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Abstract: The search for mineral resources presents an enduring challenge as these de-
mands consistently surge, and the utilization of geophysics is undeniably intertwined with
the pursuit of novel prospects. Technological advancements over recent decades have
facilitated access to 2D and 3D visualization software, enabling robust data integrations.
Consequently, interpreters possess the latitude to harness their ingenuity and technical
acumen in conducting multifarious analyses. Mineral exploration in greenfield areas, a par-
ticularly challenging endeavor, often commences with regional surveys and circumscribed
information about the terrain. Notwithstanding limited preliminary data, the judicious
deployment of filtering, modeling, and inversion techniques with geophysical data holds
sway in catalyzing discoveries. This study, with its comprehensive amalgamation of di-
verse copper occurrence indicators and the novel procedural framework it establishes for
processing and integrating airborne gamma-ray spectrometry and magnetometry geophys-
ical and geological data, exemplifies the complexity and depth of our field. Elaborate
litho-geophysical profiles, linked with data concerning mineral occurrences and geochem-
istry, pinpoint potential copper deposits in the area. This multidisciplinary approach and
inversion mode provide detailed insights into probable mineralized body continuity and
regional structural frameworks, offering valuable guidance for future regional mineral
exploration efforts.

Keywords: mineral exploration; MVI; data integration techniques; copper occurrences;
airborne magnetometry; airborne gamma-ray spectrometry

1. Introduction and Objectives

A new mineral discovery holds immense value, particularly in the context of ever-
growing market demands. Metallic minerals, including copper, are highly sought after due
to their critical role in advancing modern technologies. Copper in particular is indispensable
for sustaining contemporary life, with its applications spanning renewable energy systems,
electronics, and infrastructure. However, experts warn of a looming copper scarcity in the
coming years, which could lead to significant economic disruptions [1]. This looming crisis
underscores the importance of efficient mineral exploration and the development of new
mines. Yet, this journey is fraught with challenges, as evidenced by the recent volatility
in copper prices, which signals potential constraints on mine development sooner than
anticipated. The situation in Chile, one of the world’s largest copper suppliers, exemplifies
these projections, with major companies facing declining export revenues due to production
issues stemming from diminishing ore quality and increased extraction costs.
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In light of these challenges, the need for new copper discoveries is more urgent than
ever to meet or sustain global demand until alternative energy solutions emerge. However,
as [2,3] note, finding significant new deposits has become increasingly difficult. Most large,
economically valuable mineral provinces have already been identified, leaving researchers
to target deeper and more complex deposits. Modern mineral exploration now relies
heavily on advanced equipment, robust software, and data processing techniques capable
of creating detailed 3D models. However, success in exploration hinges on integrating these
geophysical results with comprehensive geological data, including structural, geochemical,
and petrological information.

The state of Rio Grande do Sul (RS) exemplifies the potential for polymetallic mineral
exploitation, including copper. Metal exploration in RS began in the early 20th century,
gained momentum in the 1960s, and continues today, primarily driven by private sector
interest. The state has hosted notable mines such as Minas do Camaqua and Mina Seival,
though both are currently inactive. Ref. [4] classified numerous copper occurrences in
RS based on their associated lithologies, providing a foundation for subsequent explo-
ration. Building on decades of geological work by the Geological Survey of Brazil (CPRM),
which includes mineral resource mapping, lithological studies, geochemical data, and aero-
geophysical surveys, this study seeks to refine the understanding of copper occurrences in
RS. Despite the regional scale of much of the existing data (1:500,000/1:250,000), the aim is
to identify areas with higher potential for localized research.

Geophysical methods such as gamma spectrometry and magnetometry have proven
invaluable in copper exploration and characterization. Gamma spectrometry measures
the natural radioactivity of rocks and soils, revealing the distribution of elements like
potassium, uranium, and thorium, which often indicate hydrothermal alteration associated
with copper mineralization [5]. Magnetometry detects variations in the Earth’s magnetic
field, providing insights into magnetite-rich mineralization and geological structures, such
as faults and intrusions, often linked to porphyry copper systems [6]. These methods
have been successfully applied in various studies, such as mapping copper-rich lithologies
in Zambia’s Copperbelt [7] and identifying mineralized zones in the Andes of South
America [8].

To advance copper exploration in RS, this study presents a workflow that integrates ge-
ological data with processed airborne magnetic and gamma-ray spectrometry geophysical
datasets. This integrated approach enables a better understanding of lithological contacts,
structural frameworks, and the depth and continuity of magnetic bodies associated with
copper occurrences, thereby enhancing the precision and effectiveness of mineral research.

2. Study Area and Geological Settings

The study area is located near the municipalities of Vila Nova do Sul, Sao Gabriel, and
Lavras do Sul in Rio Grande do Sul, Brazil (Figure 1a). Geologically, it is situated in the
southern portion of the Mantiqueira Province and is referred to as the South Riograndense
Shield (SRGS) (Figure 1b). This region, recognized for its geological characteristics and
mineral occurrences, is the result of a process of continental crust generation and deforma-
tion, with the most significant contributions occurring during the Transamazonian cycle
(2.26-2.00 Ga) and the Brasiliano cycle (900-535 Ma) [9,10].

The SRGS comprises units of the Dom Feliciano Belt established in the Neoprotero-
zoic, represented by the Sao Gabriel Tijucas and Pelotas Batholith terrains. Additionally,
Paleoproterozoic units occur, such as the Taquaremb6 Terrain and the Tijucas terrain [11]
(Figure 1a). Locally, the study area is located within the tectonostratigraphic units of the
Taquaremb¢ Terrain and Sao Gabriel Terrain.
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Figure 1. (a) Main access highways and location of copper occurrences in the study area (CPRM,
2021) and (b) map of the state of Rio Grande do Sul, the location of the leading regional geological
features and the location of the study area.

The Taquaremb0 Terrain is represented by the Santa Maria Chico Granulite Complex,
predominantly consisting of felsic granulites (trondhjemitic) and mafic rocks, pyroxenites,
lenses of harzburgites, sillimanite gneisses, marbles, and calcium-silicate gneisses [11].
Ages of magma accretion for the granulite complex (zircon, SHRIMP) were obtained
between 2.5-2.1 Ga, with the collisional event that generated the granulites occurring at
2.02 Ga [12,13].

The Sao Gabriel Terrain consists of an accretionary prism with petrotectonic asso-
ciations of passive margin and back-arc environments, ophiolites, volcano-sedimentary
magmatic arcs, and plutonic arcs. It is represented by juvenile rocks (meso to Neopro-
terozoic) including plutonic rocks and low to medium-K calc-alkaline arc rocks (repre-
sented by the Cambai Complex). Zircon ages (TIMS and SHRIMP) range from around
735-680 Ma [13-15]. According to [11], there is also a volcano-sedimentary sequence called
the Palma Complex (lower part of the sequence) and the Bossoroca Complex (upper part
of the sequence), composed of mafic metavolcanic and associated metasedimentary rocks.
The metasedimentary rocks are older than the igneous rocks, but studies suggest they were
derived from a juvenile Neoproterozoic source, with little contribution from the older crust.
They originated from andesitic sources and basic and felsic arc rock mixtures [11].

The detailed study area (Figure 1a) corresponds to the Sao Gabriel Terrain, where
copper occurrences associated with mafic-ultramafic bodies have been documented. Ref. [4]
identified four key areas with mafic-ultramafic bodies for investigation: the Vila Rufino
Massif, Mata Grande Massif, Palma Complex, and Cerro Mantiqueira. The Vila Rufino and
Mata Grande massifs comprise serpentinized dunites and schists, with notable chrysotile
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asbestos and minor pyrrhotite occurrences. The Palma Complex exhibits significant dis-
seminated sulfide mineralization and geochemical anomalies, while Cerro Mantiqueira is
characterized by magnesian silicate and carbonate sequences containing ultrabasic intrusions.

The Palma Complex is particularly notable for its mineral occurrences and historical
geochemical data, with specific sites such as the Passo do Ivo massif, Jazida da Palma, and
Cerro Verde offering detailed insights [4,16]. The Passo do Ivo massif hosts disseminated
sulfides, including pyrite, chalcopyrite, and pyrrhotite, attributed to metamorphic remo-
bilization and hydrothermal activity. At Jazida da Palma, copper, nickel, and cobalt are
associated with ultrabasic masses and contact metasomatism in limestones, producing a
mineral paragenesis of pyrite, chalcopyrite, and gold [17]. Cerro Verde features quartz
lenses mineralized with magnetite, molybdenite, chalcopyrite, and supergene minerals
such as malachite and azurite, linked with quartz and fluorite [16,18]). Ref. [16] also
identified additional copper occurrences in the study area, including disseminated and
vein-associated chalcopyrite, pyrite, and molybdenite in metamorphic and plutonic rocks,
underscoring the region’s potential for porphyritic Cu-Mo deposits and related resources.

3. Magnetometry and Gamma-Ray Spectrometry: An Overview of Their
Applications in Mineral Exploration

Airborne magnetometry and gamma-ray spectrometry are effective large-scale meth-
ods for identifying potential copper mineralization areas. These geophysical techniques
detect anomalies associated with copper deposits, aiding exploration efforts. Ref. [19]
provided an early overview of geophysical signals characteristic of various deposit types,
emphasizing their relevance in mineral exploration. Ref. [20] demonstrated the use of air-
borne gamma-ray spectrometry data in identifying radiometric anomalies correlated with
known copper and iron occurrences. More recently, ref. [21] highlighted the application of
filtering and enhancement techniques in processing geophysical data to delineate potential
mineral targets.

3.1. Gamma-Ray Spectrometry

The gamma-ray spectrometric method measures the relative abundance or concentra-
tion of potassium (K), uranium (eU), and thorium (eTh) in rocks and weathered materials
up to 30 cm deep by detecting the gamma radiation emitted from the natural radioactive
decay of these elements [22]. According to [22], the average content of radioelements in
igneous rocks tends to increase with the silica content of the rock, with felsic rocks having
higher concentrations of these radioelements than mafic or ultramafic rocks. The K, eU,
and eTh channels generate primary images of these elements for processing gamma-ray
spectrometric data. Various products can be derived from the primary images, including
channel ratio maps and RGB ternary maps, which are among the most common and effi-
cient techniques. These methods highlight contrasts between the elements, which may be
less apparent in the primary maps.

Ref. [23] employed gamma-ray spectrometry to understand pedogenetic processes
and the behavior of phosphatic fertilizers. Ref. [24] applied the method to assist in identi-
fying lithological units. Ref. [25] utilized ground gamma-ray spectrometry for geological
mapping and distinguishing facies in granitoids.

Gamma-ray spectrometry has also been effectively used to identify copper occurrences
by detecting variations in the concentration of radioelements associated with mineraliza-
tion processes. This method is particularly useful in mapping potassium (K), equivalent
uranium (eU), and equivalent thorium (eTh) anomalies, as these elements can indicate
hydrothermal alteration zones often linked to copper deposits. High potassium concen-
trations, for instance, may reflect the potassic alteration characteristic of porphyry copper



Geosciences 2025, 15, 38

50f22

systems. Additionally, K, eU, and eTh ratio maps have been employed to delineate alter-
ation halos, highlighting contrasts between mineralized and unmineralized zones. This
approach aids in narrowing down prospective areas for exploration and drilling, especially
when integrated with geological and geochemical data [26].

In the Bathurst Mining Camp, northeastern New Brunswick, gamma-ray spectrometry
has been applied to map various rock types and detect alterations associated with mineral-
izing hydrothermal systems, aiding in the exploration of massive sulfide deposits [27]. In
the Gebel Monqul area of Egypt, the coherence between copper mineralization and ura-
nium enrichment has demonstrated the effectiveness of gamma-ray spectrometry in copper
exploration [28]. More recently, ref. [29] described the effective use of gamma-ray spectrom-
etry as an exploration tool in conjunction with geochemical analyses for identifying and
quantifying potential targets.

By integrating gamma-ray spectrometry with other geophysical and geochemical
methods, exploration efforts can more effectively target copper mineralization.

3.2. Magnetometry

The magnetometry method is essential for understanding the continuity of bodies with
magnetic signatures, such as mafic and ultramafic rocks, as well as bodies with sulfidation.
It also plays a crucial role in understanding the structural framework, helping to map and
identify key geological features. Magnetometry is particularly effective in identifying and
mapping ore bodies associated with magnetic minerals, such as magnetite and pyrrhotite,
and in delineating structures like faults, folds, and intrusive bodies, which are often related
to mineralization [30]. Integrating magnetometric data with other geophysical methods,
such as gamma-ray spectrometry and electromagnetic surveys, enhances the accuracy of
geological models, reduces exploration risks, and improves the identification of potential
mineral targets. The ability to conduct surveys over large areas quickly and cost-effectively
makes magnetometry indispensable in greenfield and brownfield exploration settings [30].

Magnetometry has proven to be a powerful tool in copper exploration, especially in
complex geological settings. Airborne methods such as electromagnetic (AEM), magnetic
surveys, and Induced Polarization (IP) are employed to identify porphyry copper deposits.
These techniques help detect subtle electromagnetic signatures of disseminated sulfides and
structural features associated with mineralization. For instance, the Mt. Milligan Au-Cu
deposit in Canada demonstrated how geophysical tools can map concealed ore bodies,
enhancing the ability to target economically viable mineral deposits through advanced
data processing and integrated exploration strategies [31].

Additionally, these methods aid in delineating geological structures like faults, folds,
and intrusive contacts, which are key features controlling copper distribution. Refs. [32,33]
showcased the effectiveness of aeromagnetic data in structural and geological mapping,
identifying new areas of potential mineralization for exploration. Integrating geophysical
data, such as airborne magnetic surveys, electromagnetic methods (e.g., ZTEM), and heli-
copter TDEM, is essential for identifying porphyry and SEDEX copper deposits. Discrete
magnetic anomalies often correlate with hydrothermal magnetite in potassic alteration
zones of Cu-Au porphyry deposits.

Gravity and magnetic surveys play a crucial role in IOCG systems, as evidenced by the
discovery of the Olympic Dam deposit through coincident anomalies. Structural complexity
analysis enhances target selection by highlighting structurally controlled mineralizations.
These geophysical methods and AIIP effects help delineate hydrothermal alteration zones
critical for copper exploration [34].

Furthermore, magnetometric surveys have been successfully applied in various re-
gions, including significant iron deposits in Victoria. These deposits, concentrated in
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the Buchan Rift, are primarily replacement deposits in Silurian sediments and the basal
Snowy River Volcanics. Initially explored for iron ore and later for copper and gold, they
exhibit intense magnetic responses. The Five Mile deposit, identified from 1950s surveys,
revealed about 6 Mt of magnetite-haematite mineralization. The Three Mile prospect,
discovered in 1983, showed promising copper intersections, including 5.2 m at 4.8% copper.
Induced polarization surveys helped define mineralized areas, although pyrite responses
can overshadow subtle chalcopyrite signals. The complex geology suggests these may be
sulfur-poor massive sulfide deposits, offering further exploration opportunities [35].

4. Material and Methods

For the development of this study, four main stages were defined and are detailed in
Figure 2.

—
a Geology: Separation of
9 lithological units into groups
(%]
~ Geophysical maps of airborne magnetometry and
a Processing and interpretation radiometrics for analysis of lithological and structural
o o 0 contacts and for verifying the continuity in depth and
a of geophysical/geological data extension of magnetic bodies
™0 Correlation between mineral
% ——— occurrences, soil geochemistry
&a and stream sediment

Profile 1: Relate the three radioelements, lithological
< units, and the magnetic inversion model
v Lithogeophysical Profiles Profile 2: Relate the MVI inversion model to mineral
&a occurrences and geochemical results

Figure 2. Flowchart of activities divided into four stages.

The study began by grouping lithological units into five major representative rock
categories based on similar petrographic characteristics and formation ages (Step 1). This
initial step was crucial for organizing the data and creating a framework for interpreting
the geological context. By compartmentalizing the lithological units, researchers could
better align their geological observations with geophysical signatures, facilitating a clearer
understanding of the region’s geological history and processes.

Following this, geophysical surveys, including airborne gamma-ray spectrometry
and magnetometry, were conducted alongside structural analysis (Step 2). These surveys
generated detailed geophysical maps that were instrumental in identifying lithological and
structural contacts. Furthermore, the data provided insights into magnetic bodies’ conti-
nuity in depth and lateral extension. This analysis was key to unraveling the subsurface
structure and identifying areas of potential geological interest.

To deepen the understanding of the region, correlations were established between
mineral occurrences, soil geochemistry, and stream sediment data (Step 3). This integration
of datasets allowed researchers to link surface geochemical patterns with subsurface geo-
logical features. Such correlations are essential for identifying mineralization zones and
understanding their spatial relationships within the geological framework.
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Finally, two lithogeophysical profiles were developed to consolidate the findings (Step
4). The first profile integrated data from three radioelements, lithological units, and a
magnetic inversion model, offering a comprehensive representation of subsurface charac-
teristics. The second profile focused on connecting the Magnetic Vector Inversion (MVI)
model with mineral occurrences and geochemical results, further refining the interpreta-
tion of potential exploration targets. These profiles provided a robust basis for geological
analysis and exploration strategies.

The materials used for this study were derived from geophysical, geochemical, and
lithological investigations conducted by the Brazilian Geological Service (CPRM) and are
freely accessible.

For the processing and interpretation of aeromagnetic and gamma-ray spectrometry
data, the database from the Rio Grande do Sul Shield Project (scale 1:250,000) by the
Geological Survey of Brazil—CPRM was utilized. The acquisition parameters for the
aerogeophysical survey included flight lines oriented in an N-S direction, with a 500-m
spacing and an average flight altitude of 100 m [36].

The geochemical data comprised 48 soil sampling points and 47 stream sediment sam-
ples, collected as part of the Geochemical Survey Project of Rio Grande do Sul conducted
in 1976 and updated in 2021 by CPRM.

The raw geophysical data was processed by [36], which includes the removal of the
IGRF and corrections in the gamma-ray spectrometric data. The geophysical maps were
generated using the Oasis Montaj software (version 2024.1). The VOXI extension was used
to create 3D models of magnetic data employing the vectorial magnetization model type
Magnetization Vector Inversion (MVI).

For the MVI inversion, cell sizes in X, Y, and Z of 240, 245, and 35, respectively, were
considered. The input data considered was the magnetic field reduced to the IGRF; no
constraints or weights were added for any type of parameter to avoid bias in the final
result. Likewise, magnetization values of groups of rocks were not considered since no
previous petrophysical studies were carried out. Additional processing included creating
Analytic Signal (AS) and first vertical derivative (1DVz) filters, along with a ternary RGB
map derived from gamma-ray spectrometric data. Structural lineaments were manually in-
terpreted from the First Vertical Derivative maps, resulting in a rosette diagram illustrating
the lineament trends. QGIS software (version 3.34.9-Prizren) was employed to integrate
and interpret geophysical and geological data.

Geophysical Data Processing for Copper Occurrence: Theoretical Insights, Evolution,
and Effectiveness

Filters such as the analytical signal and the first vertical derivative are essential for
enhancing magnetometric data in copper occurrence research. The analytical signal, intro-
duced by [37], combines the gradients of the magnetic field in all three spatial directions,
creating a signal independent of the magnetization direction. This property is particu-
larly valuable for identifying subsurface structures and delineating magnetic body edges.
Later works, such as [38,39], expanded on its application, demonstrating its utility for
semi-automatically interpreting 2D sources, especially in low magnetic latitudes or areas
with complex remanent magnetization. Meanwhile, the first vertical derivative enhances
high-frequency components of the data, improving the resolution of shallow magnetic
sources [40]. Together, these filters enable geoscientists to analyze geological structures
associated with copper mineralization more effectively, particularly when integrated with
lithological and geochemical datasets [41].

The processing of magnetometric data requires careful consideration of spatial and
temporal variations, anomaly separation, and interpretation techniques to ensure high-
resolution results. Early researchers such as [42,43] developed simple methods for anomaly
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separation, including graphical smoothing and analytical grid systems. Refs. [44,45] later
introduced processing schemes in the frequency domain to refine residual separation
techniques. Ref. [46] emphasized the importance of isolating and enhancing anomalies
while addressing directional attributes, gradients, and correlations with geological or
geophysical variations. These advancements have laid the foundation for modern data
interpretation in magnetometry.

The analytical signal (AS), as described by [37,47,48], has been widely used to locate
and determine the depth of magnetic anomaly sources. Applications include interpret-
ing dyke bodies [49] and addressing non-directed remanent magnetization in areas with
complex geophysical characteristics [38]. Hilbert transform pairs, discussed by [39], fur-
ther refined the application of AS in large datasets, making it an indispensable tool in
mineral exploration.

Magnetic vector inversion (MVI) techniques have evolved significantly over recent
decades. Ref. [50] discuss significant advancements in geophysical data inversion, which
are essential for mineral exploration. The inversion methods are categorized into three
types: Type I (discrete body), Type II (pure property), and Type III (lithologic). Equation (1)
represents the misfit function in the inversion process, focusing on minimizing the differ-
ence between observed and predicted data.

2
N d,obs _ d'pred
Dy =) (’Ull (1)

i=1

where d;” red jg predicted data, df'bs is predicted observations, and N is the number of
data. Equation (2) describes the model’s objective function, incorporating smoothness and
proximity to a reference model.

2
Do) = s W (=) e [ | 52|
T ; ®)

2 2
Déyf Wy |:d(mMref):| dv + “zf W, d(md;ﬂref):| dv
Q Q

dy

where m,¢ is a reference model, the « coefficients control the relative importance of
smoothness in the various directions compared with closeness to a background, and the
W's are weighting functions.

The use of depth weighting (Equation (3)) is mentioned as a technique to overcome
the inherent limitations of potential field data, which lack depth resolution.

w(z) =1/(z +2)"" 3)

where z is a constant that depends upon flight height and cell size, and n = 3 for magnetic
data. Since the fields decay as 1/r2, the exponent would be n = 2 for gravity data.

According to [50], integrating geological models and continuously improving com-
putational techniques is paramount. They highlighted potential methods as economical,
high-resolution approaches for investigating subsurface structures.

Issues related to magnetic susceptibility inversions, including the influence of rema-
nent magnetization, were discussed by [51,52], who proposed solutions for improving
inversion accuracy.

Ref. [51] address challenges in interpreting magnetic data due to unknown remanent
magnetization directions. The authors propose an inversion algorithm that minimizes
dependence on magnetization direction by utilizing total gradient data. Equation (4)
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defines the total gradient g as the square root of the sum of squares of the partial derivatives
of the anomalous magnetic field.

§=|VB|
— /(3B/3x)? + (3B/ay)* + (9B/2z)?

(4)

where B is a given component of the anomalous field, such as the total field anomaly or the
vertical anomaly.

The inversion problem is formulated using Tikhonov regularization (Equation (5)),
which combines a data misfit term ®; and a model objective function ®;,, controlled by a
regularization parameter S.

D=, + O ®)

The methodology incorporates a positivity constraint through a logarithmic barrier
method (Equation (6)), ensuring non-negative magnetization values.

D = Dy + pPy —21) _ Ink; (6)
j

The algorithm employs a Gauss—-Newton approach for iterative minimization
(Equation (7)), efficiently calculating the sensitivity matrix necessary for updating the
model parameters.

(JTWIW,] 4+ BWIW, + AX~2)A%

— — _ (7)
= —JTWIW,6d" — BWIW,, 61" — AX 1€

This approach allows for effective 3D inversion of magnetic data, offering practical
applications in fields like petroleum exploration, kimberlite imaging, and crustal studies.

More recently, ref. [53] introduced Magnetization Vector Inversion (MVI), which
incorporates induced and remanent magnetization without prior knowledge of remanent
magnetization properties. This innovation has been tested in mineral exploration and
demonstrated greater accuracy in interpreting magnetic field data.

This technique improves the interpretation of magnetic field data by incorporating
both remanent and induced magnetization without prior knowledge of the remanent
magnetization’s direction or strength. The study highlights that traditional voxel-based
inversion methods often assume only induced magnetization, leading to potentially mis-
leading interpretations due to the significant presence of remanent magnetization in crustal
rocks and mineralized zones.

Key equations include the magnetic field calculation from a volume magnetiza-
tion (Equation (8)) and the objective function for inversion with Tikhonov regularization
(Equation (5)).

B(r) = o / w v’ ®)
v =]

Through examples with synthetic and real data, including a case study of the Cu-
Au Osborne deposit, the authors demonstrate the efficacy of MVI. The results show that
incorporating remanent magnetization significantly improves the accuracy of magnetic
data interpretation. The study concludes that ignoring remanent magnetization can lead to
misleading interpretations, highlighting the need for comprehensive approaches like MVI
in magnetic field data inversion.
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5. Results and Discussions

The results and discussions were divided into the following topics: (i) Separation of
lithological units into groups; (ii) Processing of aeromagnetometric and aerogamaespectro-
metric data; (iii) Integration of geophysical data and information on mineral occurrences,
soil geochemistry, and stream sediment; and (iv) Generation of lithogeophysical profiles.

5.1. Separation of Lithological Units into Groups

The lithological units were compartmentalized into five major representative rock
groups with similar petrographic characteristics and formation ages. This step aims to
better interpret the geological context with the geophysical signatures (Figure 3).

& [ | Alluvial Deposits [ Hildrio Fm.
I s3o Manoel Granite [ camaqué Pelado Syenite
Il Acampamento Velho Fm. Il Ibiajura Fm.
Il Santa Maria Chico Fm. [ Arroio Cambaizinho complex
: I Ibiajutura Fm. I Passo do Ivo complex
[__1 Arroio dos Nobres Fm. [l Palma complex
# [] Maricé Group [ Cerro Mantiqueira complex
Guata Group [] Passinho intrusive suite
~ [ ] Santa Barbara Group Il Pontas do Salso Fm.
I S3o Sepé Granite I 1baré Fm.
I Santa Rita Monzogranite Il Bossoroca complex
[1 santo Afonso Intrusive Suite [ vila Nova do Sul
I Ramada Granite [ Lagoa da Meia Lua Intrusive Suite Plutonic igneous rocks
Il Rincdo dos Coqueiros Monzogranite [ ] Santa Tecla Fm. — ¥blganiclastc r(_)CkS
[ Lavras do Sul Intrusive Suite [ Itararé group \—1 ri:::::;ir;::s;ate rocks
[ Jaguarari Granite

Figure 3. (a) Map of lithological units, (b) map of group separation. Adapted from [16].

The five groups were compartmentalized with similar lithologies described by [16]
(Figure 3):

Ultramafic Rocks: rocks that have undergone intense regional metamorphism, such as
metamafites, metagabbros, serpentinites, and magnesian schists with ages of ~850-630 Ma.
The units known as Bossoroca, Arroio Lageadinho, Arroio Cambaizinho, Passo do Ivo, and
Palma have been integrated with rocks belonging to the Cerro Mantiqueiras Formation,
composed of metamafites, serpentinites, metagabbros, and magnesian schists, with ages
also ranging from ~850-630 Ma.

Mafic/Intermediate Rocks: represented by gabbros, tonalites, trondhjemites, diorites,
amphibolites, and granodiorites with ages ranging from ~1000-730 Ma. The units that
compose this large group are the Vila Nova do Sul Suite, Lagoa da Meia Lua Suite, and
Passinho Suite.

Plutonic Igneous Rocks: represented by granitoids such as monzogranites, granodi-
orites, and syenogranites with ages of ~650-540 Ma, referred to as the Ramada Granite,
Camaqua Pelado Syenogranite, Sao Manoel Granite, Santa Rita Monzogranite, Jaguari
Granite, and Lavras do Sul Intrusive Suite.

Volcaniclastic Rocks: This group is composed of volcaniclastic igneous rocks, which
have eventually undergone regional metamorphism. Representative units include the
Ibiajutura Formation, consisting of metasandstones, mica schist, phyllite, and slate, with
ages ranging from 1000 to 635 Ma. Also, the Acampamento Velho Formation, mainly com-
posed of rhyolites, tuffs, pyroclastic breccias, and ignimbrites with an age of ~650-540 Ma,
the Arroio dos Nobres Formation composed of conglomerates, siltstones, and sandstones
with an age of ~650-540 Ma, the Pontas do Salso Formation with metatuffs and epiclastic
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metasedimentary rocks with an age of ~850-630 Ma, and the Hiladrio Formation mainly
composed of andesites with an age of ~650-540 Ma.

Sedimentary Rocks: Comprised of sandstone, siltstone, and conglomerate with ages
ranging from ~318-270 Ma in rocks belonging to the Guatd Group and from ~650-540 Ma
in rocks of the Maricd Group.

5.2. Airborne Gamma-Ray Spectrometry, Airborne Magnetometry, and Structural Analysis

Maps of the three radioelement channels K, eTh, and eU and an RGB Ternary map
were generated from the gamma-ray spectrometry data made available by [36] (Figure 4a—c).
For the interpretation of the maps, the lithological group map will be used (Figure 4d).
The study area presents strongly delineated lithological units in the RGB Ternary map
(Figure 4e). The granitoids of the plutonic igneous rock group are delineated by the high
counts of the elements (whitish colors) and higher counts of the potassium and thorium
elements. It is observed that the ternary map delimits the boundaries of the metamorphosed
mafic/ultramafic rocks, which have low total element counts (dark colors).
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Figure 4. (a) Potassium Channels, (b) Uranium, (c) Thorium, (d) Lithological Group Map, (e) RGB
Ternary Map, and (f) Histograms showing the variation of the mean values of eTh, eU, and K
concerning the rock groups in the area of interest (the colors represent: K, red; eTh, green; eU, blue),
and (g) the table with the average radioelement values for each rock group.
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The Mafic/Intermediate rock group shows K, eU, and eTh variations. These variations
can be observed in Figure 4a—c. Rocks with higher potassium element counts are related to
plutonic igneous rocks (granodiorites and monzogranites) (Figure 4a).

The sedimentary rock group shows a more significant variation in radioelements,
generally exhibiting higher values, although some have a higher potassium percentage.
These are associated with siltstones, conglomerates, and sand. Sedimentary rocks in contact
with mafic and ultramafic units have a higher concentration of mafic minerals and low
silica content, facilitating a signature with low counts of K, eU, and eTh.

The histograms of radioelement countings and the table with the average radioelement
values for each lithotype show significant dispersion and variability (Figure 4f,g). This
occurs due to various factors, including flight altitude, thickness of the soil cover, presence
of dense vegetation, and variation in mineralogical composition for each lithotype. Despite
the considerable variability, patterns can be observed. The group of plutonic igneous rocks
has the highest element count in all channels, confirming that the higher the silica content
in the rock composition, the higher the radioelement count. In contrast, ultramafic rock
groups behave oppositely, showing low radioelement counts.

From the aerial magnetometry database, the Total Magnetic Intensity (TMI) map and
Analytic Signal (AS) map were generated (Figure 5a,b). The results show striking contrasts
in the magnetic signature in the TMI map with dipolar regions, and circular structures
corresponding to the Ramada Granite, Lavras do Sul Granite, and Jaguari Granite are
observed. The AS map highlights mafic and ultramafic lithological units and exhibits
intense magnetic signatures. Plutonic igneous and sedimentary rock bodies show a weak
magnetic signature.

A First Vertical Derivative filter was applied (Figure 5d) to highlight the region’s
structural framework (Figure 5e). Ultramafic bodies, mafic/intermediate igneous rocks,
and volcaniclastic rocks show structural solid control (Figure 5c). The results of structural
interpretations and comparisons with measurements made by [16] reveal a NE-SW struc-
tural trend (Figure 5g). Plutonic igneous lithological units and sedimentary rocks do not
show intense structural control (regions identified in Figure 5e in pink color).

Since ultramafic rocks exhibit magnetic contrast compared to other lithologies and
have the most significant potential to host mineralization, the Magnetization Vector In-
version (MVI) technique was applied to understand the continuity of subsurface bodies
laterally and in-depth and the inclination of lithological bodies (strike and dip) (Figure 5f).

Through the analysis of the MVI inversion results of the aeromagnetometric data along
with the structural context described by [16], it is observed that ultramafic lithological units
have a preferential direction of N45° E and a dip of 50°, which is also observed in depth
(Figure 5f).
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Figure 5. (a) Total Magnetic Anomaly Field Map and indication of the location of the cross-section
A-A’, (b) the Analytic Signal Map, (c) Lithological Group Map with structural context (CPRM, 2021),
(d) First Vertical Derivative Map (1DVz), (e) 1DVz Map highlighting structural lineaments and
plutonic rocks, (f) Cross Section A—A’ of the MVI Inversion Model, and (g) Rosette Diagram.

5.3. Mineral Occurrences, Soil Geochemistry, and Stream Sediment Analysis

Ribeiro (1978) [4] identified potential areas containing mafic-ultramafic bodies, among
which four areas were selected for detailed geological study: the Vila Rufino Massif, Mata
Grande Massif, Palma Complex, and Cerro Mantiqueira (Figure 6a).

The Vila Rufino Massif consists of small bodies of serpentinized dunites in contact
with magnesian schists (serpentine-chlorite-talc schists). These are considered products
of retro-metamorphism acting on the ultrabasic and basic rocks of the Cerro Mantiqueira
Formation. A small occurrence of chrysotile asbestos is known in the southern part of
this massif. The entire massif (dunites and schists) measures 12 x 5 km and is in tectonic
contact with rocks of the Cambai subgroup (gneisses and granites) through two parallel
faults oriented N20° E.

The Mata Grande Massif consists of an elongated area measuring 18 x 2.5 km with
significant occurrences of serpentinized dunite bodies embedded in schistose rocks, trend-
ing N20° E, and is responsible for the contact between the Cerro da Mantiqueira Formation
and the chlorite schists of the Vacacai subgroup (to the east) and the gneisses of the Cambai
subgroup (to the west). Occurrences of chrysotile asbestos are recorded at the southern
end of the body, and there is knowledge of pyrrhotite, rare and finely disseminated in
serpentinites, and talc-chlorite-tremolite schists [54].
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The Palma complex consists of three main occurrences: Passo do Ivo, Jazida da Palma,
and Cerro Verde, containing records of disseminated sulfidation and geochemical results
from stream sediment and soil samples.

The Cerro Mantiqueira occurrence consists of an elongated body measuring 5.6 x 0.4 km,
composed of a silicate magnesian sequence (chlorites, talc-chlorite schists, hornblende-
tremolite, actinolite schists, tremolitites) and, concordant with it, a carbonate magnesian
sequence (limestones with giobertite, dolomites with olivine, and limestones with ankerite).
Within these sequences, oriented N70° E, ultrabasic cores appear (lherzolites, harzburgites,
dunites, and serpentinites). Homogeneous basic and acid migmatites of the Cambai
subgroup enclose all these lithological sequences.

To understand the continuity of ultramafic bodies and improve the resolution of
inversions, inversion models (MVI) were generated for each area related to the ultramafic
bodies described by [4] (Figure 6b). It can be observed that all of them correlate satisfactorily
with lithological and structural information. The bodies that stood out due to their excellent
continuity in depth and extent are located in the region known as Palma. Various mineral
occurrence records and geochemical studies are also found in this locality. Based on these
premises, the Palma region will be detailed in terms of geophysics and detailed information
about the mineral paragenesis present in registered occurrences in the region.
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Figure 6. (a) Areas with mineral occurrences hosted in ultramafic bodies. (b) MVI inversion models
for the four areas.

5.4. Palma Region—QOccurrences and Geochemistry Information

The information that will be described below is very important for understanding
in more detail the cupriferous occurrences in the Palma Region. As previously described,
minerals have different magnetic signatures. To understand the contrasts in physical
properties, it is important to describe the details of the lithotypes. In addition, historical
measurements of stream and rock sediment were detailed, which will be used as integration
and validation tools for geophysical data.

Figure 7 details and presents occurrences and geochemical information for this specific
area. According to [4], the Passo do Ivo massif contains disseminated sulfides, such as
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pyrite, and, in smaller proportions, chalcopyrite and pyrrhotite. Ref. [16] states that the
occurrences are related to metamorphic remobilization and hydrothermalism.

Jazida da Palma occurs in the Palma Complex and has a gabbro apophysis introduced
into marbled limestones. According to [17], in Jazida da Palma, there is an intrusion of
an epidotized porphyritic gabbro dyke, with a thickness ranging from 10 to 15 m, which
emits numerous apophyses. These apophyses intrude along the finishing planes of the
limestones and are folded together with them. The lithology of these apophyses is currently
formed by a schist to serpentine, chlorite, and biotite and can be classified as a metabasite.

The intrusion developed contact metamorphism, reaching around 2 m in thickness. In
the surrounding limestones, there is a mineral paragenesis based on diopside, tremolite,
grossular, sphene, and epidote, in addition to sulfide metallic minerals. These are found in
basic rocks and limestones but are always confined to the contact zone. Pyrite is the most
abundant sulfide, accompanied by chalcopyrite, pyrrhotite-pentlandite, and gold [17].

Studies conducted by the Departamento Nacional de Pesquisa Mineral (DNPM) in-
dicated a mineral paragenesis concerning sulfides: pyrite, chalcopyrite, arsenopyrite,
sphalerite, pyrrhotite, and magnetite. Pyrite is the most abundant sulfide, followed by
chalcopyrite; the others are rare.
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Figure 7. (a) Lithological map with records of Cu occurrences, stream sediment, and soil geochemistry,
(b) detailed location of stream sediment samples, and (c) detailed profiles of the two soil sampling
points; adapted from [4,16].

Ref. [4] argues that Jazida da Palma has two favorable conditions for copper, which
are possibly genetically related:

(1) Copper, with nickel and cobalt, linked to ultrabasic masses.
(2) Copper in deposits originating from the contact metasomatism of these bodies on the
limestones of the sedimentary sequence.

The occurrence known as Cerro Verde is located in the western region of the Jaguari
Granite and in contact with the host rock, mainly the Palma Complex [4]. Quartz lenses
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with a direction of N45° E were described in this occurrence and were associated with
migmatites. The mineralization is found in scattered pockets in the quartz lenses [18].
The ore mineralogy consists of magnetite, molybdenite, chalcopyrite, bornite, pyrite, and
gold (primary ore), and chalcocite, covellite, cuprite, malachite, and azurite (supergene)
have also been identified. All these minerals are associated with quartz, fluorite, calcite,
and epidote.

Ref. [16] indicates 28 occurrences of copper in the area of interest, which measures
22 x 22 km. In the Passo do Ivo metamorphic complex, two occurrences are described.
Most occurrences are near the contact between the Jaguari Granite, the Palma Complex,
and the Pontas do Salso Formation. Disseminated concentrations of minerals such as
chalcopyrite, pyrite, pyrrhotite, and hematite associated with veins at the contact of the
Granite with the Pontas do Salso Formation have been described. At the contact of the
granite with the Palma Complex, there are records of copper mining activities as the primary
substance and gold and molybdenum as secondary substances. Ref. [16] shows a porphyry
Cu-Mo deposit with disseminated mineralizations in metamorphic rock and plutonic
igneous rocks such as Monzogranite. The occurrence has mineralogical associations with
gold, bornite, chalcopyrite, pyrite, molybdenite, magnetite, fluorite, calcite, and epidote.
Other unexploited occurrences have been described in the region, some with mineralogical
associations with chalcopyrite, pyrrhotite, and pyrite, possibly associated with faulting in
the N45° E direction.

For the study area, 48 soil sampling points and 47 stream sediment samples were used,
and 31 elements were analyzed by emission optical spectroscopy. This study is part of the
Projeto Levantamento Geoquimico do Rio Grande do Sul (Geochemical Survey Project of
Rio Grande do Sul) carried out in 1976 and revised in 2021 by CPRM.

The soil sampling was acquired in the residual soil, considering only horizon A. The
collection is mainly concentrated in two profiles with a length of 260 m and a spacing
between profiles of 150 m. The results show a variation of Cu from 0 to 7000 ppm, with
continuous measurements within a range of 400 to 7000 ppm. Other collections were
acquired randomly throughout the area and did not present significant results, ranging
from 5 to 40 ppm (Figure 7c).

The stream sediment was collected in a drainage with an NW-SE direction, and the Cu
results showed a variation from 5 to 100 ppm. Higher concentrations of Cu occur near the
soil sampling profiles, in areas corresponding to the contact between the Jaguari Granite
and the Palma Complex (Figure 7b).

5.5. Data Integration Litho-Geophysical Profiles Analysis

Two profiles were generated based on the previously presented information (Figure 8).
Profile A-A" is 22 km long and cuts through all lithological groups, while profile B-B” is
2.5 km long and focuses on the zone where geochemical information is available (Figure 8).

For the analysis of Profile A-A" (Figure 9), the following elements were used:

(i) MVlIinversion model that presents the signal intensity variation based on the contrast
of MVI magnetization normalized to magnetic susceptibility (SI), which means that the
generated anomalies can be directly related to the magnetic susceptibility of materials;

(i) A graph with the three radioelements (K, eTh, and eU) and the terrain elevation
showing signal intensity, varying from low to high intensity.
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Figure 8. (a) Location map of litho-geophysical profiles and (b) detail of the location of Profile B-B”
with information on stream sediment and soil samples.

In the first 3 km of the profile (Figure 9¢), it is observed that the radioelements signature
is intermediate, and the MVI inversion presents weak anomalies, which is typical of sedi-
mentary rocks such as sandstones and siltstones. From 3 to 7 km of extension, intermediate
mafic rocks represented by tonalite, diorite, and granodiorite of the Lagoa da Meia Lua
Formation show a significant increase in radioelements, marking the lithological change,
and the MVI inversion has an intermediate signature. The meta ultramafic rocks of the
Passo do Ivo Formation, represented by magnesian schists and amphibolites, are strongly
delineated in the magnetic signature of the MVI model, with a thickness of approximately
3.5 km, showing a low count of radioelements demarcating the lithological change.

Two circular and continuous low anomalies are observed in the direction of the
mapped structures as a sinistral shear zone and a sinistral strike-slip fault or shear zone. The
magnetometry method and detected anomalies are characterized by identifying structures
and mainly demarcating those with regional character. These structures and a lens of the
Lagoa Meia Lua Formation appear to delimit the Passo do Ivo Formation. In depth, it is
observed that the Passo do Ivo Formation has a continuity that exceeds 150 m in depth
with a dip of 50 and azimuth of 220°.

The Palma Complex occurs over approximately 11.5 km along the profile, delineated
by a magnetic high with a thickness of 4 km, which agrees with surface geology. The Palma
Complex shows substantial indications of copper occurrences, as described in the literature
by [4,16]. The MVI inversion shows subsurface continuity controlled by well-defined
structural lineaments in previous geological mappings. The correlation of all this evidence
of information indicates a high potential for copper occurrences associated with strong MVI
anomalies. The magnetic anomaly is observed to be more intense at depth; it may be that
this mineralized ultramafic body is increasing in depth and under strong structural control.

Following the profile, after the Palma Complex, the Pontas do Salso Formation occurs
over approximately 17 km along the profile, represented by epiclastic metasedimentary
rocks and metavolcanic tuffs. A low magnetic and low radioelement signature is observed,
followed by a high magnetic marking (similar to another previous section) of the presence
of magnesian schists of the Palma Complex.
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Figure 9. (a) Lithogeophysical Profile A-A”, (b) view of the MVI-generated inversion model. (c) A mo-
saic presenting the MVI-generated inversion model, graph with radioelement (K, eTh, eU) variations,
and interpreted lithogeophysical profile.

At approximately 20.5 km along the profile, a significant increase in the signal intensity
of the three radioelements combined with low magnetics near the surface is observed.
Thus, it is interpreted that this response is related to the Sdo Manoel Monzogranites and
Granodiorites. However, it is suggested that the Palma Complex may also be present at
greater depth due to strong magnetic anomalies. This region is also considered to have a
high potential for copper occurrences. The contact between the ultramafic rock and plutonic
igneous rocks may be favorable for sulfide presence. The lens of the Palma Complex has a
greater extent than represented on the surface, extending to approximately 2 km in depth
(Figure 9b).

The B-B” profile aims to show the relationship between soil and stream sediment
geochemical results with MVI data inversion, which may be related to the continuity of
host bodies and/or directly related to mineralization (Figure 10). It can be observed that in
the section parallel to the mineralized structures with azimuth 225°, parallel to the fracture
related to the mineralizations, the body shows continuity in depth. The profile cut with a
northward direction shows a tendency for continuity towards N45° E.

The MVI inversion model presents more than one magnetic body, and several mineral
occurrences have been identified at the surface. Therefore, the study area may have several
mineralized bodies that continue in extension and laterally. The structural control of the
preferential direction N45° E somehow controls all. Most of those showing more excellent
continuity are located near the contact zone between the Jaguarari Granite, the Palma
Complex, and the Pontas do Salso Formation.
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Figure 10. (a) MVI Model of Profile B-B”, (b) separation of selected MVI higher anomalies, and
(c) map of Profile B-B” location.

6. Concluding Remarks

Based on the proposal of this study, the results were satisfactory because, using the
suggested workflow, it was possible to delimit potential areas with pre-existing geological
mapping data, results from geochemical analyses, structural context, and products from
the processing of airborne geophysical data from magnetometry and gamma spectrometry
to understand the behavior of copper signatures in mafic-ultramafic bodies associated with
copper occurrences in the Southern Rio Grande Shield. This geoscientific data processing
and interpretation routine aims to advance and develop new research in the mineral
exploration field in Brazil’s southern portion and contribute to discoveries of metallic
minerals with economic potential.

Processing aeromagnetic data using the first vertical derivative enhancement filter of
the total anomalous magnetic field made it possible to relate the main structural lineaments.
An MVI inversion model highlighted the continuities of the bodies in extension and depth.

The maps of the radioelements and ternary showed lithological contacts, and a table
showing variations of the values generated from the interpolated airborne data was also pre-
sented. These can be used as parameters for future studies in the area and similar lithologies.

The profiles generated for litho-geophysical interpretation (Profile A-A with a length
of 22 km) evidenced a detailed correlation of the radioelements delineating lithological
contacts; the MVI inversion enriched the discussion on the continuity of ultramafic bodies
such as the Palma Complex and on the structural framework delimiting regional structures
in the preferred N45E direction. Cross-referencing historical data with new processing
suggested areas with high potential for copper occurrences. Profile B-B” achieved satisfac-
tory results in verifying anomalies generated from the MVI inversion. These significantly
correlate with historical results from sediment and soil geochemical analyses.
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