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Figure 12: Simplified prospectivity map with its evidence maps for Cu and Au in the Serra da Umburana area (Adapted from
Costa et al. 2023b).
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Figure 13: Simplified prospectivity map with its evidence maps for W in the Currais Novos—Santa Luzia area (Adapted from

Cavalcante et al. 2025).
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Figure 14: Simplified prospectivity map with its evidence maps for W and Au in the Caic6—S&o Fernando—Jucurutu area
(Adapted from Costa et al. 2024).
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Results for target generation in the Bodé Area for primary W (Mo) mineralizations
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Figure 15: Graphs with the cumulative validation curves of the prospectivity maps for each area. (A) Bodé area,
(B) Serra da Umburana area, (C) Currais Novos—Santa Luzia area, and (D) Caic6—Sao Fernando—Jucurutu area
(Adapted from Cavalcante et al. 2024; Costa et al. 2023b; Cavalcante et al. 2025; Costa et al. 2024).

Table 3: Relationship between the prospectivity potential of each area and its prospectivity indices.

. Serra da Umbu- Currais Novos- Caic6 - Séo Fer-
Bodo .
Area | Prospectivity Potential rana -Santa Luzia nando - Jucurutu
W-Mo skarn Cu-Au skarn W-Mo skarn W-Au skarns

Very low -- -- 1t02 --
Low Oto1 0to1 3a4 1to2
Medium: uncertainties in geologi- 2103 2103 510 6 3104
cal processes
Hllgh: favorable geological con- 4105 4 7108 5106
ditions
Very high: activity of geological
processes relevant to minerali- 6to7 5 9 7t08
zation

terrestrial gravimetric data and field descriptions, as well as
the presence of deep and shallow magnetic lineaments that
would act as conduits for the circulation and migration of
hydrothermal fluids.

In the crystalline basement, W and Au mineralizations
show characteristics of hydrothermal events correlated with
Cambrian processes (between 541 and 491 Ma), which
occasionally exhibit overprint features, such as the presence
of copper sulfides with low Au content filling fractures in the
Diniz deposit. Their correlation with the Cambrian period
is supported by the spatial association of mineralizations
with shear zone structures, as described previously, which

primarily affect basement rocks and are spatially close to, or
even intersected by pegmatite dikes or leucocratic granites,
forming zones favorable for the circulation of mineralizing
hydrothermal fluids (Figure 17). In the regional literature,
Araujo et al. (2005) determined “°Ar/**Ar ages in muscovite
from shear zones controlling the Ponta da Serra and Fazenda
Simpatico mineralizations, obtaining ages of 518—520 Ma and
502-505 Ma, respectively. These results corroborate the field
observations and the model presented here.

In the Seridd Group metasediments, the control
of mineralizations by fold axes, shear zones, faults, and
fractures was also widely observed in the field data of this
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Figure 16: (A) Skarn sample associated with shear zones from the Galo occurrence (Bodé-RN), (B) Skarn sample
mineralized with molybdenite from the Brejui mine (Currais Novos-RN), (C) Amphibolitic skarn sample with quartz veins
mineralized in Au and Cu (Sitio Cipd), (D) Au fragments separated from a Au panning concentrate sample from Fazenda
Sossego (Currais Novos-RN), (E) Scheelite exploration trench in augen gneiss of the Caicé Complex (Trés Riachos,
Jardim de Piranhas — RN), (F) Mylonitic rocks in a Au-mineralized shear zone hosted in orthogneiss of the Caicé Complex
(Ponta da Serra, Caic6-RN), (G) Skarn samples mineralized in scheelite (crystals with blue fluorescence) from the Diniz
Mine gallery (Serra Negra do Norte-RN), (H) Fractures filled with sulfides (chalcopyrite) cutting the orthogneisses in the
main quarry of the Diniz Mine (Serra Negra do Norte-RN), and (1) Au grain separated by panning from an ore concentrate
sample from the Diniz Mine (Serra Negra do Norte-RN).

Table 4: Lithogeochemical analyses of whole-rock samples collected from the main deposits and artisanal mines in the four mapped areas.

Bodo
Sample Rock As Bi Te Ag Cu Mo Pb Zn Ba w Au

(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (PPm) | (PPM) | (PPM) | (PPM) | (PPm) | (PPb)

RO-R-17B (Cinzas) Skarn <1 0.57 <0.05 | <0.02 1.2 18.21 13.6 20 <10 2738.8 <5

RO-R-29 (Galo) Skarn <1 1.8 <0.05 | <0.02 2.5 | 932.16 17 49 32 58.5 <5

RO-R-33C (Mine Bod¢ - Pajeu) | Opal 1 12.92 <0.05 | <0.02 5.3 | 275.42 121 31 50 | >10000 <5

RO-R-33F (Mine Bodo¢) Skarn <1 0.12 <0.05 | <0.02 0.5 67.86 2 416 13 5495.5 <5

Serra da Umburana
AP-R-129B (Cip0) Amphibolite <1 3.77 0.23 1.04| 4174.3 0.4 6.3 1233 184 4 36
AP-R-129C (Cipo) Quartz vein <1| 49.83 0.98| 12.45| >10000 0.31 1.7 14 42 0.1 1169
AP-R-129D (Cipo) Amphibolite <1 22.41 0.28 6.65| 8708.6 0.72 13.2 463 309 0.3 686
AP-R-129E (Cipd) Quartz vein 2| 232.33 10.47 | 67.53| >10000 1 19.6 807 744 0.5 1515
Currais Novos - Santa Luzia

RO-R-58C (Mine Brejui) Skarn <1 3.73 0.57 1.02 50.1| >10000 15 9 <10 86.3 <5
RO-R-58D (Mine Brejui) Skarn <1 2.51 <0.05 0.49| >10000| 247.78 9.5 157 119 >10000 <5
RO-R-62C (Mine Brejui) Skarn <1 0.43 <0.05 0.02 44| 859.54 8 263 27| >10000 <5

continue
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Table 4: Lithogeochemical analyses of whole-rock samples collected from the main deposits and artisanal mines in the four mapped

areas. (continued)

Currais Novos - Santa Luzia

RO-R-63B (Mine Brejui) Skarn <1] 63.22 0.06 0.23 37.6| 608.86 8 197 50| >10000 <5
RO-R-64A (Mine Brejui) Skarn 1 20.7 <0.05 0.03 10.4| 261.43 9.5 56 23| >10000 <5
RO-R-64D (Mine Brejui) sulfides <1 3.34 0.54 0.33| 1302.3| 175.08 24 42 21| >10000 <5
Caicé - Sdo Fernando - Jucurutu
AP-R-20B (S. Rodigues) Schist 4 0.04 <0.05 0.39 43.7 7.58 18.1 9 522 5.6 1672
AP-R-29A (P. Serra Sul) Orthogneiss 7 218 <0.05 1.59 26.4 0.98 15.6 229 279 1.8 43
AP-R-30C (P. Serra) Granite 18 0.2 <0.05 0.57 4.6 0.5 43.8 17 352 4.2 1
AP-R-30D (P.Serra) Pegmatite 21 7.08 0.39 0.5 2.7 0.24 37.5 10 172 3.6 235
AL-R-69A (Serra do Patos) Schist 2 0.51 1.05 0.4 335.2 3.91 33.3 28 161 1.3 869
AL-R-69B (Serra do Patos) Schist <1 0.65 0.23 0.55| 1180.3 1.26 274 180 538 2.5 1298
AP-R-70A (Mine Diniz) Skarn <1 1.73 0.09 0.33 139.8 1.22 16.2 22 79 4.6 31
AP-R-172A (Mine Diniz) Skarn <1 20.3 0.16 0.23 7.3 56.31 41.6 74 61| >10000 62
AP-R-172B (Mine Diniz) Skarn 8 1099 3.37 5.31 684.5| 143.44 50.2 85 150 >10000 1013
AP-R-160A (Mine Bonito W) Skarn <1| <0.02 <0.05 4.04| 2631.6 89.24 25 287 44 7349.9 21
AP-R-160C (Mine Bonito W) Skarn <1| <0.02 0.14 1.34 112.1| >10000 39.6 179 <10 91.9 <5
AP-R-162A (Agua Fria) Skarn 2| 15.88 1.29 8.61| 2156.6| 589.36 4.1 964 <10 4985 46
AP-R-163A (Angicos) Skarn 4| <0.02 0.11 0.06 72.7| 423.83 4.8 187 81 3860.1 <5
T and gold minerali; d with shear zones in the basement

Occurrence of (W-Mo)
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Figure 17: Control model for the main W and Au mineralizations proposed for the Prospectivity Map area of
Caic6 — Séo Fernando — Jucurutu (model tungsten and gold mineralizations associated shear zones Adapted
from Costa et al. (2024); model from Serra dos Rodrigues compiled and adapted from Luiz-Silva 2000).
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study and extensively described in the regional literature
(Luiz-Silva 2000; Cavalcanti Neto 2008; Cavalcante et al.
2015; Costa et al. 2023a).

The results obtained in this study show strong coherence
with recent discussions in both international and national
literature regarding predictive models based on the Mineral
Systems framework, as demonstrated by Boadi et al. (2022)
in the Ahafo gold district (Ghana) and by Martins et al.
(2022) in the Para Mineral Belt. Across these approaches,
a multiepisodic structural architecture emerges as the primary
control on the migration and entrapment of mineralizing
hydrothermal fluids. In the Serid6é region, this pattern is
particularly evident in both the crystalline basement and the
metasedimentary units of the Seriddé Group, where shear
zones, faults, folds, and deep lineaments act as preferential
pathways for hydrothermal circulation, reproducing the same
structural roles documented for the NE-SW and N-NNE fault
systems in Ahafo and for the major structural corridors of the
Para Mineral Belt.

Additionally, all studies emphasize the decisive
contribution of integrated predictive modeling approaches,
particularly those grounded in the Mineral Systems framework.
The transformation of geological, structural, geophysical,
and geochemical evidence into mappable variables allowed
the recognition of regional patterns that often remain obscure
when data are analyzed in isolation. In both Ahafo and the
Para Mineral Belt, predictive models successfully reproduced
the spatial distribution of known deposits while simultaneously
identifying new potential targets in areas lacking previous
mineralization records—a behavior identical to that observed
in the Caic6—Sao Fernando—Jucurutu sector of this study.

In the Bodd area (Figure 2), the model assigns greater
weight to variables related to the gradient for ore deposition
and to lithological units. This choice is justified by the nature
of the predominant mineralizations in the region (exoskarns),
which present metallogenetic characteristics strongly linked
to structural and lithological evidence, such as shallow

lineaments, fold axes (both regional and parasitic), and the
occurrence of lithostratigraphic units (marbles and calc-silicate
rocks) as primary traps for the retention of mineralizing fluids.
The high prospectivity index identified in the map, combined
with the low spatial distribution values in the “high” and “very
high” prospectivity classes, observed in the cumulative curve
results, may be related to the good level of prior knowledge
regarding the area’s mineral occurrences, as Bodé constitutes
one of Brazil's main W mining districts, widely explored and
studied since the 1970s (Torres et al. 1972; Lima et al. 1980).
Despite the advances achieved, there is still a need to deepen
the understanding of relevant regional structures, such as fold
axes and shear zones, as well as possible granitic rocks related
to the mineralization sources in the Mina Bod6 and Umbuzeiro
areas and in the Galo and Isidoro mining sites, which may
represent important frontiers for advancing geological and
metallogenetic knowledge in the region.

Similar to the Bodo area, the Serra da Umburana area
also assigned the greatest weights to the gradients for ore
deposition and to lithological units, given the dominance of
skarn-type mineralizations in the region. Field observations
indicate a strong lithological and structural control over
the Au and Cu mineralizations, with clear reflections in the
geochemical prospectivity signatures observed in stream
sediment samples, as evidenced by the Geochemical
Mineralization Prospectivity Index (GPMI). The presence
of Cu—Au mineralization associated with bismuth in skarns
in the southeastern portion of the Serra da Umburana area
may account for the regional anomalies identified in stream-
sediment samples from GSB surveys (Costa et al. 2023a).

These skarns, hosted in Neoproterozoic gneisses and
schists in the Trigueiro and Saco de Santo Antbnio regions
(Figure 16C), display a significant spatial distribution and
occur near zones of negative gravity anomalies that correlate
at the surface with numerous dikes and pegmatite bodies.
In this study, such anomalies are interpreted as possible
deeper continuations of granitic or pegmatitic intrusions,

W (Mo-Cu-Au) skarns
associated with
shear zones

Au in quartz veins
associated with
shear zones

Orthogneisses of the
Caico Complex

Neoproterozoic Orogeny
(650-541 Ma) D,

Jucurutu Formation —
W-Mo-(Au) skarns

Au in quartz veins
associated with
shear zones

Archean, Siderian, and
Paleoproterozoic mafic
and ultramafic rocks

Jucurutu Formation.
(marble)

Serid6
Formation

Equador
Formation

e

Jucururtu
Formation

Figure 18: Schematic model for the geotectonic and metallogenetic evolution of the Rio Piranhas — Seridé Domain during
the Neoproterozoic orogeny (modified from Costa et al. 2023b).
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suggesting that these mineral occurrences represent distal
skarns associated with concealed intrusions, whose thermal
influence and hydrothermal fluid circulation likely played a key
role in the genesis of the Cu—Au—(Bi) systems.

The data presented, together with the occurrences
previously reported by Cavalcanti Neto (2008) and Costa
et al. (2023a), suggest that the Cu—Au mineralizations hosted
in calc-silicate rocks (skarns) and amphibolites of the Jucurutu
Formation, in various sectors of the Serra da Umburana
area and its surroundings, may represent distal footprints of
a larger-scale hydrothermal system. The spatial distribution
of these mineralized bodies along basal contacts between
schists/paragneisses and quartzites of the Seridd Group,
combined with Au grades ranging from 38 to 1500 ppb,
indicates the action of mineralizing fluids capable of mobilizing
and reconcentrating Au—Cu at different crustal levels.
This interpretation aligns with the model proposed by
Luiz-Silva (2000) for the S&o Francisco deposit, in which
mass-balance calculations demonstrated that gold is extrinsic
to the host rocks and that metals such as Cu and Pb may
have been regionally introduced by hydrothermal systems
focused along shear zones.

In the model used for the Currais Novos—Santa Luzia
area, the greatest weight was assigned to the lithological units
variable, followed by fluid sources, metals and ligands, and
the gradient for ore deposition. These weights significantly
emphasize the importance of the association between
mineralizations and host rocks of the skarn type (Jucurutu
Formation), as well as their linkage to ductile structures,
such as lineaments and, especially, fold hinge zones.
Negative Bouguer anomalies related to the presence of
exposed or sub-exposed granitic bodies, which most likely
act as sources of mineralizing fluids, are also noteworthy.
The high and very high prospectivity indices identified in
the map are associated with zones having a high density of
geological, geochemical, and geophysical data, primarily due
to the presence of a large number of mines and mining sites in
this area (Boca de Lage, Barra Verde, Saco dos Veados, Olho
D’Agua, Carnaubinha, Malhada Vermelha, Quixaba, etc.).

In the Caic6—Sdo Fernando—Jucurutu area, regions
with high prospectivity index values were identified without
records of known mineral occurrences, suggesting potential
targets for future exploration and indicating that the area
has open prospective potential. Known Au occurrences
remain concentrated in the southeastern sector of the area,
encompassing the municipalities of Timbauba dos Batistas
(RN), Caicé (RN), and Séo Fernando (RN), which may indicate
possible metallogenetic zoning of the mineral systems or distinct
pulses of mineralization, with potential overprinting events.
W mineralization strongly controlled by shear zones within
crystalline basement rocks raises an important discussion
about the role of these structures in the genetic models of local
mineralization. Such features may represent either primary
mineralizing processes or possible remobilization events, as
proposed by Lima et al. (1980), and this constitutes a topic that
warrants further detailed investigation.

Additionally, granitic and pegmatitic rocks containing low
Au and As concentrations were identified at the Ponta da Serra
mining site (Figure 17, Table 4), reinforcing the participation
of granitic intrusions in the mineral system of this region, in
accordance with the model proposed in Figure 18.

The prospectivity maps generated using the Multiclass

Index Overlay (MIO) methodology have as strengths the ability
to integrate different types of data — geological, geochemical,
geophysical, and structural — into a single product, assigning
differentiated weights according to the relevance of each
piece of evidence. This flexibility allows both quantitative
and qualitative criteria to be incorporated, adjusted through
statistical methods (e.g., treatments applied to prospective
geochemical data) or prior knowledge, making the model
adaptable to different mineral exploration contexts. In addition,
the method is easy to implement in GIS environments,
allowing rapid updates and reproduction of results, and is
particularly useful in areas with limited data, where more
complex approaches would be unfeasible. Its methodological
transparency also facilitates traceability of decisions and
validation by reviewers or technical teams.

On the other hand, the methodology has important
limitations, primarily related to the subjectivity in defining
weights, which can introduce interpretative bias and
compromise the reliability of the final product (Carranza 2009;
Yousefi and Carranza 2016). The method does not explicitly
address uncertainties or model complex correlations between
variables, assuming that all criteria are independent, which
rarely occurs in mineral systems. The quality of the results
is strongly dependent on the scale and resolution of the
input layers, so incompatible or imprecise data can generate
significant distortions. Furthermore, the method is sensitive to
input errors, meaning that small inaccuracies in the location
of structural features, geochemical anomalies, or geological
contacts can disproportionately affect the final model
response. Therefore, a reliable and consistent database is
fundamental for obtaining accurate results.

From a methodological perspective, a clear convergence
is observed regarding the advantages and limitations of the
Multiclass Index Overlay (MIO) method. As discussed by
Boadi et al. (2022) and Martins et al. (2022), the MIO models
developed for the Seridd region demonstrated a strong ability
to integrate heterogeneous datasets, rapid implementation,
and consistent performance in capturing known occurrences
relative to the mapped areas. However, they also revealed
structural limitations of the method, particularly the
subjectivity in weight assignment, the implicit assumption of
variable independence, and the strong dependence on the
resolution and quality of input layers. These factors contribute
to localized variations in model performance, especially in
areas with low data density or where key geological features—
such as deep intrusions or subtle structural contacts—Ilack
direct expression in the evidential layers. Nevertheless, the
internal coherence of the results, reinforced by cumulative
curves and by the overlap between high-prospectivity classes
and known mineralized zones, confirms the robustness of the
models produced and supports the use of MIO as an effective
tool in the exploration context of the Serido region.

Theresultsobtainedinthis study, thefirsttointegrate multiple
datasets across different areas of the PMS at a regional scale,
also provide broader insights into the evolution of polymetallic
skarn and orogenic gold systems in Neoproterozoic to early
Paleozoic orogenic belts. The coexistence of W—-Mo—Au—
Cu mineralization possibly associated with both exposed
and concealed granitic intrusions, combined with the strong
structural overprint recorded in the region, reinforces
a growing body of global evidence indicating that skarn
systems in polydeformed terranes typically develop
through multistage magmatic—hydrothermal pulses followed
by subsequent structural reactivation.
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6. Conclusions

This study demonstrates that the use of predictive maps
in mineral exploration can generate significant results for
the investigation of areas within provinces with complex
geotectonic evolution and metallogeny, as is the case of the
Borborema Province. When developed based on well-defined
concepts of mineral systems and integrated with consistent
sets of geological, geophysical, and geochemical data, these
maps have the potential to directly influence the identification
of priority areas in regional-scale prospecting surveys.
This impact can occur both through the identification of new
targets and through the revaluation of previously known areas
that were underestimated.

Based on information compiled by the Geological Survey
of Brazil (GSB) and available in its database, particularly
data generated over the past two decades, as well as the
geoscientific knowledge documented in the literature regarding
mineral occurrences in the studied areas, this work was able
to identify the areas of highest prospectivity in each of the
four selected regions. This delimitation was carried out using
prospectivity models that consider the presence of W, Au, and
their main associated elements, especially Mo and Cu.

The whole-rock lithogeochemical data, integrated with the
structural information collected in the field and subsequently
interpreted during the data-processing stage, provided
key insights into the sources of metals and the processes
governing the circulation of mineralizing fluids in the main
deposits and mining sites across the region. These integrated
datasets significantly strengthened the genetic interpretations
proposed in this study and underscored the importance of
combining geochemical and structural approaches in regional-
scale mineral exploration frameworks.

The results presented reinforce the importance of
integrating geoscientific data through modern computational
techniques, as evidenced in the analyzed cases. In addition,
they highlight the strategic role that regional databases, such
as those developed by the GSB, play in advancing mineral
research in Brazil.

As a practical outcome of publishing these products, it is
expected that their application will help attract and optimize
investments in mineral exploration in the Borborema Province,
particularly in light of the current increase in global demand for
the analyzed mineral commodities.

Finally, it is recommended that future studies further
develop integrated modeling by incorporating new data,
aiming to improve the accuracy in identifying and discovering
mineralized areas and to strengthen the scientific basis for
more targeted exploration efforts.
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