 1GPa are enough to remove magnetic remanence, and 10GPa
can reduce magnetic susceptibility (Pilkington e Grive, 1992). These shock pressures are
restricted to smaller areas inside the cavity. weakly magnetic post-impact allochthonous
breccia can contribute to the magnetic response, and local high magnetic anomalies can
also be found near the center of the structure, because of magnetized components from
the basement lithologies that are uplifted at the center of wider structures, this type
of magnetization can be classified as “high-frequency” indicating a shallow magnetic
source. Or they can be rocks fused by impact or related with thermal, chemical or shock
processes, forming new magnetic minerals or resetting the magnetism of target rocks
(Pilkington and Grieve, 1992).

The AIC displays a crateriform topographic expression, but detailed mapping shows
that it is a zoned igneous body that was intruded during the post-collisional events
related to the Araguai orogen. In this study, we want to observe Aimorés’s geophysical
response and through the investigation of the susceptibility distribution in-depth see if it

resembles what is expected of an impact structure.

10
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2.4 Method

In this section I will discuss the methodology applied in order to perform the

qualitative interpretations, and geophysical inversions.

2.4.1 Data interpretation

The interpretation of geological structures through geophysical methods is an
important tool for many branches of geology from exploration of mineral resources to
management of land use in the most diverse environments. Airborne geophysical data have
been heavily used as a tool to comprehend the geological structures in subsurface as well as
to better interpret the surface relations among the different lithologies. The magnetometric
interpretation over the thematic maps on which qualitative analyses were performed,
provided the first information about the behavior of the structure in the subsurface.
Furthermore, the integration of 2D interpretation with detailed geological mapping
substantially increases the area background knowledge. Analyzing spatial variations
on Earth’s magnetic field is a fundamental step to make a geologically meaningful

interpretation of the potential field.

2.4.2 Geophysical inversion theory

Geophysics has always been used to decode geoscience issues. Frequently, we want
to characterize the physical property of the geological structure to be recognized, for
example: density, magnetic susceptibility, or seismic velocity through a geophysical survey.
When the information required to solve the problem is located on the subsurface, the
initial step is to model the problem, find a function so that the data can be inverted
to generate a 3D model distribution of the physical property to be interpreted (Figure
2.4). For example, to solve the “issue” proposed in this work, we need to invert the
data, considering the magnetic field anomaly map of the area to discover the possible

distribution of the magnetic susceptibility in depth and build an interpretable model.

11
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Figura 2.4: Schematic image of the inversion problem. We record data d and predict
model m.

The reasons to invert the geophysical data are numerous. It provides the unders-
tanding of complex data sets and explain them with a quantitative model that can be
analyzed. It also allows to answer questions such as: what is the depth, physical property,
volume and geometry of the geological structure investigated? What geologic features can
be determined in the model obtained? Furthermore, it allows to separate the noise from
the signal in the data and therefore, estimate the noise levels. So, in order to understand

the inverse problem in depth we must first understand its fundamentals.

2.4.3 Fundamentals of the inversion

This section of the dissertation was written based on the work of Li and Oldenburg
(1996). The two main types of modelling existent are the forward modelling and the
inversion. The forward modelling is when it is given a model and we predict the data. It

can be written as:

d = F(m). (2.1)

Where m is the model, d is the data and F' is an operator that represents the

governing equations according to the data and model in question. On the other side, the

12
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inversion problem is when the data is recorded and we predict a model. It can be written

as:

m = F~(d). (2.2)

In geophysical inversion, we want to recover physical properties information, such
as the magnetic susceptibility for example, from the observed data d. Thus, to start the
inversion process it is given the field observations (d), the error estimates, and other prior

knowledge about the area we want to perform the inversion on.

The next step is to discretize the Earth over the area we want to perform the
inversion. The goal of this work is to invert magnetic data over the Aimorés Intrusive
Complex; therefore, we are going to divide the are in rectangular cells in a 3D mesh
that assumes a constant magnetic susceptibility (k) for each cell. The magnetization is
considered to be uniform for each cell, and can be defined as the product of k and the
geomagnetic field H. The correlation between the anomaly observed on the surface with

the susceptibility od each cell on subsurface is given by:

d = Gk. (2.3)

Where d is the acquired observation vectors (dy,ds,...,dy)", G is an N x M
matrix (the model has dimension M but only IN vectors) since N < M, and k is the M’s
values vector on 2.3. To solve the inversion problem, we must understand that it is an
optimization problem, where we must construct an objective function to be minimized

to produce an interpretable model according to equation (2.3).

In conclusion to solve an inverse problem, we must find a function out of a limited
number of data, thus it is crucial to address fundamental problems regarding non-
uniqueness and the misfit. We must define a misfit function ¢, and a model norm ¢,,

and minimize:

$(m) = ¢a + Bom. (2.4)

The misfit function ¢4 is considered to be the “noise”, it represents the relationship

between the observed data and the predicted data. Therefore, we can say that

d° = Flm] +n + . (2.5)

13
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Figura 2.5: Measure of the difference between the observed data and the predicted data,
also known as misfit.

Where 7 is related to measurements errors and ¢ is the actual difference between

what is observed on earth and the mathematical response obtained (Figure 2.5).

But these terms are often not known, so the general rule is to presume that the
error associated with the data is Gaussian, and that the standard deviation of the j'th

datum is €;. The misfit is given by:
N dobs — Flm 2 b
ou= 32 () e — i 26

Where W = diag(2). With this we want to find a model that will effectively fits
the data with some tolerable noise. The other term of the equation 2.4, that we are trying
to minimize, is ¢,, the model norm. We need to find a norm that will correctly recover
the easiest model to interpret. Our intention is to obtain a solution that is close to a
background value, has the slightest amount of noise, and please other prior information

about the model. We define the model objective function as:

14
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_ Vdo (2.7)

Where my is the reference model, w(z) is a depth weighting function; Wy, W,, W,
and, W, are spatially dependent weighting functions; and as, oy, alpha, and, o, are
components coefficients. So, equation 2.7 allows us to construct different models depending
on the assigned values for the variables. After adjusting these values, other information
can be added to the model, such as from previous knowledge from the survey or from

qualitative and quantitative interpretations made related to the susceptibility.

And finally, the g term from equation 2.4, also known as the the regularization
parameter, ranging 0 < 8 < oo. It is intrinsic to the relationship between ¢4 and ¢,,. If
B is too small, the function minimized will contain only the misfit ¢4. However, if 3 is
too large, the recovered model will have the misfit too large. Choosing 8 based on the

expected data misfit is known as the discrepancy principle (Parker, 1994).

2.4.4 The regularization parameter and the L-curve criteria

Estimate the regularization parameter is key to achieve the correct level of data
misfit. We use the L-curve criterion to determine [ directly from the analysis of the
Tikhonov curve. The use of the L-curve for this type of inverse problems was first
introduced by Lawson and Hanson (1974) and has been advocated by Hansen (1998).

To Exemplify, Figure 2.6 shows a typical Tikhonov curve. Region A of the curve
is where 3 — oo, the misfit will be reduced and no large amount of structure will be
added to the model. It means we are fitting the long wavelength structure in the data,
that will better represent the physical model. In region B, § — 0 so we are fitting high
frequency components of noise in the data. The misfit does not increase despite the large
amount of structure added to the model. These two regions are connected by a sharp

corner between them, and that behavior is described as an L-curve.
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Figura 2.6: Typical Tikhonov curve. Through the L-curve criterion we determine the
optimun “beta” directly from the sharp corner.

Hansen (1998) suggests that an optimum value for 5 corresponds to the inflexion of
the curve. In a ¢4 and ¢,, plot this corner point can be evaluated numerically. Therefore,

the model associated with the L-curvature must be the most fitting one.

2.4.5 Interpreting and understanding the inversion process

After we choose the appropriated parameters, we then preform the inversion. The
result will be considered satisfactory when it is possible to make a correlation between the
inversion model generated and the known geology. What really matters is the capability
to perform an accurate interpretation, mainly due to the comprehension of the geological
structure and expected magnetic susceptibility. If the inversion result is not satisfactory,
we must find the source of the problem, calibrate the parameters and perform the
inversion again, so that the process finally becomes less automated and more intuitive.
The inversion process is not trivial and quite demanding in experience and knowledge,
and the outcome will depend not only on the data processing but also it will depend
on the interpretation of the preferred model. Figure 2.7 shows a fluxogram of the main

inversion processes described in this section.

16



2.4, METHOD 17

observed data and
associated error

!

discretize the earth
over the area the
inversion will be
performed

START ——>

Analyze results

Figura 2.7: Inversion process fluxogram.
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CHAPTER

3D characterization of the magnetic response of the
Aimorés Intrusive Complex (Brazil): comparison

with impact structures

his chapter presents the manuscript produced as a result of two years of research
during the Master’s program. It contains the methodology, results, discussion,

and interpretations.

3.1 Abstract

The Aimorés Intrusive Complex (AIC), located in the Araguai Belt (Brazil), has
been characterized for many years as the Aimorés Impact Crater due to its topographic
features. The ellipsoidal to circular morphology, with an approximate diameter of 10 km,
and the ring-shaped edges are easily recognized on satellite images. However, detailed
geological mapping shows that its morphology is associated with a zoned igneous body,
that was intruded during the post-collisional events related to the Aracguai orogen. The
intrusion is comprised of granitic to charnockitic rocks covered by quaternary lateritic

deposits.

Although the Araguai Belt is well known and well-studied in terms of geochemistry
and petrography, the understanding of the geophysics remains poorly understood. This
study aims to characterize the AIC in 3D, understand the geometry of its lithological
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zones, and compare its geophysical signature with those from impact craters. Through the
integration of geological mapping and petrography, we propose a methodology for defining
the susceptibility bound for constrained magnetic data inversions. The inversion results
show a low susceptibility response at the central part of the AIC whereas higher values
are identified in the post-collisional zoned igneous rocks in a semi-circular anomaly. These
results are distinct, since higher values typically originate on the central-uplift of proved
impact craters. We show that different structures can display similar characteristics on

the surface while having different geometries in the subsurface.

3.2 Introduction

Located in the Araguai Belt (Brazil), the Aimorés structure has a crateriform
expression, with a geomorphological expression suggestive of an impact feature as seen
in Figure 3.1, as it presents features such as a circular pattern, raised arched edges and
depressed central part, elliptical contour, centrifugal drainage and, semi-arched blocks
facing the inside of the structure (Hachiro and Fernandez, 2004). These are some of the
characteristics that contributes to the region being locally recognized as the “Aimorés
crater”. Also the structure has been listed as a possible impact structure in Brazil in the
Expert Database on Earth Impact Structures (EDEIS). Although there are morphological

evidences, more data is needed to classify it as an impact structure.

The major geological features of impact structures such as: circular forms, massive
occurrence of igneous rocks, fracturing on the target rocks, circular patterns of deforma-
tion, and circular geophysical anomalies, are not exclusive features of these structures.
The effective identification of such impact craters is based on a set of distinctive shock-
metamorphic effects that are often expressed as the deformation in quartz grains, the
formation of shatter cones, and the alteration in the local metamorphic grade, which are
the unique products of impact-produced shock waves (French, 1968a; French and Short,
1968; French, 1998; Koeberl, 1997, 2002; Langenhorst, 2002).

The Araguai orogen, located in southeast Brazil, is a confined terrain surrounded
by cratonic landmasses (Alkmim et al., 2006, 2017; Pedrosa-Soares et al., 2001, 2008,
2011a). It records an extensive granite production, revealing a correlation between the
type of magmatism and the correspondent tectonic stage of the orogen (Chappel and
White, 1974, 2001). Within the granitic rocks, it is possible to distinguish petrologic

signatures related to each tectonic stage: pre-collisional, collisional, and post-collisional.
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Figura 3.1: Satellite image of the Aimorés Complex (AIC). It is named after the city of
Aimorés, south of the area.

Source: Image from Google Earth - 2021 Maxar Technology.

The orogen is subdivided into five granitoid supersuites named G1, G2, G3, G4, and
G5, each of them corresponding to a geotectonic setting (Wiedemann, 1986, 1993; Ludka
et al., 1998; Pedrosa-Soares et al., 2011a; Ludka et al., 2000; S.Medeiros et al., 2000;
Medeiros et al., 2001, 2003; Mendes et al., 1997, 1999; Wiedemann et al., 2002a). These
were grouped into specific geotectonic stages (Pedrosa-Soares et al. 2008), namely: G1,
pre-collisional (630-580Ma); G2, syn-collisional (585- 540Ma); G3 and G4, late-collisional
to post-collisional (545-490Ma); and G5, post-collisional (530-480Ma). Although the
supersuites are clustered into geotectonic stages, there is an overlapping transition from
a tectonic context to another due to the unique magmatism complexity of the area
(Pedrosa-Soares et al., 2011a).

Detailed geological mapping of Aimorés region defined it as a zoned multistage
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ring-like structure (Mello, 2011) and proved that it is one granitic intrusion of the
GbH supersuite, a post-collisional plutonic body intruded into G2 sin-collisional rocks
(Pedrosa-Soares et al., 2011a). As the petrographical evidences required to prove an
impact origin for the Aimorés structure haven’t been identified yet, herein we refer to it

as the Aimorés Intrusive Complex (AIC).

The structural, mineralogical, geophysical, and geochemical data analysis of the area
is essential to explain the features of the Araguai orogen. The geological characteristics
of the Araguai orogen have been extensively studied over the years, but the geophysical
response of the different intrusions and its correspondent physical properties distribution
in 3D remains underexplored. In this case, airborne geophysical data is a tool that enables
the data acquisition of large domains where regional approaches are necessary. This
technique is applied to comprehend structures in the subsurface as well as to interpret

the surface relations among different lithologies.

The use of 3D modeling of magnetic potential field has become a useful tool as
it provides information from the subsurface (Oldenburg, 2005). Over the past decades,
the algorithms and computer calculations have been greatly improved leading to better-
recovered models and better interpretations. Still, a great number of solutions can
replicate the observed geophysical field data due to the non-uniqueness problem, and
that can lead to a non realistic geological final model. That can be overcome when a
priori knowledge is integrated in the modeling process (Fullagar et al., 2008), which can
assist the inversion algorithm to converge to a realistic model that better conveys the
site geology. In this study, two sets of inversions were performed in order to achieve
the optimal model, the first was an unconstrained inversion, whereas the second was an

inversion constrained by lower and upper bounds.

Aiming to characterize the AIC geometry at depth, the inversion of airborne
magnetic data was applied and 3D geology models of the subsurface were constructed.
Through the inversion of magnetic data, we imaged the geometry of the AIC at depth
and show the difference from an impact structure. We propose the use of petrographic
data to define the upper susceptibility bound for the inversion. In order to integrate
lithological information as a constraint to geophysical modeling. Also, we compare the
results with the geophysical response of an impact structure to test if different geological

structures could have similar geophysical responses.

The present manuscript will discuss the geological setting of the AIC, the methodo-

logy to perform the inversion and to perform the qualitative and quantitative analysis. We
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then present the interpretations made over the susceptibility models generated. Finally,

we compare the geophysical signature of impact structures with the one from the AIC.

3.3 Geological setting

The late Neoproterozoic to Cambrian Araguai orogen is located between the Sao
Francisco craton and the Atlantic continental margin, in southeast Brazil, and has been
intensely studied for the last forty years. Surrounded by significant cratonic masses,
it contains impressive amounts of granitic rocks with distinct petrological signatures
that mark the tectonic stages of the Orogen (Alkmim et al., 2006, 2017; Pedrosa-Soares
et al., 1996, 2001, 2008, 2011a). Granite differentiation is closely related to magma rise
during the pre-collisional stage and crustal thickening, especially during the collision and
later stages due to the progressive rising of regional temperature as the metamorphic
grade increases from west to east and from north to south across the orogen (Almeida
et al., 1978; Costa, 1989; Pedrosa-Soares et al., 1996; Carvalho and Pereira, 1997). The
magmatic pulses were subdivided into supersuites G1, G2, G3, G4, and Gb observed in
Figure 3.2, according to its specific tectonic stages (Wiedemann, 1986, 1993; Ludka et al.,
1998; Pedrosa-Soares et al., 2011a; Ludka et al., 2000; S.Medeiros et al., 2000; Medeiros
et al., 2001, 2003; Mendes et al., 1997, 1999; Wiedemann et al., 2002a).

The pre-collisional granitic rocks are associated with the lithosphere subduction
and are well represented comprised by the granites type-I, meanwhile, whereas the
collisional granites are linked with crustal thickening and correspond to the peraluminous
type-S granites., and a At last, the post-collisional type-I granites are associated with a
distensile tectonic setting (Pedrosa-Soares et al., 2011a). This stage is represented by the
G1 supersuite, which is mainly composed by tonalites and granodiorites with xenoliths
of metasedimentary rocks and volcanic rocks from the Rio Doce Group. These bodies are
mostly batholiths and stocks that often show a regional foliation and other deformation
structures related with the further collision (Pedrosa-Soares and Noce, 2007). Some
examples of volcanic rocks from this tectonic stage are pyroclastics tuffs, that occur with
sparse volcanic rocks in the Palmital do Sul Formation; and tuffs from the Tumiritinga
Formation, both interpreted as deposits of intra to anti-arch basins filled in the late-stage
development of the magmatic arc. Also, there are the sedimentary contributions of the

Sao Tomé Formation (Pedrosa-Soares and Noce, 2007).

The syn-collisional stage is characterized by a regional deformation and meta-
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morphism, with extensive production of type-S granites (Nalini et al., 2000; Pedrosa-
Soares and Wiedemann-Leonardos, 2000; Pedrosa-Soares et al., 2001; Campos et al., 2004;
Silva et al., 2005). The regional metamorphism shows an increase in temperature, as the
green-schist facies goes to granulite facies towards the nucleus of the orogen. Therefore,
the metamorphism risesfrom west to east, and north to south (Almeida et al., 1978;
Pedrosa-Soares et al., 2001; Trompette, 1994; Pedrosa-Soares and Wiedemann-Leonardos,
2000; Pinto et al., 2001). This stage is related to the supersuite G2, which is essentially
composed by peraluminous granites. These rocks occur in batholiths, tabular bodies and
stocks that preserve the regional foliation, often mylonitic and parallel to the primary
igneous flow (Nalini et al., 2000; Celino et al., 2000; Pedrosa-Soares and Wiedemann-
Leonardos, 2000; Pedrosa-Soares et al., 2001; Pedrosa-Soares and Castaneda, 2006; Pinto
et al., 2001; Campos et al., 2004; Castaneda et al., 2006). Rocks from the G3 supersuite
are also identified as a product of the syn-collisional stage. Their representatives are

essentially S-type granites and garnet-rich leucogranites (Pedrosa-Soares and Noce, 2007).

During the post-collisional tectonic stage, the gravitational collapse of the orogen
produced an extensive plutonism (Pedrosa-Soares and Wiedemann-Leonardos, 2000;
Pedrosa-Soares et al., 2001; Campos et al., 2004), represented by G4 and G5 supersuites.
These are mainly intrusive plutons, non-foliated, , that originated the pegmatitic rocks in
the district (Pedrosa-Soares et al., 2001). The G4 supersuite often reveals rocks that are
contemporaneous to the G3 rocks, and are considered as allochthonous bodies that were
crystallized at higher crustal levels in relation to the G3 bodies (Pedrosa-Soares and Noce,
2007). The G5 supersuite, also post collisional, represents the plutonism characterized
by I- and A-types, with predominant charnockitic and granitic compositions. There are
also evidences of magma mingling and mixing, as well as the igneous flow direction.
The major bodies are large batholiths of biotite-rich granite or pegmatitic charnockite
(Pedrosa-Soares and Noce, 2007).

The AIC, object of this study, is one of the intrusions of the G5 suite, classified
as a post-collisional plutonic body intruded into G2 sin-collisional rocks ((Pedrosa-
Soares et al., 2011a). There is a wide range of G5 bodies with different characteristics
exposed along the Aracuai orogen that occur as suites, batholiths, complex zoned plutons,
sills, and dykes. Some exemples are the Aimorés, Caladao, Cotaxé, Guaratinga, Lagoa
Preta, Lajinha, Medina, Padre Paraiso, Pedra Azul, Pedra do Elefante, Rubim, Santa
Angélica, Salomao, Santo Anténio do Jacinto, and Vérzea Alegre bodies (e.g. Silva
et al. (1987); Wiedemann (1993); Pinto et al. (2001); Wiedemann et al. (1995, 2002b);
Celino et al. (2000); Pedrosa-Soares and Wiedemann-Leonardos (2000); Campos et al.
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Figura 3.2: Simplified geological map of the Araguai orogen and adjacent cratonic region,
(in Pedrosa-Soares et al. (2011a)). The black square shows the expanded study area. SFC
= Sao Francisco craton. B = Brasilandia; CC = Carlos Chagas; M = Manhuacu; MF =
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Source: Pedrosa-Soares et al. (2011a).
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(2004); Castaneda et al. (2006); Pedrosa-Soares and Castaneda (2006); Queiroga and
Pedrosa-Soares (2009)). This supersuite commonly reveals evidence of magma mingling
and mixing, observed due to the well-defined crystal orientations produced by igneous
flow. However, due to the high erosion rates, levels of mafic cores are often absent. The
G5 supersuite reveals post-collisional signatures, with calc-alkaline to alkaline granites
that show high-K and high-Fe, recognized as I- to A2- types (Fernandes, 1991; Faria,
1997; Achtschin, 1999; Celino et al., 2000; Whittington et al., 2001; Pinto et al., 2001;
Sampaio and Martins, 2004; Pinto, 2008). These intrusions usually form inversely-zoned,
balloon-shaped plutons composed of granitic-charnockitic rocks (Campos et al., 2004),
which is the case of the AIC.

The main units that occur in the study area are shown in Figure 3.3. The rocks
from Paraiba do Sul complex have the highest metamorphic grades within the Araguai
orogen, and consist of kinzigites; biotite gneiss with garnet, silimanite, cordierite in
varying amounts, interspersed with gneisses rich in graphite; calcium silicate quartzites;

and granulites (Pedros-Soares et al., 1996).
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Figura 3.3: Simplified geologic map of Aimorés Complex.

Fonte: adaptado de CPRM (2010).

The Sao Tomé Formation is comprised by three units. The Unit One is composed
mainly by quartzites; Unit Two by shales and quartzites; and Unit Three by shales and
subordinate calcisilicatic rocks. The Unit Three is the only occurring unit in the area,
consisting mainly of shales and gneisses. The shales are typically rich in plagioclase, quartz,
muscovite, and biotite, with garnet, staurolite, and tourmaline occurring occasionally.

The transition from schists to gneiss occurs gradually and is marked by the appearance
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of sillimanite and kyanite (Pinto et al., 1997).

The intrusive Galiléia Suite occurs as rocks that are often metaluminous to locally
peraluminous, corresponding to I-type granites, with recurrent hornblende, allanite
and titanite. These rocks are classified as sin-collisional granitoids (Pinto et al., 1997).
The Jequitinhonha kinzigite rocks are often weathered, displaying compositional bands
that alternate between biotite-rich bands with feldspatic-quartz bands. The presence of

cordierite and sillimanite are frequent (Pinto et al., 1997).

The rocks from the Urucum intrusive suite are mainly S-type granites, from which
mineralized pegmatite bodies occur (Pinto et al., 1997). According to Nalini (1997), these
granites are enriched in Na20 and depleted in MgO and CaO. Finally, the Aimorés
intrusive suite comprehends two main units: the Caladao granite and the Padre Paraiso
charnockite (Projeto Leste - CPRM, 2000). These rocks are rich in feldspar, quartz,
biotite, apatite, hornblende, garnet, opaques minerals (magnetite and ilmenite), and

secondary minerals (Pinto et al., 1997).

The AIC is a ring-like, inversely-zoned structure, composed of basic to intermediate
rocks such as tonalities, monzodiorites, quartz-monzodiorites, and granodiorites on its
core. Towards the border, the rocks become progressively more acid (Mello, 2011). The
main mineralogy recognized in these rocks is formed by amphibole, biotite, pyroxene,
zircon and apatite grains (Mello, 2011). In the thin sections shown in Figure 3.4, there
are two grains of an opaque mineral that could be magnetite or ilmenite according to
Mello (2011). The mineralogy is basically the same in the Caladao granite and the Padre
Paraiso charnockite, except for the presence of hypersthene and higher magnetite content
in the Padre Paraiso charnockite. This is interpreted as a high-temperature residuum
preserved in the function of the rapid rise of the body (Carvalho and Pereira, 1997a.).
The AIC (Figure 4) is hosted by sin-collisional G2 rocks.
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Figura 3.4: Microphotography of a charnockite sample of the AIC showing a) amphibole,
biotite, pyroxene, zircon and apatite, and b) large crystal of biotite and amphibole. The
opaque grains indicated by the red arrow could be magnetite or ilmenite.

Source: adapted from Mello (2011).

3.4 Geophysical data and inversion method

The airbone magnetic data used in this study was acquired from September 2009 to
January 2010 with flight direction N-S and 500 m of line-spacing. The data were corrected
for the International Geomagnetic Reference Field (IGRF) and diurnal variation in order
to generate the Total magnetic intensity map (TMI). The magnetic field inclination is
-35.7°, the declination is -22.9°, and field strength is 23,789 nT. The data were interpolated
using the minimum curvature method. The gridding cell size used was }1 of the larger
flight line spacing (125 m). Then, a matched bandpass filtering was applied to separate
the components of the wavelength spectrum produced by magnetic sources at different
depths. When the short-wavelength components are removed, artifacts are eliminated
from the flight line direction and the ambient noises are neutralized, therefore improving
the data quality (Figures 3.5 and 3.6).
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Figura 3.5: Result of the matched filtering in the study area showing the TMI image
and power spectrum of a) the short wavelength, b) the intermediate wavelength I, ¢) the

intermediate wavelength II, d) the long-wavelength, and e) the data power spectrum
with the the bandpass modeled spectrum.
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The total magnetic intensity (TMI) and the corresponding total gradient (Figure
3.7) show two main magnetic anomalies. Anomaly 1 , ranging from -10 nT to 300 nT,
is associated with the AIC and shows a circular magnetic high associated with Padre
Paraiso charnockite and in the center a magnetic low associated with superficial eluvial
deposit over the Caladao granite. Anomaly 2, ranging from 20 nT to 200 nT, is associated
with the Mascarenhas granulite, another G5 intrusion with similar response to AIC, i.e.,

magnetic ring with a low magnetic response in the center.
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Figura 3.7: a) Total Gradient image overlain by the lithology contacts, and b) TMI
image of the Aimorés complex.

Four main domains, subdivided into zones, were observed and delineated as shown
in Figure 3.8. Domain 1 is characterized by low magnetic values and represents the
majority of the host rocks in the Aimorés Complex. This domain consists of three zones,

namely 1A, 1B, and 1C. Zone 1A displays the lowest magnetic responses, from 0.04 n'T
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to 0.13 n'T. It is represented mainly by the Jequitinhonha gnaisse-kinzigitic complex,
the Intrusive Galiléia suite, and other smaller bodies also from Supersuite G2, around
the intrusive complex of Aimorés. In the southeast portion, the Zone 1B occurs over
the Mascarenhas granulite and Nanuque granite, both from the Urucum intrusive suite
and also over the same rock formations of Zone 1A. However, the magnetic response is
slightly higher, from 0.13 nT to 0.17 nT. At last, Zone 1C displays an increase response
that ranges from 0.17 nT to 0.38 nT.

276000 288000

b= o
o o
2 o
o 8 [ |zoness .
~ @ } Domain 04
-Zone4A
| |Zone 3B
} Domain 03
[ Jzone3A
|:| Domain 02
o
= 8 [ Jzonetc
o .
% g [ Jzonets Domain 01
I~

-Zone 1A

276000 288000

Figura 3.8: Magnetic domains based on the analysis of the total magnetic gradient of
the study area.

Domain 2 has higher magnetic responses when compared to domain 1, from 0.38
nT to 0.72 nT. It displays low to intermediate values and occurs over alluvial and
lateritic deposits that overlie the charnockitic portion of the Aimorés Complex, and the
Mascarenhas granulite. Similarly Domain 3 is subdivided into two zones, both occurring
over the same region of Domain 2, but differing in the intensity of the magnetic response.
Zone 3A ranges from 0.72 nT to 0.85 nT, whhereas zone 3B goes from 0.89 nT to 1.15
nT.

Domain 4 is also subdivided into two zones and comprises the areas with the highest
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magnetic response, in the south portion, Zone 4A occurs over the Mascarenhas granulite
and ranges from 1.18 nT to 1.35 nT. Zone 4B occurs over the Padre Paraiso charnockite,

partly covered by lateritic deposits, and ranges from 1.18 nT to 1.57 nT.

We observed that the charnockite was mapped in a semi-circular shape, but the
analysis of the total gradient and the domain map shows that, in the east the magnetic
content is much smaller than in the west. That analysis raises two questions: (1) Is there
underneath the lateritic coverage a less magnetic portion of the charnockite? Or (2) Is it

a new unmapped unit?

3.4.1 Magnetic inversion

In order to construct the inverted susceptibility model of the Aimorés structure
in subsurface we used the 3D potential field inversion algorithm developed by Li and
Oldenburg (1996). Intrinsic to the inversion of the potential data is the inherent nonuni-
queness. According to Gauss’s theorem, any magnetic field measured on the surface of
the earth can be reproduced by an infinitesimally thin zone of magnetic dipoles in depth.
Thus, there is not a depth resolution inherent in magnetic field data. Also, if one model
exists and can reproduce according to the data, there must be other models that will

reproduce the data to the same degree of accuracy (Li and Oldenburg, 1996).

To perform an inversion process, first the data, the error estimates, and information

about the site must be known. The magnetic inversion is given by the linear equation:

d =Gm (3.1)

Where d is the magnetic vector, m is the susceptibility vector of each one of the
model cells and G is the matrix N x M (N is the number of data and M is the number
of cells discretized). Then, an objective function needs to be calculated to produce the

interpretable model by defining a misfit function ¢4 a model norm ¢,, and minimize ¢:

Min ¢(m) = ¢g + Bém
subject to b < m < b, (3.2)

Where b, and b, are the upper and lower bounds of the model values (for the

constrained inversion b; = 0 and b, = 8 X 103), ¢q is the data misfit function, ¢y, is the
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model norm and, /3 is the regularization parameter that directly balances the importance
of both other terms. This approach of choosing the S based upon the expected data
misfit is called the discrepancy principle (Parker, 1994).

It is important to understand the error contained in geophysical measurements
before proceeding with the method, or the final model could display artifacts. The error
assigned was 2% of the absolute value of the measurements, corresponding to 20.87 nT.
The Tikhonov curve was then constructed in order to identify the [ that corresponds
to the tradeoff that balances between a small enough misfit and the model norm. This
was enabled by the use of different regularization parameters ranging in wide orders of
magnitudes. After running several inversions with a range of 5’s, the L-curve criterion
(Hansen, 1992) with the analysis of the smaller value of ¢4 associated was applied to
select the appropriate 5. Figure 3.9 shows a typical L-curve and the relation between the

misfit and the model norm.

A

¢d

Figura 3.9: L-curve, the role of 5 in a ¢q versus ¢, graph. Large [ corresponds
to theunderfit zone, where the geological information is not incorporated. Small /3
corresponds to the overfit zone where a lot of artifacts that are not geological are
incorporated.

In this study, two sets of inversions were performed in order to achieve the optimal
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model, the first was an unconstrained inversion, whereas the second was an inversion

constrained by lower and upper bounds for magnetic susceptibility.

The inversion was performed using a mesh with 46650 voxel cells and the mesh
is composed of cubic cells of 125 x 125 x 125 m. Padding cells with increasing widths
from the core region were used in depth and in north, south, west, and east directions
to ensure the data would not suffer any distortion. The study area extends 27 km in
the east-west direction, 29 km in the north-south direction, and 10 km in depth. After
analyzing the residual images, the inverse solution from the “edge” of the L-curve was
considered. However, as one model close to the edge has a smaller value of ¢4 associated,
it was selected as the best solution. The L-curve and the residual map are shown in
(Figures 3.10, 3.11,3.13, and 3.14).

As petrographical studies of the area have shown that the charnockite zone has
3% of magnetite (Mello, 2011). This data was incorporated as a constraint in the
geophysical inversion. Using the relation between the content of magnetite and the
magnetic susceptibility we estimated the upper bound for the magnetic inversions as

seen in (Figure 3.12).
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Figura 3.10: L-curve from the unconstrained inversion process. The best recovered model
is the one with g = 10000.
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Figura 3.11: Residual image of the best recovered model of the unconstrained inversion.
a) Observed TMI of the area b) Predicted TMI of the area. ¢) Residual image of the
best recovered model.
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Figura 3.12: Graph of the magnetic susceptibility plotted versus the volumetric content
of magnetite and pyrrhotite showing that the susceptibility corresponding to 3% of
magnetite is 10-1 SI.

Source: adapted from Clark (1997) in Dentith and Mudge (2014).
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Figura 3.13: L-curve from the constrained inversion process. The best recovered model
is the one with 3 = 60.
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3.5 Interpretation of the magnetic data and 3D
susceptibility model

Inversion of magnetic susceptibility using the Voxi model of Oasis Montaj software
resulted in a susceptibility contrast distribution. The recovered susceptibility model shows
a contrast between the granitic rocks from the Supersuite G5 and G2 (Figures 3.15, 3.16,
and 3.17). The low susceptibility area is associated with the G2 host rocks, which are
peraluminous, calc-alkalic to sub-alkalic S-type granites of the pre to late-collisional stage.
Three main bodies of high susceptibility are identified: Body A is associated with the
AIC, Body B is deeper and have no expression on the surface, and Body C is associated

with the Mascarenhas granulite.

Body A has a circular shape with the higher susceptibility values in its northwestern
part. Within this area, there is a nucleus with the highest susceptibility values. This ring
of high susceptibility corresponds to the Padre Paraiso charnockite unit. The magnetic
ring is around a non-magnetic core region associated with the Caladao granite. The
AIC is composed of metaluminous to slightly peraluminous I-type granitoids of the

post-collisional stage.

Body B does not outcrop and is connected to A at depth (Figure 3.17), showing
that the charnockite intrusion has a deep root and extends to the northwest of the AIC.
Body C is located in the southeast of the AIC and is associated with the Mascarenhas
granulite. This granulite is porphyritic and has a composition similar to the Padre Paraiso
charnockite, but shows an incipient foliation. The 3D susceptibility distribution of the
AIC does not show high values in the center, which is usually is expected in large impact

structures.

3.5.1 Magnetic similarities and differences between Aimorés
and impact structures
The AIC shows a low magnetic response in its center, which is typical of simple
impact structures, that have small diameters. However, the diameter of the AIC circular

topography is larger than the threshold for simple impact structures, and thus could only

be a complex impact structure.

For comparison we analyzed Hawke (2004) work that compilated the geophysical

signatures of Australia’s meteorite impact structures. The Acraman crater, on the Gawler
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Figura 3.15: a) Recovered susceptibility model showing b) a vertical section at 288300
North and a depth slice at -2500 m, and a cutoff of 0.036 SI. A: corresponds to the
AIC susceptibility recovered; B: corresponds to the deep root extending to North; C:
corresponds to the Mascarenhas granulite susceptibility recovered.
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Figura 3.16: Vertical sections of the model a) Vertical section at 7844700 North. Body
C corresponds to the Mascarenhas granulite b) Vertical section at 7852000 North. Body
A corresponds to the AIC c) Vertical section at 78532000 North. Body A corresponds to
the AIC. d) Vertical section at 78606000 North. Body B corresponds to the deep root
extending to North.

Ranges of Australia, is an example of a complex structure formed in crystalline target
rocks and its geophysical data suggest a single-peak uplift, defined by a circular zone of
low magnetic intensity explained by the shock demagnetization of the target rocks by the
impact. A strong magnetic response to the south coincides with the outcropping dacite.
A small magnetic high located near the middle of the central uplift is observed in Figure
3.18-a, roughly with 5 km in diameter and has an amplitude of 800 nT (Hawke, 2004).
Schmidt and Williams (1996) suggest that the anomaly was caused by a remanently

magnetized source centered 1km below the surface level.

The Yallalie structure also located in Australia, is a shallow circular depression of
about 13 km in diameter with a central uplift of 3.4 km diameter that occurs within
Mesozoic sedimentary rocks of the Perth Basin. The magnetic response of this crater

is quite remarkable, since it shows concentric circular magnetic anomalies centered in
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Figura 3.17: Depth slices of the recovered susceptibility model at a) -1800 m, b) -4200
m, ¢) -6200 m, and d) -9000 m.

a peak, a little bit off the center. According to Pilkington et al. (1996), this type of
magnetic anomaly at the peak might be created by a local hydrothermal system driven
by the heat generated by the impact, along with internal faults. Figure 3.18-b shows the

geophysical response of the structure.

The Foelsche structure on the northern territory of Australia, is a 6.2 km diameter
structure that can be observed from satellite images and geological mapping (Haines
and Rawlings, 2002). It is demarked by a low magnetic circular anomaly of 5.5 km in
diameter with a smaller concentric magnetic anomaly of 2.1 km which is interpreted as
the central uplift (Figure 3.18-c). The magnetic unit is comprised by doleritic sills of the
settlement creek volcanics, which are folded and tilted around the central uplift and the

outer rim of the crater due to the impact (Hawke, 2004).

The small Wolf Creek Crater, located in the Kimberley Region of Western Australia,
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Figura 3.18: TMI of the Acraman structure. b) TMI of Yallalie structure. ¢) TMI of
Foelsche structure. d) TMI of Wolf Creek structure and e) Total Gradient of Aimorés.
The dashed line represents the central uplift of the craters, the dotted line represents the
structural rim of each structure.

, has an average diameter of 880 m and was formed in sandstones of the Mesoproterozoic
Birrindudu Basin (Blake et al., 1977). Due to the quartzite target, the variation in the
magnetic field over the crater is very subtle. The range of the TMI over the area is 12 n'T,
largely due to a W-SW linear magnetic regional trend of 2.5 nT/Km, that is coincident
with longitudinal sand dunes that concentrate small portions of heavy minerals. In Figure
3.18-d, we see the circular anomaly, concentric around a single peak, correlate with the
crater rim (Hawke, 2004).

In the study area, the AIC does not show a central uplift and an associated positive

magnetic anomaly as shown in the total gradient image of the AIC (Figure 3.18-¢).

3.6 Conclusion

The results show the importance of incorporating geological constraints into ge-
ophysical modeling, especially in ambiguous geological settings, in order to achieve more

accurate geological interpretations. The proposed method, using the mineralogy recogni-
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zed in petrographic thin sections for estimating the upper susceptibility bound of the

geophysical inversions, allowed the construction of a model compatible with field data.

Despite the morphological expression of the AIC, its geophysical signature shows a
magnetic susceptibility distribution that is not expected from an impact structure. The
AIC has a low magnetic anomaly over its center and does not display the characteristic

central magnetic peak of impact structures.

The interpretation of the 3D model also reveals a clear differentiation of G2 and
G5 supersuites, according to the distinct magnetic responses. Thus, the characterization
of these bodies through their magnetic response is a powerful tool to support the
geologic mapping of the region, since the circular magnetic patterns from other bodies
in the Aracuai orogen could also be recognized. Given the geophysical analysis, it was
observed that the Aimorés complex has three units in fact: external granite, semi-circular

charnockite, and a third non-magnetic region under the lateritic coverage;

Furthermore, two main G5 igneous bodies that occur on the site were distinguished,
as well as the positive anomalies associated with its borders and the low anomalies at
the center. Finally, it was also possible to observe an anomaly in depth that has no

superficial expression, and could be a topic for further research.
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CHAPTER

Future works

4.1 Suggestions and advices for future research

he geophysical analysis in 2D and the magnetic inversion of the data of the AIC
allowed us to interpret the 3D model and to identify the susceptibility response
of the two main igneous intrusions of the G5 supersuite. However, future study
is necessary to increase the knowledge of the area and corroborate with the discussion

presented in Chapter 3. Therefore, further research might:

1. Perform detailed fieldwork and sampling campaigns

e The analysis of rock samples is crucial to identify typical features of impact
craters, one with a trained eye might be able to find evidences of the event in

a more specific fieldwork campaign;

e Also, the direct susceptibility measurement of the site’s rocks will increase the

accuracy of the constrain that limited the inversion result.

2. Acquisition and inversion of data from other geophysical methods

The inversion of the magnetic susceptibility is one type of inversion possible to study
the structure and recover interpretable models. There are other physical properties
such as density, seismic velocity and electrical conductivity that, depending on the
availability of the data or the possibility to acquire it trough a geophysical survey,

would make the interpretations more robust.
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3. Compare the geophysics of similar intrusions

It is a known fact that the G5 intrusions are formed under the same geotectonic
context, so it would be interesting to analyze the geophysical response of similar

complexes to see the behavior in subsurface of each one of them.
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