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Abstract: The exploration of gold and copper is essential for the sustainable development of
mining worldwide and in Brazil, given the dependency on copper imports. This study aims
to reassess and identify promising areas for sulfide prospecting in southern Brazil, with
technologies, including radar images (ALOS PALSAR) and software (PCI Geomatics CATA-
LYST Professional Complete, version 2023, QGIS 3.38.1 (Grenoble), Spring 5.5.6, and Orient
3.20.0), for the extraction and processing of tectonic lineaments. The comparative analysis
between these linear structures and the drainage networks allows for the assessment of
alluvial gold minerals and disseminated copper in andesites, as observed in the abandoned
Seival mines. The methods employed include the extraction of tectonic lineaments and
the evaluation of mineral occurrences in the Hildrio (volcanogenic) and Arroio dos Nobres
(sedimentary) formations of the Bom Jardim Group (Neoproterozoic) and their drainage
networks. As a result, this article concludes that the main tectonic alignment directions
for copper and gold occurrences disseminated in andesites are predominantly E-W, N-S,
N 5° W, N 58° W, N 62° E, and N 23° E, and for alluvial gold N-S and N 45° W. These
results are crucial for reassessing abandoned mining areas and identifying the primary
mineral orientations in rocks and the predominant orientation of alluvial deposits, serving
as structural controls for discovering new mineral occurrences. It is concluded that geotech-
nologies have expanded the possibilities for study, enabling a more detailed analysis of
tectonic lineaments and drainage systems and providing a valuable prospective guide for
gold and copper mineral exploration.

Keywords: tectonic lineaments; drainage network; ALOS PALSAR; copper and gold

1. Introduction

The accelerated advances in Geographic Information Systems (GISs) have enabled the
study of geological structures for mineral exploration and improved the analysis of satellite
image lineaments at different scales [1-3].

The study area is located at the municipalities of Lavras do Sul, Cagapava do Sul, Bagé,
and Sao Sepé in the Rio Grande do Sul State, Brazil. The Hildrio Formation, characterized
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by its effusive volcanic facies and volcaniclastic and volcano-sedimentary facies, along
with the Arroio dos Nobres Formation, both part of the Bom Jardim Group, provide a
favorable setting for the occurrence of copper and gold mineralization [1]. These resources
are important to modern industry and technology, especially considering Brazil’s significant
dependence on copper imports.

Identifying tectonic lineaments is crucial in mineral exploration, as these structures
often control mineralization [4]. Bricalli and Mello [5] associated the lineament patterns
identified in the basement domain with Precambrian litho-structural controls, highlighting
a predominant NE-SW-oriented set of lineaments in southeastern Brazil.

Recent advances in GIS further facilitate the study of geological structures for mineral
exploration and enhance lineaments analysis across various scales of satellite images [6].
Hajaj et al. [2] have contributed to the application of hyperspectral imagery and machine
learning in mineral exploration, emphasizing their utility in detecting geological features,
including mineral deposits.

Base and previous metal mineralizations are often associated with tectonic structures
(i.e., faults and deformation zones) as a hydrothermal metallogenetic model [7-10]. Remote
sensing allows for efficient and rapid analysis of large areas for structural, lithological,
and mineralogical mapping [11]. This study aims to apply segmentation techniques to
drainage networks and SAR image lineaments to automatically extract the orientation of
deformation features/structures and integrate them with the Hildrio (with its facies) and
Arroio dos Nobres formations, which host disseminated copper and gold deposits as well
as alluvial gold deposits [12,13].

These techniques have been successfully applied in mineral exploration, as demon-
strated in studies on the Mandira granites in the Sao Paulo State, where lineament analysis
combined with field investigations improved the identification of structures for mapping
potential mineralized areas [14].

Jellouli et al. [3] conducted studies on lithological and hydrothermal alteration mapping.
They aimed to identify ore deposits by comparing Landsat 8 OLI, Terra ASTER, and ALOS PAL-
SAR radar satellites for automatic and manual lineament extraction. Their findings concluded
that ALOS PALSAR radar data and PC1 OLI effectively mapped structural lineaments.

Morphostructural lineament extraction from remote sensing data is necessary for
geological and mineral exploration studies [15]. Lineament identification assists in planning
geophysical surveys in copper and gold prospecting areas, such as the Seival region,
particularly around abandoned mines, to assess the tectonic control of mineralization.

The combined use of remote sensing for analyzing tectonic lineaments, drainage
networks, and field geology in regions with hydrothermal deposits enables the evaluation of
correlations between regional and local structural controls, improving prospecting criteria
for sulfide mineral deposits. This approach establishes a connection between indirect
prospecting guides (remote sensing) and direct indicators (field-recognized mineralization
evidence) for the study area.

The use of radar (SAR) imagery is preferred for penetrating regions with vegetation
cover or adverse weather conditions due to its ability to operate in all weather (through
clouds and rain) and independent of sunlight. Additionally, radar microwaves, especially
in longer wavelengths (such as L and P bands), penetrate vegetation, allowing for soil
structure analysis. Radar is also sensitive to surface roughness and moisture, making
it ideal for high-precision monitoring of deforestation, agriculture, floods, and ground
movement (such as subsidence or earthquakes).
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2. Study Area and Geological Context

The study area is in the Seival mines region, encompassing the municipalities of Lavras
do Sul, Cagapava do Sul, Sao Sepé, and Bagé, within the Camaqua Basin in the State of Rio
Grande do Sul, Brazil (Figure 1).
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Figure 1. Location map of the study area with disseminated and alluvial copper and gold occurrences
over LandSat 8 FCC images with 7-5-2 bands in RGB from USGS [16]. Geographic Coordinate
Reference System Datum: SIRGAS 2000. Data Source: Modified from Cruz and Horn [1].

The study region was selected based on the presence of former mines with occur-
rences of Cu-Zn-Au-Ag sulfides and a history of mineral research and exploration, though
currently abandoned.

This study focuses on the Hilario Formation, characterized by effusive volcanic facies,
volcaniclastic, and volcano-sedimentary facies, as well as the Arroio dos Nobres Formation,
both of which belong to the Bom Jardim Group (Neoproterozoic) and are in the central-
southwest region of Rio Grande do Sul state.

The geological interest in the study area arises from its dynamic and complex tectonic con-
text, copper and gold mineralization occurrences, its evolutionary history, and the intercalated
and interacting processes of volcanogenic activity and sedimentary rock formation over time
(Figure 2). The surrounding area exhibits predominant stratigraphy composed of rocks from
the Precambrian (Paleoproterozoic to Neoproterozoic), Paleozoic, and Cenozoic eras.

The tectonic evolution of the study area was characterized by alternating periods
of intense volcanic activity, low-energy sedimentation, and mineralization, suggesting a
tectonically active environment influenced by volcanic island arcs [17]. These interactions
resulted in a geologically diverse and complex landscape, reflecting the evolutionary history
of the Hildrio Formation (with its facies) and the Arroio dos Nobres Formation of the Bom
Jardim Group. Hydrothermal fluids carry economically significant minerals through faults,
fractures, and shear zones, depositing them within interior structures as veins.
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Figure 2. Lithostratigraphic units of the geological map of Lavras do Sul and A-B profile location.
Data Source: Modified from Cruz and Horn [1].

Subsequent pluvial, fluvial, and aeolian erosional processes lowered the topography,
eroding previously elevated areas and depositing economically significant minerals along
drainage systems.

This combination of volcanic, sedimentary, and erosional processes contributed to
forming a geological record that documents both tectonic and volcanic activities and the
evolution of the depositional environments in the region [18].

The deposits in the region are structurally associated with shear zones, joints, tensile
fracture systems, and step-fault systems characterized by predominantly counterclockwise
movements [1].

The initial mining activities in Lavras do Sul date back to the 18th century, specifically
in 1796, for gold exploration, while in Cagapava do Sul, they occurred during the 19th
century (1870-1887). During this period, English miners from “The Rio Grande do Sul Gold
Mining Limited” began developing galleries to extract copper and gold at the Camaqua
Mines [19].

Operations continued in areas with high mineralization grades but were abandoned
when grades declined or international market prices fell significantly [20]. Mining primarily
targeted areas with evident mineral accumulations in outcropping deposits extending to
shallow depths.

A key aspect is the structural control of the deposits, which occur as veins or lodes
infilling fault and fracture systems with variable thickness and continuity. Although these
deposits exhibit high grades, their low tonnage and limited along-strike extension (5-20 m
thick and up to ~100 m in continuity) pose significant challenges for mineral exploration.

This complexity stems from the difficulty in accurately targeting these narrow, struc-
turally controlled deposits using conventional exploration techniques, such as reverse
circulation (RC) [21,22] or rotary drilling—methods historically employed by companies
in the region and still common in analogous projects worldwide [23]. Studies by [21-23]
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demonstrate that mineralized veins in fault zones often exhibit irregular geometries and
may be under-sampled by wide-spaced drilling. Cases such as the Witwatersrand Basin
(South Africa) and Carlin Trend (USA) illustrate how conventional methods can fail to
detect high-grade zones without integrated approaches combining structural modeling,
high-resolution geophysics, and oriented core drilling.

2.1. Metallogenesis

For the Camaqua Mines and surrounding regions, seven metallogenetic models have
been proposed over time for copper, gold, lead, zing, silver, and other elements (Table 1).

Table 1. Metallogenetic models and authors.

Metallogenetic Models Authors
Volcanogenic [24-27]
Plutogenic [28-30]
Volcano-sedimentary [31]
Sedimentary exhalative [32,33]
Sedimentary diagenetic [34]
Sedimentary syngenetic [27]
Hydrothermal [7-10]

Laux et al. [17] categorize the principal metallic mineralization of the Sul-Rio-
Grandense Shield (SRGS) based on their tectonic context. Most major mines and occurrences
appear in three settings: (i) the metavolcano-sedimentary sequences of the Sao Gabriel Arc
(Passinho magmatic arc); (ii) granites and volcanic rocks with a calc-alkaline to shoshonitic
geochemical signature; and (iii) the sediments of the Camaqua Basin.

The first environment is associated with building a Tonian plutonic-volcanic arc of an
active continental margin (Bossoroca Complex), particularly within intra-arc sequences.
The second and third environments rely on: (i) the amalgamation of the Cryogenian to
Cambrian Sao Gabriel Arc, as well as neighboring blocks such as the Taquarembd, Tijucas
terrains, and the Torquato Severo Batholith; and (ii) the volcano-sedimentary sequence
generated during this amalgamation, the Camaqua Basin, which contains a retro-arc basin
sequence ranging from peripheral to intracontinental rift settings [35,36] (Figure 3).
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Cu/BalPb deposits in Stockwork
type (Cerro dos Martins)

Cu deposit in breccia (Cerro da Angélica)

Cu/Au/Ag/Pb/Zn deposits disseminated in

Au depositin vein
vein-type (Sao LuizZUruguay)

ita i Cu/Au deposits in
i Cu/Au/Ag/Ba deposits in
2ssoclated fotks 1 Skarn type (Palma)
with intrusion vein-type (Seival)

e R

LEGEND
- Sulfur deposits disseminated in veins i"y","; - Maricé Group (sedimentary and plutonic rocks)

E - Rodeio Velho Formation (Doleritic dykes, sills, and veins) I:l - Porongos Metamorphic Complex

T " : : -B L -sed t lex)/
[ - Guaritas Group (clastic sediments) PZ?:‘;T::J;:I;?:zmssa::;en ary complex)
- Santa Barbara Group (conglomerates, rhythmites,
= sandstones interspersed with pelites) - gCambaicomplex

¥ - Bom Jardim Group (volcano-sedimentary sequence) - - Encantadas Orthogneiss

Figure 3. Schematic SW-NE geological profile of the Camaqua Basin and its mineral deposits cross-cut
the study area. Data Source: Modified from Lago, [37]; Binotto, [38].

The Seival mines exhibit significant copper and gold mineralization associated with
andesitic and trachy-andesitic volcanic rocks of the Hildrio Formation (Neoproterozoic), Ca-
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maqua Basin [39,40], corresponding to the effusive volcanic facies of the Hildrio Formation
presented by Cruz and Horn [1].

Copper mineralization is controlled by NE-SW and NW-SE fault systems, primarily
of magmatic origin. The dikes show higher Cu, Zn, and Ni concentrations than pyroclastic
and effusive rocks [30].

Mineral exploration studies in the Lavras do Sul region focus on N 40° E to E-W
lineaments, which host numerous quartz veins associated with alteration halos in the host
rocks, whether granitic or volcanic, containing sericite, chlorite, pyrite, chalcopyrite, gold,
and copper ores associated with intense cataclasis and brecciation [41-44].

Deeper fractures, oriented NW-SE and NE-SW, host volcanic dikes and channel
the fluids responsible for mineralization [45,46]. These brittle faults resulted from the
reactivation of regional shear zones, forming a system of strike-slip faults that generated
hydraulic breccias hosting mineralization due to hydrothermal activity concurrent with
volcanism. This phenomenon was particularly intense in the Seival mines, producing
hydraulic breccias and mineralization associated with these lineaments [46,47].

The principal synthesis of available information on mineralization in the Escudo Sul-
Rio-Grandense (ESRG) are by Leinz and Barbosa [48], Goni [43], Ribeiro [49,50], Teixeira
and Gonzalez [33], Badi and Gonzalez [51], Santos et al. [52], Ramgrab et al. [53], Dardenne
and Schobbenhaus [54], and Biondi [55].

Analysis of hydrothermal alteration minerals revealed the presence of sericite, kaoli-
nite, chlorite, limonite, and pyrite. Additionally, altered zones extending from the veins
into the host rocks, characterized by chlorite, illite, calcite, albite, quartz, and pyrite, were
classified as a propylitic zone by Beckel [7], suggesting an epithermal genetic model for the
formation of these deposits.

The region underwent intense hydrothermal alteration, leading to the formation of
disseminated minerals beyond the quartz veins, such as chlorite, smectite and corrensite,
calcite, barite, malachite, azurite, and chrysocolla [39,40].

Alteration minerals include chlorite and albite, which are associated with pyrite and
chalcopyrite. In contrast, mixed-layer chlorite/smectite and barite or hematite are linked to
bornite, chalcocite, and covellite, or the copper concentration process [40].

According to Reischl [56] and Lopes et al. [40], the relationships between lithology and the
distribution of hydrothermal alterations in these fault zones suggest a vertical recharge process.

Philipp et al. [57] highlight the role of NE-SW oriented shear zones crossing the Ca-
maqua Basin, which likely influenced the concentration of mineralization in the area, where
NW-SE and NE-SW trending faults served as the main conduits controlling hydrothermal
flow, dike intrusion, and mineralization direction [45].

Currently, the most important mineralization in the ESRG is base metal sulfides (Cu,
Pb, Zn) associated or not with precious metals (Au and Ag). In the Cagapava granite,
copper, lead, and gold sulfide deposits hosted within this granite are controlled by N-S
orientation [58].

The study area has recognized mineral and economic potential, with mining operations
spanning centuries as a common scenario in mineral provinces of various countries. These
areas are frequently re-evaluated using classical mineral exploration techniques (surface
indicator-guided drilling) but are often abandoned due to lack of evidence or low grades.

Applying geophysical methods, such as induced polarization, electrical resistivity,
and magnetic and electromagnetic surveys, can identify the tectonic-structural control of
the study area at depth [59-62].
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Seival Mines Region

The discovery of gold mineralization in southern Brazil also revealed the presence of
copper in the region. Since 1901, various companies have described and exploited copper
occurrences, with intermittent exploration periods until the 1960s. During this period,
approximately 1000 tons of ore were produced monthly, with an average grade of 1.6%
total copper (1.0% sulfide copper). The most extensive phase of copper exploitation at the
Seival mines occurred in the 1930s, facilitated by easier access than other deposits [56].

The Barita mine, operated between 1942 and 1964, had an estimated production of
approximately 64,000 tons, with 1.71% copper and 70 ppm silver [56]. In 1977, the company
CBC “Companhia Brasileira do Cobre” conducted new research in the region. Reischl [56]
classified the mineralization and identified several mines in the area, such as Barita, Jodao
Dahne, Morcego, Meio, Cruzeta, Alcides, Lagoa do Jacaré, and Vila Torrdo. On a smaller
scale, these mines bring sulfate extraction used in agricultural soil correction. These areas

host various sulfide mineralizations characterized by mineral assemblages, such as chlorite
and sericite, at the surface and sulfides, along with oxides at depth.

In the Seival mines, the circulation of hydrothermal fluids generated copper anomalies
associated with N 40-60° E/70 — 88°NW directions, linked to calcite veins [40,45-47,63].
Reischl [56] and Lopes [63] focused on structural geology and geochemistry to characterize
the metallogeny of the abandoned Seival mines (Figure 4).
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Figure 4. Location of abandoned mines in the Seival region, showing gold and copper occurrences,
and part of the lithostratigraphic units of the Bom Jardim Group. Data source: [1].

The mineral assemblage of the Seival mines, observed in the field, has been extensively
described in the literature [40,45-47,56,63]. The parageneses inferred from this assemblage
depend on pressure, temperature, fluid chemistry, and oxidation conditions. This miner-
alogy corresponds to a hydrothermal environment with supergene alteration, where the
primary hydrothermal paragenesis consists of high-temperature and pressure minerals
formed in a reducing environment. These include pyrite (FeS;) (high temperature), galena
(PbS), sphalerite (ZnS) (high to medium temperatures), quartz (S5iO;) in veins as one of the
gangue minerals co-precipitated with primary sulfides, and calcite (CaCOg3), which may be
of primary or secondary origin depending on the carbonation conditions [64,65].

Secondary minerals are medium-temperature phases formed in transitional environ-
ments from reducing to oxidizing. These include chalcopyrite (CuFeS,), crystallized after
pyrite and other primary sulfides and acting as a precursor to secondary minerals, and
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bornite (CusFeS,), a medium-temperature mineral that may originate from the alteration
of chalcopyrite or direct precipitation.

Other secondary minerals result from low-temperature supergene alteration in typi-
cally oxidizing environments, forming chalcocite (Cu,S) through substitution of bornite
or chalcopyrite under low-oxygen enrichment conditions and covellite (CuS), generally
associated with residual primary sulfides during supergene processes.

Various deposits feature supergene oxidation minerals with a significant presence
of carbon dioxide (CO,) and water (H,0O). These include malachite (Cu,CO3(OH),),
formed by oxidation in the presence of carbonates and bicarbonate-rich waters; azurite
(Cu3(CO3)2(OH),); and chrysocolla (CupH,Si;O5(OH)4-nH;0O), originating under similar
conditions to malachite but with variations in pH, CO,, and H,O concentrations [66].

Finally, late-stage gangue minerals are represented by hematite (Fe,O3), formed
through pyrite substitution or direct oxidation in late system stages, and barite (BaSOy),
precipitated under low-temperature and sulfate-rich conditions [66].

Malachite, azurite, and chrysocolla within the Bom Jardim Group represent the ox-
idation zone in surface deposits, while calcite and barite precipitate as gangue minerals
(Figure 5).
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Figure 5. Localization of mineralization resulting from supergene enrichment (Seival mines):
(a) malachite (Joao Dahne abandoned mine); (b) malachite with azurite (black arrow) and calcite
(gangue) precipitated during a secondary stage (Alcides abandoned mine); (c) Andesite displaying a
polished, striated, and shouldered oblique fault plane surface (slickensides) (Barita abandoned mine);
and (d) chrysocolla in fractures, representing the late oxidation stage (Alcides abandoned mine).

The Seival mines have once again attracted the interest of national and multinational
companies, although investments have been limited, and only a few studies have been con-
ducted. Nevertheless, these deposits have significant potential for future exploration [64].

3. Materials and Methods

The methodology applied in this study integrates remote sensing, geographic informa-
tion systems (GISs) for extracting drainage networks, and tectonic lineaments from radar
images. This is coupled with field geology to identify mineralization and structural data
from the Bom Jardim Group on the geological map of Lavras do Sul.
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This study employs QGIS, SPRING, and ORIENT software for image processing and
geospatial analysis. The methodological workflow encompasses five main steps: (i) data
preparation, (ii) preprocessing, (iii) tectonic lineament extraction, (iv) orientation analysis,
and (v) visualization and documentation of results (Figure 6).
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Figure 6. Flowchart of tectonic lineament extraction and analysis process.

This study combines remote sensing, GIS, and field geology to identify and analyze
gold and copper mineral occurrences along the drainage network’s tectonic lineaments and
preferential orientations. SAR radar images from the ALOS PALSAR sensor (Table 2) were
processed using QGIS 3.38.1 (Grenoble) (QGIS Development Team [67]), SPRING 5.5.6
(Camara et al. [68]), and Orient 3.20.0 (Vollmer [69]). Georeferencing of the data, performed
in the SIRGAS 2000 datum, ensured spatial overlay of the layers.

Table 2. Characteristics of the ALOS PALSAR data [70].

Fine Resolution ScanSAR Polarimetric
Beam Mode FBS, DSN FBD WB1, WB2 PLR
Center Frequency L-Band (1.27 GHz)
Polarization HHor VV HH+HVorVV + VH HH or VV HH+HVor VV + VH
Spatial Resolution 10 m 20m 100 m 30m
Swath Width 70 km 70 km 250-350 km 30 km
Off-Nadir Angle 34.3° (default) 27.1° (default) 21.5° (default)

Abbreviation: FBS = Fine Resolution Mode, Single Polarization, DSN Direct Downlink, FBD = Fine Resolution
Mode, Dual Polarization, WB = Wide beam, PLR = Polarimetric Mode, HH, VV, HV, VH = Polarization Types
(V = Vertical and H = Horizontal).

Image preprocessing included geometric and radiometric corrections as well as noise
filtering. Lineament and drainage network data were segmented according to the lithos-
tratigraphic units of the Bom Jardim Group, enabling the conversion of the identified
lineaments into vector layers.

Lineament extraction was automated using edge-detection algorithms, particularly the
Sobel filter. The Catalyst Professional Complete software, version 2023, Ontario, Canada
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(Line module) was used to extract lineaments from the Hildrio Formation (with its facies)
and Arroio dos Nobres Formation of the Bom Jardim Group [71].

Orientation analysis involved generating rose diagrams in QGIS, SPRING, and Orient
software, showing the directional distribution of lineaments and drainages. Validation was
performed by comparing the results with geological field data and drainage network patterns.

The final documentation included creating geological maps with lineaments and rose
diagrams, highlighting their relationship to local geology. This methodology effectively
identified tectonic patterns, offering a replicable approach for future studies.

Automatic lineament extraction results in many identified features, as it relies on
predefined parameters, unlike manual extraction, which depends on interpretation and
visual field inspection.

Rose diagrams represent the preferential directions of structural lineaments measured
in two geological formations: Hildrio (with its two facies) and Arroio dos Nobres. After
consistency checks, the dispersion in tectonic data was significantly reduced across all
diagrams, suggesting that the consistency process effectively corrected these variations and
revealed dominant structural directions.

The efficiency of the extracted lineament analysis lies in its ability to conduct rapid
and precise evaluations, store results quantitatively, and generate a GIS-based database.
This approach distinguishes drainages embedded in tectonic lineaments from overlying
drainages [72].

4. Results and Discussion
4.1. Lineaments and Mineralization

The in situ (rocks) and ex situ (alluvial sediments) mineralization data suggest that
the analyzed formations exhibit lineament patterns reflecting the region’s tectonic history.
Analysis of lineament lengths and their relative frequencies provides detailed insights
into fracture distribution, allowing inferences about the tectonic evolution of the Hilario
Formation (with its facies) and the Arroio dos Nobres Formation of the Bom Jardim Group
(Neoproterozoic).

Figure 7 shows the extracted and validated lineaments for each Bom Jardim Group
lithostratigraphic unit based on ALOS PALSAR sensor imagery.

4.2. ALOS-PALSAR Lineaments Analysis
4.2.1. Hilario Formation—Effusive Volcanic Facies (HFmevF)

The geological map with tectonic lineaments (Figure 7a) and the rose diagrams of the
Bom Jardim Group show the absolute frequency and length distributions, highlighting
peaks in the most frequent directions and azimuths. These suggest multiple tectonic
orientations with up to 70° of spread (Figure 7b), revealing the dispersal of the longest
lineaments (Figure 7c).

The findings indicate a complex tectonic history with phases of compression and
extension, resulting in varied lineament orientations. Lineament frequency directions align
with the most extended linear segments, suggesting coherent tectonics in the region driven
by significant geodynamic forces.

4.2.2. Hilario Formation—Volcaniclastic and Volcano-Sedimentary Facies (HFmvvF)

The geological map (Figure 7a) and rose diagrams show absolute frequency and length
distributions, revealing peaks in frequent azimuths with a narrower spread of up to 30°
(Figure 7d). These diagrams suggest trends in tectonic directions for the longest lineaments
(Figure 7e). This unit shows less tectonic dispersion. The primary lineament orientations,
N 10°-20° W and N 00°-10° W, match the most extended linear segments.
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Figure 7. (a) Geological map; and (b-g) rose diagrams of absolute frequency and absolute length
of tectonic lineaments derived from SAR images for the Hildrio Formation (with its facies) and for
Arroio dos Nobres Formation, part of the Bom Jardim Group. In the rose diagram class interval,
lineament directions correspond to 0° = 90° (E) and 180° = 270° (W).

4.2.3. Arroio dos Nobres Formation (ANFm)

The geological map (Figure 7a) and rose diagrams exhibit the absolute frequency and
length distributions, highlighting dominant lineament orientations with up to 40° of spread
(Figure 7f). This aligns with predominant tectonic directions (Figure 7g, Table 3).

Table 3. Strike, number of lineaments, absolute length, and lineament density data derived from SAR
image for each geological unit of the Bom Jardim Group.

Geological . Number of Absolute Star}da.rd ]?ensity of
Units Strike Lineaments Length Deviation Lineaments
N) (km) (km) (km/km?)
N 50°-60° E 84 43.5 0.5
ANFm N 80°-90° E 76 50.0 0.4 9299
N 70°-80° E 72 38.8 04
N 30°—40° E 64 56.2 0.9
HFEmvE N 00°-10° W 63 394 0.3 382
N 40°-50° E 59 61.2 1.0
N 00°-10° W 93 50.6 0.4
HFmevE  Ngpo_90° B 86 193 0.4 59
N 10°-20° W 78 51.2 0.5

HFmevF = Hildrio Formation, effusive volcanic facies; HFmvvF = Hildrio Formation, volcano-sedimentary and
volcaniclastic facies; and ANFm = Arroio dos Nobres Formation.

These results reinforce the structural consistency within the Arroio dos Nobres Forma-
tion, reflecting dominant tectonic processes in the Bom Jardim Group. The detailed rose
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diagrams and their relation to tectonic orientations underline the complexity and coherence
of the structural framework in these formations. The geological mapping and lineament
analysis significantly contribute to understanding the region’s tectonic evolution.

The results suggest a tectonic history characterized by the reactivation of faults and
fractures driven by tectonic stresses. Among the three main orientations, one aligns with
the most extended linear segments, indicating significant geodynamic influence.

Table 3 provides tectonic data to understand the geological structure of the Bom
Jardim Group. The geological units of HFmevF and HFmvvF exhibit tectonic features with
a similar orientation (N 00°-10° W), reinforcing a common genesis with an N-S direction.
The ANFm unit presents a distinct tectonic orientation of N 50°-60° E, reflecting an NE-SW
tectonic stress direction and ENE-WSW.

The HFmevF has an absolute length ranging from 49.3 km to 51.2 km, a standard
deviation of 0.4 to 0.5 km, and a lineament density of 596 km/km?, indicating moderately
intense tectonism. The HFmvvF shows an absolute length ranging from 39.4 km to 61.2 km,
a standard deviation of 0.3 to 1.0 km, and a lineament density of 382 km/km?, suggesting
low to moderate tectonic expression.

In terms of length, the ANFm has an absolute length ranging from 38.8 km to 50.0 km,
a standard deviation of 0.4 to 0.5 km, and a lineament density of 9299 km/km?, reflecting a
period of major tectonic expression.

This variability may result from the reactivation of ancient shear zones, faults, or
fractures, as well as new tectonic orientations in an NE-SW direction. The NE-SW tectonic
orientation aligns with shear zones intersecting the Camaqua Basin, which concentrates
hydrothermal mineralization [45,57].

From a geological perspective, the predominant orientation in each lithostratigraphic
unit suggests specific tectonic stresses that acted in the region. Variations in absolute
frequency and length reflect different degrees of tectonic deformation.

As the statistical data suggest, the Bom Jardim Group shows a complex geological
structure with similar facies but distinct tectonic characteristics between the Hilario and
Arroio dos Nobres formations. The data indicate a tectonic history marked by distinct
phases of deformation and tectonic stresses.

4.3. Drainage Network Orientations

The drainage network map of the Bom Jardim Group was segmented by lithostrati-
graphic units, resulting in 7592 drainages. Among these, 4690 are associated with HFmevE,
1518 with HFmvvF, and 1384 with ANFm (Figure 8).

4.3.1. Hilario Formation—Effusive Volcanic Facies (HFmevF)

The geological map with the drainage network (Figure 8a) and the rose diagrams of
the Bom Jardim Group show the distribution of absolute frequency and absolute length,
with peaks among the most frequent strikes and azimuths. These suggest a significant
dispersion of up to 80° in amplitude (Figure 8b) and indicate multiple tectonic directions
with amplitudes of up to 60° (Figure 8c).

These results suggest an evolutionary history of the drainage network, resulting in
dispersed orientations. One of the three main orientations of lineament frequency, with
an N 00°-10° W direction, coincides with the longest linear lengths, corroborating the
lineaments obtained from the SAR image.

4.3.2. Hilario Formation—Volcanoclastic and Volcano-Sedimentary Facies (HFmvvF)

The geological map with the drainage network (Figure 8a) of the Bom Jardim Group
and their rose diagrams show the distribution of absolute frequency and absolute length,
with peaks among the most frequent strikes and azimuths. These indicate trends in drainage
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orientations (Figure 8d) and suggest the most prominent drainage orientations of this facies
(Figure 8e). The main drainage frequency orientations coincide with the longest linear
lengths in the N 00°-10° W direction.
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Figure 8. (a) Drainage network map; and (b—g) rose diagrams of absolute frequency and length of the
extracted drainages for the Hilario Formation (with its facies) and Arroio dos Nobres Formation of
the Bom Jardim Group. In the rose diagram class interval, lineament directions satisfy 0° = 90° (E)
and 180° = 270° (W).

4.3.3. Arroio Dos Nobres Formation (ANFm)

The geological map with the drainage network (Figure 8a) and the rose diagrams of
the Bom Jardim Group show the distribution of absolute frequency and absolute length,
with peaks among the most frequent strikes and azimuths. These indicate the predominant
drainage orientations (Figure 8f) and suggest orthogonal drainage orientations (Figure 8g)
(Table 4).

These results suggest a tectonic history of the structuring of the drainage system,
embedded in faults and fractures, with main directions of N 00°-10° W, N 40°-50° E, and
N 40°-50° W.

The rose diagrams for the drainages reinforce the interpretation that fracturing patterns
in this region resulted from regional tectonic events with clear preferential directions, while
also highlighting the tectonic complexity of the HFmevF. The detailed analysis of these
directions and lengths significantly contributes to understanding the regional tectonic
evolution and the lithological and structural differences between the studied units.

The control of the superimposed drainage pattern is related to non-tectonic factors,
such as topography and surface lithology. For example, HFmvvF and ANFm, with volcano-
sedimentary and sedimentary origins, respectively, are more susceptible to erosive pro-
cesses than igneous rocks of HFmevF.

The drainage network of the Bom Jardim Group study area exhibits both antecedent
(older) and superimposed (younger) drainage patterns, displaying dendritic, subparallel, and
rectangular types structurally controlled by lineaments. These patterns develop where fractures
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and faults directly guide surface water flow, as evidenced by the predominant watercourse
orientations aligning with the region’s main fault and fracture directions. This strong corre-
lation between drainage geometry and structural features demonstrates how local tectonics
significantly influenced the organization and evolution of the hydrological network.

The drainage analysis revealed a positive correlation with mapped structural lin-
eaments, particularly in the N 00°-10° W and N 40°-50° E directions, which are often
embedded and associated with major faults and fracture zones in the study area.

A comparison between the SAR data lineaments and the drainage network shows
that each technique uniquely contributes to structural understanding aimed at mineral
exploration in this region. SAR image lineaments are more effective in identifying large-
scale structures because they penetrate surface cover and reveal linear features even in
densely vegetated environments.

Table 4. Strike, number of lineaments, absolute length, and lineament density data derived from
drainages for each geological unit of the Bom Jardim Group.

Geological . Number of Absolute Star}da.rd ]?ensity of
Units Strike Lineaments Length Deviation Lineaments
(N) (km) (km) (km/km?)
N 00°-10° W 168 35.1 0.20
ANFm- N 40°-50° W 139 269 0.23 8249
N 40°-50° E 134 24.8 0.25
N 00°-10° W 172 30.6 0.17
HEmwE N 40°-50° E 141 233 0.19 427
N 80°-90° E 126 26.1 0.19
N 00°-10° W 578 116.4 0.21
HEmevE N 40°-50° E 536 84.5 0.19 477
N 40°-50° W 438 62.5 0.16

HFmevF = Hildrio Formation, effusive volcanic facies; HFmvvF = Hildrio Formation, volcano-sedimentary and
volcaniclastic facies; and ANFm = Arroio dos Nobres Formation.

These drainage patterns contribute to understanding the area’s geomorphological
evolution and provide insights into the distribution of water resources and the potential
for erosion and sedimentation in the different lithostratigraphic units.

The comparison of tectonic lineament directions and the orientation of the drainage
network, in terms of higher length for the lithostratigraphic units of the Bom Jardim Group,
suggest that the HFmevF has main directions at N 00°-10° W and N 80°-90° E, the HFmvvF
has main directions at N 00°-10° E and N 70°-80° E, and the ANFm has main directions at
N 00°-10° W and N 40°-50° W.

The lineaments in these directions coincide with the local drainage, showing structural
embedding. In the rose diagram analysis, the HFmevF shows superimposed drainages
in N 50°-90° E and N 50°-90° W directions, the HFmvvF shows superimposed drainages
in N 70°-90° E and N 60°-90° W directions, and ANFm shows superimposed drainages
in N 60°-90° E and N 50°-90° W directions. Other directions not mentioned are partially
controlled by these structural orientations.

The integration and overlay of the digital elevation model with the drainage network
from the geological map of Lavras do Sul, SAR image lineaments, and gold and copper
mineral occurrences are essential for supporting mineral exploration in the study area.

The study area of the Bom Jardim Group covers a total area of 1.742 km?, distributed
across three main geological formations: HFmevF, occupying 0.780 km?; HFmvvF, covering
0.917 km? out of a total area of 1.697 km?; and ANFm, with 0.045 km? (Figure 9).
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Figure 9. Digital Elevation Model with drainages, main tectonic structures with their kinematics, and
tectonic lineaments extracted from SAR images of the Hildrio Formation (with its facies) and Arroio
dos Nobres Formation of the Bom Jardim Group. Data source: [1].

The relief of the entire digital elevation model of the study area has an amplitude of
350 m, ranging from 104 m to 454 m.

The HFmevF has an amplitude of 269 m, with altitudes between 158 m and 427 m, the
HFmvvF has an amplitude of 278 m, ranging from 150 m to 428 m, and the ANFm has the largest
amplitude in the Bom Jardim Group at 306 m, with altitudes ranging from 148 m to 454 m.

The geomorphology of the study area belongs to the Geomorphological Province
of the Crystalline Shield, also known as the Uruguayan-Southern-Rio-Grandense Shield,
within the Morphological Province of the Crystalline Rock Shield. It is characterized by
the Morpho-Structural Domains of Basins, such as the Camaqua Basin, which overlays
the Basement of Complex Styles, part of the Geomorphological Region of the Southern-
Rio-Grandense Plateau and the Cangugu-Cagapava Residual Plateau Geomorphological
Unit [73].

The study area features faulted and jointed tectonic relief with wavy highland relief
energy. The lithologies in the area include andesites, trachyandesites, pyroclastics, volcano-
sedimentary, and sedimentary rocks. Morphography features consist of denudational hills
characteristic of the Pampas region. The slopes are classified as almost flat to gently sloping,
ranging from 2.6% to 14.9%, and gently sloping between 15% and 16.1%, with shallow soils
less than 0.5 m thick.

Figure 10 shows the thickness of the lithostratigraphic units of the Bom Jardim Group,
approximately 1200 m, the local relief, and the abandoned Barita and Alcides mines.
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Figure 10. Represented by (a) thickness of the lithostratigraphic units of the Bom Jardim Group;
(b) geomorphology represented by smooth and undulating hills; (c) abandoned Barita mine with ver-
tical and oblique striated surfaces and their respective attitudes; (d) current aspects of the abandoned
Alcides mine; and (e) old trench for prospecting copper and gold.

The most occurrences of alluvial gold in the Bom Jardim Group are in the ANFm, with
11 occurrences, followed by the HFmevF with 10, and the HFmvvF with 3. For copper,
the highest occurrence is in the HFmvvF, with 63 locations, followed by the HFmevF and
ANFm, each with 10 locations.

In this region, several geological faults have been identified, including the Pedre-
gal Fault in the ENE-WSW direction, the Cabritos Fault and Perau Fault in the NE-SW
direction, and the Segredo Fault in the NNE-SSW direction.

All these faults are classified as sinistral transtensional. The Perau Fault forms a
lithological contact between the Hildrio and Arroio dos Nobres formations. The Segredo
Fault is the largest in the study area. At the same time, the Palmas-Jacques Fault, with a
WNW-ESE direction, is a sinistral shear fault that cuts through the Hildrio and Arroio dos
Nobres formations, considered younger than the others.

In the geological map of Lavras do Sul, 14 sinistral shear zones were identified with
directions of NE-SW, NW-SE, and N-S. Additionally, the largest geophysical lineaments
in the region exhibit a predominant NW-SE direction, contributing to the geological
complexity of the Bom Jardim Group.

The structural lineament analysis of the Hilario and Arroio dos Nobres formations
reveals a tectonic history marked by multiple deformation phases that influenced the
orientation and length of the lineaments. Lineaments in the N 50°-60° E and N 40°-50°
E directions suggest the influence of oblique compression regimes, while the presence of
long lineaments in less frequent directions indicates possible reactivation of older struc-
tures [40-42,44,57]. These structures are responsible for cataclasis, tectonic brecciation, and
hydrothermal fluid flow.

Faults with a WNW-ESE orientation observed in both formations are associated with
the Northwest Fault System, initially described by [74,75]. This system plays a central role
in the tectonic compartmentalization of the region, driving important strike-slip events
during the Neoproterozoic. Moreover, these faults significantly control volcanic intrusions
and the development of the effusive, pyroclastic, and volcano-sedimentary facies of the
Hilé4rio Formation [76].

Transcurrent movements with NE-SW, NNE-SSW, and WNW-ESE orientations ob-
served in many mapped lineaments are consistent with sinistral transcurrent kinemat-
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ics [56,77-79]. Faults with NE-SW to NNE-SSW directions and transtensional movement
are interpreted as the reactivation of inherited structures from the Dom Feliciano Belt,
whose foliations were recurrently influenced by transcurrent tectonics during the evolution
of the Camaqua Basin [34,57,80].

Lineaments derived from SAR image data exhibited a broader directional distribution,
with prominent orientations of N 30°—40° E, N 50°-60° E, and N 40°-50° E. These presented
the longer absolute lengths and frequencies, indicating zones of higher tectonic intensity.
Such lineaments are structurally significant, suggesting areas with greater potential for
hydrothermal fluid concentration critical for forming gold and copper deposits [4].

The drainage network showed a significant correlation with geological lineaments,
particularly in directions N 00°-10° W, N 40°-50° E, and N 50°-60° E. This evidence
indicates that zones of tectonic weakness control the region’s drainage, influencing the
location of source areas for alluvial mineral deposits, as discussed by Groves et al. [20].

Drainages aligned with structural lineaments may indicate shear zones and faults, of-
ten associated with gold and sulfide mineralization, as observed in other gold deposits [81].

Figure 11 shows for the Bom Jardim Group, the density of tectonic lineaments, and
drainage density (Figure 11).
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Figure 11. Lineament density of SAR images and drainages (km/km?) across lithostratigraphic
units. HFmevF = Hilario Formation, effusive volcanic facies, HFmvvF = Hildrio Formation, volcano-
sedimentary and volcaniclastic facies, and ANFm = Arroio dos Nobres Formation.

These lineament densities suggest intense tectonic deformation in the region, facil-
itating the ascent and percolation of mineralizing fluids and the formation of gold and
copper deposits.

Previous studies, such as Hitzman et al. [82], emphasize the importance of shear
zones and faults as primary controllers of gold and copper mineralization, reinforcing the
significance of the geological lineaments observed in this research.

Figure 12 presents rose diagrams for alluvial gold, copper, and gold in the Bom
Jardim Group.
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Figure 12. Rose diagrams showing the directions of mineral occurrences of alluvial gold in drainages
and copper and gold in the lithologies of the Bom Jardim Group. Source: Authors, 2024. Created
using Orient software [68].

The preferred orientations of the tectonic lineaments associated with alluvial gold
occurrences predominantly follow the N-5, N 27° W, and N 77° W directions. For copper
and disseminated gold in the Bom Jardim Group, the predominant directions are E-W, N-S,
N 63° W, N 35° E, N 45° E, and N 59° E, indicating priority zones for mineral prospecting,
partially corroborating [43].

The rose diagrams of the drainage systems provide a detailed perspective on structural
orientations and highlight promising areas for mineral prospecting, particularly for gold in
sediments and copper and gold in the lithologies of the Bom Jardim Group.

The rose diagrams reveal a predominance of N 59° E/73° NW directions, which
coincide with the orientation of known mines in the region, such as Barita, Joao Dahne, and
Morcego, as well as parallel alignments like do Meio, Cruzeta, and Alcides.

The HFmevF and HFmvvF indicate a more complex and diverse tectonic regime, while
the ANFm presents a more concentrated tectonic pattern [83].

The statistical parameters derived from the lineament data of SAR images of the Bom
Jardim Group exposed on the geological map of Lavras do Sul, the drainage network,
and field data revealed differences in predominant orientations, absolute frequencies, and
absolute lengths of the lineaments, providing valuable information for mineral prospecting
in the region.

5. Conclusions

The study of the Bom Jardim Group in the Camaqua Basin provided an important
understanding into the region’s tectonic complexity by integrating various techniques,
including SAR image analysis, drainage network studies, geological field mapping, and
geoprocessing techniques.

The consistency of lineaments extracted from SAR images reduced dispersion, indicat-
ing that the geological and tectonic data are more robust and reliable. This correction is
essential for more accurate geological interpretations.

The rose diagram analysis of the lithostratigraphic units HFmevFE, HFmvvE, and ANFm
offers valuable contributions to the regional tectonic history. These results emphasize the
importance of detailed lineament analyses to understand the geological evolution of a region.

The applied methodology effectively identified tectonic lineaments and integrated
these data with gold occurrences in the drainage network and the local geology, providing
a valuable tool for mineral prospecting.
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The HFmvvF and ANFm lithostratigraphic units exhibit distinct directions for tectonic
lineaments and drainage networks. The HFmevF unit shows lineament directions like the
drainage network in one of the orientations, N 00°~10° W. This suggests that the HFmevF
unit may have been influenced by tectonic processes that affected the drainage network
formation. Other drainages are superimposed.

There is a predominance of alluvial gold occurrences in the HFmevF compared to
ANFm and HFmvvF, while copper occurrences are most prominent in the HFmvvF, fol-
lowed by HFmevF and ANFm.

The tectonic lineaments of the Hildrio Formation (with its facies) and the Arroio dos
Nobres Formation exhibit orientations that interact differently with the drainage network.

The HFmevF and HFmvvF units presented significant lineaments in absolute length
at the N 30°—40° E, N 40°-50° E, and N 00°-10° W directions, while ANFm exhibited
lineaments in the N 50°-60° E, N 80°-90° E, and N 70°-80° E directions. These principal
directions were identified in SAR image data and the drainage network. This technique is
an important guide for alluvial gold prospecting in the region.

Indicators of priority zones for alluvial gold prospecting include tectonic alignments
in the N-5, N 27° W, and N 77° W directions. For copper and disseminated gold in the Bom
Jardim Group, priority directions are E-W, N-S, N 63° W, N 35° E, N 45° E, and N 59° E.

Mineral occurrences of gold in drainages with E-W, N 45° W, and N 58° W directions
do not align with tectonic lineaments. They are, therefore, derived from ancient, elevated
areas that were eroded and deposited their mineralization in these channels.

The N-S, N 05° W, N 62° E, and N 23° E directions are associated with incised
drainages, indicating tectonic control for valleys and watercourses.

Regarding effective measures, the lineaments derived from SAR image data and their
correlation with the drainage network proved particularly useful. They offer an integrated
view of tectonic structures and surface conditions, critical for locating mineral deposits.
Additionally, the overlay of results obtained in the region’s geological formations provides
a solid foundation for defining prospecting targets.

The detailed study of lineaments contributes to future exploration activities in the
Seival region and surrounding areas of Lavras do Sul and Cacapava do Sul in the state of
Rio Grande do Sul, Brazil.

Further studies could benefit from this detailed analysis of structures and from plan-
ning geophysical surveys to understand better the tectonic processes that facilitated the
ascent of mineralizing hydrothermal fluids.
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