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Abstract: Exploring covered terrains is a challenge that requires the integration of multiple sources
of knowledge, particularly in the initial stages of mineral exploration. The Apuí region, located in
the Southwestern Amazon Craton, has a small and constant gold production, despite the deep cover
and limited geological knowledge. The gold is mainly hosted in quartz veins and breccias that cut
Paleoproterozoic volcano-sedimentary sequences. The occurrences have similar characteristics to
magmatic–hydrothermal deposits, such as a lack of regional metamorphism and intense hydrother-
malization. We undertook a multi-source prospective investigation on different scales using 2D
and 3D techniques to translate the footprints of the mineral system into mappable criteria. Gold
prospectivity maps for the Juma District and Guida Target were produced by integrating geological,
geochemical, and geophysical datasets in knowledge-driven fuzzy systems. Regional airborne mag-
netization vector inversion (MVI) models were utilized. The correlation between the drill cores and
the magnetic susceptibility models highlighted a potential surface for gold mineralization associated
with the boundary between a granitic intrusion and volcano-sedimentary rocks. The prospectivity
maps reduced the search area, and the regional susceptibility models allowed for the reconnaissance
of structures and bodies that may be related to gold mineralization at depth. The results present new
strategies for increasing discovery performance in the Southern Amazon Craton under cover.

Keywords: mineral prospectivity mapping (MPM); Amazon Craton; fuzzy logic; airborne geophysics;
magnetization vector inversion (MVI)

1. Introduction

Targeting mineral deposits in undercover terrains requires the integration of multi-
ple techniques over various scales for effective results. In recent decades, studies on the
lithosphere, which is associated with the mineral system concept, has provided valuable
information as regards potential hidden deposits [1–3]. Carranza [4] and Kreuzer et al. [5]
expanded the discussion on how to manage and use multiple sources of data to obtain mean-
ingful geological information in mineral prospectivity mapping (MPM). Shirazi et al. [6]
applied geostatistical and remote sensing studies to define potential metallogenetic regions.
More recently, Yousefi et al. [7] presented an overview of the data analysis methods for
MPM, identifying significant deficiencies and discussing possible solutions for improving
2D targeting science. González-Álvarez et al. [8] discussed a wide variety of research
focused on regions in which mineral deposits are under cover, reflecting a global trend
of progressively exploring deeper. Using multiple geophysical methods along with geol-
ogy and geochemistry has become fundamental in finding new deposits in regions with
deep weathered cover, particularly in tropical environments. Joly et al. [9] suggested that
knowledge-driven methods [10] should be carried out prior to data-driven methods in
the first stages of mineral exploration to avoid undesirable bias. As mentioned by Porwal
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et al. [11], in prospectivity modeling, the judgment is commonly overly influenced by the
geological characteristics of the known deposits and the location of targets generated by
previous data-driven approaches.

In the Amazon Craton, the expansion of the geophysical coverage allowed for the
mapping of important structures and our understanding of the regional framework. Seis-
mological and gravimetric models suggest that the crustal thickness in the Amazon Craton
is quite variable [12–14]. Albuquerque et al. [14] defined the range of crustal thickness to
be approximately 29–56 km, with an average thickness of 38.2 km. Albuquerque et al. [14]
and Lloyd et al. [15] showed that it was not possible to correlate the geochronology of the
Amazon Craton provinces and their crustal thicknesses. There are regions of thicker crust
in younger provinces, such as the Rondônia-Juruena region, and thinner crust in older
provinces, such as the Central Amazon. The integration of the Geological Survey of Brazil
(GSB) potential field database, including airborne geophysics and gravimetric surveys,
showed that the limits between the geochronological provinces in Southern Amazon Craton
are still unclear and possibly gradational.

The Apuí region, our case study in this work, is located in the Southern Amazonas
state, Brazil. Since the 1970s, the area has had constant gold production via artisanal
mining. In 2006, the discovery of the Garimpo Eldorado do Juma increased the prospective
interest in the region despite limited geological and geotectonic knowledge. The occurrence
of Orosirian granites in the Juma District indicates a geological context in which rocks
from Rondônia-Juruena Province are in contact with rocks from Tapajós-Parima Province,
similar to the Peixoto de Azevedo Domain [16,17]. Meloni et al. [18] characterized the
metallogenesis and geotectonic evolution of the Juma District (also known as Eldorado do
Juma District or Juma Gold District), including prospective implications for epithermal
gold prospection. The majority of the gold occurrences exhibit characteristics of magmatic–
hydrothermal systems that, in some cases, are similar to regionally correlated deposits,
notably from the Alta Floresta and Tapajós Mineral Provinces (e.g., [19–21]).

This work presents an overview of the geological setting and mineralization of the
Apuí region, revealing key geological, geophysical, geochemical, and structural factors for
discovering hidden gold deposits. On the basis of a magmatic–hydrothermal exploratory
model, we used new strategies to solve the problem of mineral exploration in regions
with thick and intensely weathered cover. This was undertaken on different scales to
translate the footprints of the mineral system into mappable criteria by applying 2D and
3D techniques. Prospectivity maps, based on fuzzy logic, highlighted favorable areas
for undiscovered gold deposits in the Juma District. A regional magnetization vector
inversion (MVI) model constrained targets to an estimated depth of 20 km, supporting
the reconnaissance of bodies and structures that possibly control the fluid pathways and
deposition. The analysis of six drill cores combined with the magnetic susceptibility
models allowed for the delineation of a surface interpreted as the contact between a granite
intrusion and the volcano-sedimentary basement. We define this zone as a high potential
location for host gold occurrences.

2. Geological Setting and Mineralization

The Amazon Craton is the largest pre-Cambrian exposure in the South American
Platform [22]. Defined as the portion of the continental crust that remained stable during
the Brasiliano Orogeny [23,24], the craton evolution is marked by successive accretionary
events, from Paleo- to Neoproterozoic [25–27]. On the basis of U-Pb and Sm-Nd isotope
geochemistry, the units progressively get younger from east to west [28,29]. The Paleopro-
terozoic units in the Amazon Craton are recognized for hosting significant gold deposits,
the largest and most studied are located in the Tapajós and Alta Floresta Mineral Provinces.
The total gradient (TG) of total magnetic intensity (TMI) illustrates a regional continuity in
the structural framework and similar geophysical responses in adjacent geochronological
provinces, suggesting a gradational transition between them (Figure 1a). Geochronolog-
ical data, compiled from the GSB and [27], combined with the Bouguer anomaly map
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(WGM2012) [30] show that the relationship between ages, geological domains, and crust
density remains unclear for the Southern Amazon Craton (Figure 1b).
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(a) Major structures and domains superimposed on the total gradient (TG) of total magnetic intensity
(TMI); (b) geochronological data compiled from the Geological Survey of Brazil (GSB) and [27] on the
Bouguer anomaly map (WGM2012) [30].

2.1. Juma District Geology

The Juma District is located in the SW Amazon Craton, covering an area of 18,000 km2

that records Paleoproterozoic to Paleozoic geologic events (Figure 2). The volcano-sedimentary
sequences from the Rondônia-Juruena Province (1.82–1.53 Ga; [29,31]) cover most of the
area. The basement is interpreted as Orosirian metasedimentary rocks from the Abacaxis
Formation [29] cut by the Chuim (1.85 Ga) and Arraia (1.83 Ga) porphyritic granites [17,18].
The Colíder Group [32] dominantly overlaps the basement with silicic volcanic rocks
(1.81–1.76 Ga; [17,33,34]). The majority of the Juma District area is covered by the volcano-
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sedimentary Beneficente Group (sensu [35]), interpreted as a rift-type basin (~1.74–1.6 Ga)
with volcanism that juxtaposes the Colíder Group [17]. After deposition, low-grade meta-
morphism and structural relief features affected the sequences between 1.5 and 1.4 Ga [36].
On the basis of detailed stratigraphic studies, Simões et al. [17] divided the Beneficente
Group into three formations: Pedro Sara, Camaiú, and Vila do Carmo. At the base of
the succession, the Pedro Sara Formation is composed of silicic volcanic rocks covered by
conglomerates and sandstones interleaved with basaltic rocks from the Camaiú Formation.
The Vila do Carmo member is an intercalation of pelites, sandstones, and rare tuffs, rep-
resenting the final stage of the Beneficente sedimentation. Mesoproterozoic gabbro sills
from the Matá-Matá Suite [37] cut all the volcano-sedimentary sequences mentioned. The
Paleozoic sedimentary rocks from the Alto Tapajós Basin are exposed in the topographically
lower regions.
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tures, and the main road (BR-230). The stratigraphic relationships section illustrates that gold
occurrences are associated with Orosirian to Mesoproterozoic rocks (modified from Meloni et al. [18]).
Abbreviation: Fm.—formation.

2.2. Gold Mineralization

This study considered 24 gold occurrences in the Juma District (Figure 2), the majority
corresponding to artisanal prospects, including 16 primary deposits. Considering the
spatial distribution and geologic characteristics, we defined two types of gold occurrences
for the Apuí region. The first type is associated with the Orosirian Chuim and Arraia
granites, possibly related to a magmatic-arc environment with a dominantly compressive
ductile tectonic regime. The second type is characterized by a strong structural control
associated with at least two mineralized events from Paleo- to Mesoproterozoic.

In the first type, gold occurs in quartz veins or hydrothermal breccias with siliceous ma-
trices, occasionally exhibiting drusiform, microcrystalline, and lattice-bladed textures [18,38].
Meloni et al. [18] described typical features of low-sulfidation epithermal systems, such
as breccias containing placoid calcite pseudomorphs replaced by quartz. Sulfide is un-
common but can be locally associated with mineralization. Hydrothermal alteration halos
are evidenced by chloritization, carbonation, sericitization, quartz-adularia veins, and clay
minerals. The Chuim and Arraia granites have similarities in age and chemistry with the
granites from the Matupá Suite, particularly the Serrinha gold deposit in the Alta Floresta
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Mineral Province [19,39,40] (Table 1). Certain geologic characteristics are also similar to the
Tocantinzinho Deposit in Tapajós Domain [41,42], and to porphyry gold deposits compiled
from [43–47], as detailed in Table 1. The apparent absence of regional metamorphism in
the host rocks and the correspondence with the literature are consistent with a magmatic–
hydrothermal origin for the gold, with similarities to porphyry–epithermal systems.

Table 1. Key characteristics of the Juma District Orosirian gold deposits compared to the Serrinha,
Tocantinzinho, and porphyry gold deposits (Adapted from [19,42]).

Juma District Serrinha
Deposit Tocantinzinho Deposit Porphyry Gold Deposits

Tectonic Environment Magmatic arc Volcano-plutonic arc Magmatic arc Volcano-plutonic arc

Intrusion Age
1855.1 ± 6.4 Ma (Chuim

Granite); 1837.8 ± 9.6 Ma
(Arraia Granite)

1872 ± 12 Ma 1982 ± 8 Ma Variable, predominantly
Cenozoic and Mesozoic

Host rock composition

I- and S-type,
peraluminous and

magnesian, calc-alkaline
to alkali-calcic, porphyritic

monzogranite

I-type, magnetite-series,
equigranular to

porphyritic
monzogranite cut by

cogenetic rhyolitic dikes

I-type, calc-alkaline,
magnetite-series, oxidized,

monzogranite

I-type, magnetite-series
porphyry; coeval volcanic

rocks are common

Mineralization type Quartz veins, breccias,
and stockworks Disseminated Disseminated; in veinlets

and fractures (stockwork)
Disseminated; stockwork;

fractures controlled
Main metals Au Au Au Au-(Cu)

Key sulfides associated ±Pyrite Pyrite Pyrite Pyrite-(chalcopyrite;
bornite)

Association of
hydrothermal alteration

Epidote, actinolite,
chlorite, calcite, sericite,

adularia, florencite

K-feldspar, albite, chlorite,
sericite, pyrite, magnetite

Phyllic alteration,
K-feldspar alteration

(microclinization)

Biotite, K-feldspar,
magnetite, sericite,

anhydrite, albite, pyrite,
chlorite, clay

References [16,18,38] [19,39,40] [41,42] [43–47]

The second type is associated with regional ductile to brittle fault corridors and shear
zones, preferentially NE–SW, E–W, and NW–SE. These structures could be associated with
the emplacement of igneous intrusions. The most important structural domain is a NE–SW
deep shear zone that cuts the southeastern Juma District and allocates gold occurrences
(notably, the Ema and Três Estados prospects from BBX Minerals). The gold is typically
hosted in lapilli-tuffs and diabases associated with quartz veins. In the Garimpo Eldorado
do Juma cluster of occurrences, the gold is widespread in networks and stockworks of
hydrothermal kaolinite veinlets, millimeters to a centimeter in size, which cut the volcano-
sedimentary strata [18,48,49]. In this case, silicification is subordinate, quartz veins are
uncommon, and argilization, probably from a hydrothermal origin superimposed by
weathering, totally alters the feldspars in phenolatites [18]. Frequently, millimeter rosettes
of tourmaline occur within the altered feldspar crystals [49]. The occurrences are interpreted
as epigenetic and occur preferentially in the geological contact between the Matá-Matá
gabbros and the Beneficent/Colíder Groups. At least two mineralization events produced
these types of gold occurrences. The first is related to rifting with bimodal volcanism and
hydrothermal activity at ~1.70 Ga [17,18]. The other is related to the gold occurrences
in association with mafic rocks from the Matá-Matá Suite, indicating that at least one
mineralization event affected the area in the Mesoproterozoic.

3. Materials and Methods

In this research, an integrated methodology is proposed for mapping the expressions
of a magmatic–hydrothermal gold mineral system at different scales. The work was divided
into four stages: (1) input data selection; (2) data processing; (3) 2D targeting using mineral
prospectivity maps (MPM); (4) 3D airborne magnetic data inversion and correlation with
known geology. Figure 3 illustrates all the stages, including the main processes and data
employed in this study.



Minerals 2023, 13, 78 6 of 23

The methodology was expanded and modified from previous works [2,50–55]. Hronksy
and Groves [2] followed by Hagemann et al. [50] defined the scale dependency of explo-
ration targeting criteria as a critical aspect of effectiveness when applying the mineral
system concept to prospectivity modeling. The techniques and main steps we used to trans-
late the footprints of the mineral systems into mappable criteria were adapted from Pan and
Harris [51] and Harris et al. [52], and further adapted by Nykänen [53]. Silva et al. [54] mod-
ified the previous methods for undercover gold targeting in the Southern Amazon Craton,
including a drilling program for target testing. Uchôa et al. [55] expanded the prospective
studies with multi-process and multi-scale spatial predictive analyses for orogenic gold.
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3.1. Datasets

The dataset consists of multi-source georeferenced layers, including known gold
occurrences, the Juma District geological map, airborne magnetic and radiometric surveys,
the mineralogy of panned concentrates, and a geochemical analysis of stream sediment
samples. The Geological Survey of Brazil (GSB) provided the geographical information
system (GIS) database. In addition, six drill cores acquired by the company BBX Minerals,
varying in depth from 180 to 300 m, were utilized in this study. Airborne magnetic,
radiometric, and satellite gravimetric data were also considered. The airborne magnetic
and radiometric surveys were acquired in N–S lines flown at 500 m spacings with a constant
100 m flight height.

The geochemical and mineralometric surveys comprise the analysis of 485 samples of
active stream sediments (<80#) and 484 samples of heavy mineral concentrate, covering
2/3 of the Juma District area. The distribution of samples approximately corresponds to a
1:100,000 scale, with a maximum density of one sample every 10 km2. All samples, from
both matrices, were prepared and analyzed by SGS-Geosol laboratories. The complete data
analysis is available in [18,56].
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The preparation of stream sediment samples involved (i) oven drying at 60 degrees;
(ii) sieving in <80# fraction; (iii) pulverization and; (iv) digestion by aqua regia (HNO3 + 3HCl).
The analyses were performed on ICP-OES (inductively coupled plasma optical emission,
PerkinElmer Inc., Waltham, MA, USA) and ICP-MS (inductively coupled plasma mass
spectrometry, PerkinElmer Inc., Waltham, MA, USA) for 51 elements: Ag, Al, As, Au, B, Ba,
Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni,
P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn, and Zr. Quality control
was performed by inserting a blank reference material and replicates. Duplicates of stream
sediment samples were collected every ten samples.

Heavy mineral samples were collected by panning 20 L of sand/gravel in the same
location as the stream sediment samples. The preparation consisted of sieving, quartering,
and separation by density and by magnetism. The remaining minerals were analyzed using
a binocular loupe and an optical microscope. Semi-quantitative results of heavy mineral
concentrates are expressed as a percentage in the following ranges <1%, 1%–5%, 5%–25%,
25%–50%, 50%–75%, and 75%–100%, and comprised more than 30 minerals including
silicates, sulfates, phosphates, oxides, and others. Gold was the only mineral quantitatively
analyzed after quartering.

3.2. Data Processing

For the airborne magnetic data, the International Geomagnetic Reference Field (IGRF)
correction was performed. Then, the data were interpolated using the bi-directional method
to obtain the total gradient (TG) of the total magnetic intensity (TMI) and its products. The
radiometric data were pre-processed to eliminate inconsistent and negative values. The K,
eTh, and eU channels were interpolated using the minimum curvature method [57,58]. The
eU and eTh maps were expressed as equivalent values (ppm) and K as percentages. The
main products developed are the radioelement ratios, ternary false-color RGB composition,
F factor (F = K × (eU/eTh) [59]), and anomalous K [60].

The geochemistry data were log-transformed to approximate a normal distribution.
Previously, data below the lower detection limit (LDL) were transformed to values corre-
sponding to LDL × 0.5. Au, B, Ge, and Re showed no value above the LDL and were not
used. The database was then processed by univariate statistical techniques for geochemical
data [61–65]. The values were classified between anomalies and background for each
element, defined according to the classes of their respective box-whiskers plots. Anomalous
values were considered as: (i) third order, above Q3 + (1.5 × Q3 − Q1); (ii) second order,
above Q3 + (3 × Q3 − Q1); and (iii) first order, above Q3 + (4.5 × Q3 − Q1), where Q3 rep-
resents the 75% quartile (3rd) and Q1 the 25% quartile (1st). Third-order positive anomalies
occurred for 24 elements: Al, Ba, Ca, Cd, Ce, Co, Cs, Cu, Fe, Ga, Hf, K, La, Li, Mg, Mn, Nb,
Ni, Rb, Sc, Sr, Th, U, and Y. Second-order positive anomalies occurred for 7 elements: Cr,
In, Mo, Pb, Sb, Sn, and W; and first-order anomalies occurred for 3 elements: Sb, Sn, and
W. The spatial distributions are shown through uni-elementary maps of the correspond-
ing hydrographic basins for each sample. The statistical summary for various elements
considered relevant in this analysis is available in Table S2 (Supplementary Materials).

The mineralometric data (heavy minerals) were also plotted as hydrographic basin
maps, classified according to the percentage ranges provided by the laboratory analyses,
with the exception of gold, which was classified according to the absolute number of grains.
The spatial distribution is shown through uni-elementary maps of the corresponding
hydrographic basins for each sample (Figure 4).
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3.3. Mineral Prospectivity Mapping (MPM)

MPM applies a probabilistic targeting approach to refining the exploration model
into spatial proxies. To map the footprints of the mineral system, we defined three main
elements: the source, migration, and depositional processes, adapted from [50]. Under-
standing how these elements act was an effort undertaken on different scales, which
indicated the main exploration vectors for the Apuí region. The spatial proxies were ob-
tained from the geology, structures, airborne geophysics, and surveys from stream sediment
and heavy mineral concentrates. Our approach was applied at two scales: 1:250,000 for the
Juma District and 1:100,000 for the Guida Target.

We applied fuzzy systems to produce the Juma District and Guida Target prospec-
tivity maps. Fuzzy logic is a many-valued logic based on the mathematical fuzzy-set
theory, initially proposed by [66]. In mineral exploration, this logic has been applied to
prospectivity maps, usually in knowledge-driven models. Several geoprocessing tech-
niques were required, including interpolation, raster calculation, image processing, and
classification. Then, the fuzzification stage consisted of choosing the most appropriate
fuzzy memberships for each layer, i.e., a standardized simplification of different data to
allow them to be used together. The pertinence functions used in this work were the fuzzy
categorical (in which the expert defines the values to be highlighted), fuzzy small (which
highlights the smallest values), and fuzzy large (which highlights the largest values). After
this stage, the critical mineralization parameters were transformed into evidential maps
using the most appropriate fuzzy operators, resulting in values that vary from 0 (strongly
negative evidence) to 1 (strongly positive evidence). We used the operators fuzzy AND,
fuzzy OR, and fuzzy Gamma. The fuzzy AND operator is an intersection function whose
results tend toward conservative values, while fuzzy OR is a maximum operator that
tends toward larger values. The fuzzy Gamma operator combines the fuzzy sum and
fuzzy product [67]. Figures 5 and 6 illustrate the steps for Juma District and Guida Target
prospectivity modeling.
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3.4. Magnetization Vector Inversion (MVI)

Magnetization vector inversion (MVI) is a computational algorithm designed to gen-
erate 3D models for magnetic susceptibility and magnetization vectors, considering the
effects of induced and residual magnetization. Ellis et al. [68] mathematically describe the
MVI method, based on Tikhonov regularization, to solve the inverse problem for the mag-
netization vector by minimizing the difference between the calculated and the measured
field. Conventional 3D magnetic susceptibility inversions assume that there is no remanent
magnetization and that the induced magnetization is always in the same direction as the
Earth’s magnetic field. However, in practice, this assumption is not always valid. The
MVI enables the magnetization direction and amplitude to be recovered for each magnetic
domain in the survey area [68]. In mineral exploration, recent studies have applied MVI
to obtain the subsurface three-dimensional distribution, the position, the magnetization
magnitude, and the direction of magnetic targets with remanence (e.g., [69]).
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4. Results
4.1. Juma District Spatial Proxies

The critical processes identified for the gold system in the Juma District were translated
into spatial proxies for use in knowledge-driven prospectivity models. Six evidential
maps, compatible with the 1:250,000 scale, were extracted from geological, structural, and
airborne magnetic and radiometric data. The gold system was translated into three system
components: source (region/fertility), fluid pathways (conduits), and deposition (evidence
of hydrothermal alteration processes).

To map the source of the gold, the geological units were classified considering their
affinity to the gold. The units that showed a temporal-spatial relationship to known gold
occurrences received the highest weights, such as the Orosirian granites and mafic rocks
from the Matá-Matá Suite. In contrast, the Paleozoic units received smaller weights since
the mineralization events were older. The proximity to geologic structures was the main
spatial proxy for mapping the fluid conduits since they tend to flow by faults, shears,
thrusts, lithological contacts, and fold axes. As mineralization is expected to occur in spatial
proximity to or at the intersection of structures, we applied the kernel density algorithm to
generate two evidential maps for minor and major structures, in which the denser regions
are considered the most prospective. We opted to use the total gradient (TG) considering
the highest values as spatial proxies since the geological structures associated with the
mineralization frequently exhibited positive magnetic signatures on the province scale. We
also used airborne magnetic products to support mapping lineaments and features that
may act as pathways for the gold. Hydrothermal alteration plays an important role in gold
deposition since it tends to concentrate and precipitate fluids. In the Juma District, the
K-enriched areas act as an indicator of this remobilization. The eTh/K and anomalous K
maps were processed to highlight the largest values, which are considered a proxy for gold
remobilization and deposition. In Table 2, the theoretical fundamentals, spatial proxies,
primary data, and evidential maps are described for each exploratory criterion (geological,
structural, and geophysical).

Table 2. Key characteristics describing the theoretical fundamentals, spatial proxies, primary data,
and evidential maps using different exploratory criteria for the Juma District.

Exploratory Criteria Fundamentals Spatial Proxies Primary Data Evidential Maps

Geological

Gold is mainly hosted by
non-metamorphic

Paleo-Mesoproterozoic rocks
from volcano-sedimentary

sequences or associated with
Orosirian granites; hydrothermal

alteration is common

Paleo- Mesoproterozoic
igneous and

volcano-sedimentary
rocks; hydrothermal

alteration zones

Juma District
geological map;

geochronological data

(1) Lithological units
weighted by the prospective

potential to host gold

Structural Lineaments and faults could act
as structural controls for fluids

Proximity to faults and
lineament; structures

intersection

Airborne magnetic
data; Juma District

geological map

(2) Major lineaments density
(3) Minor lineaments density

Airborne magnetic
Units and structural faults that

control mineralization frequently
have magnetic signatures

Positive magnetic
signatures

Airborne magnetic
data (4) TG anomalies

Airborne radiometric
K mobility may be an indicator

of fluid remobilization and
deposition

K-rich units Airborne radiometric
data

(5) eTh/K map
(6) Anomalous K map

Juma District Prospectivity Map

The Juma District prospectivity model delimits regions with the potential to host
magmatic–hydrothermal gold and comprises an area of 18,000 km2 (Figure 7). The six
evidential layers were integrated using the fuzzy Gamma operator (set at γ = 0.8). The
prospectivity scores vary from 0 to 0.84, in which the colors range from green to red for the
medium to high prospectivity areas (0.39–0.84). The higher values correspond to the most
favorable areas to host unknown deposits, as highlighted by warm colors (orange or red).
The regions corresponding to lower to medium prospectivity scores (0–0.39) were merged
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and, as they do not have a prospective expression in our model, we opted to represent
them in gray, reducing the search area to 21.7% of the original extension (3906 km2).

The results highlighted two targets with known gold occurrences: (1) An elongated
N–S region in the northern portion of the map where the cluster of occurrences includes
the Guida prospect, and the Chuim granite intrusion outcrops in the south of this area.
This prospective zone has a characteristic radiometric signature, marked by a high K. Part
of this zone has exploratory geochemistry data coverage, which makes it interesting for
follow-up studies. For this reason, we delimited a window, adjacent to the Guida prospect,
defined as the Guida Target for assessing the new prospectivity model; (2) an elongated
NE–SW zone (~70 km extension) in the southeastern map, spatially related to the major
shear zone that cuts the Juma District. Some gold occurrences are aligned with this trend,
which extends beyond the study area.

Three target regions without known gold occurrences showed spatial continuity
in the highest prospectivity scores. They are located in the westernmost, southeastern,
and central Juma District, configuring elongated zones in the NE–SW, E–W, and N–S
directions, respectively.
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The higher values correspond to the most favorable areas (warm colors). The areas corresponding to
medium-lower prospectivity scores (0–0.39) are gray.

4.2. Guida Target Gold System and Spatial Proxies

In the Guida Target, the gold is hosted in volcanic and volcano-sedimentary rocks,
which are strongly affected by hydrothermalism. The area is adjacent, approximately
5 km, to the Guida and Platô prospects (BBX Minerals), which intersected substantial gold
grades in the drill cores, and the Chuim granite outcrops in the southeastern area. In our
prospective approach, we consider that the Guida mineralization type could be associated
with Paleoproterozoic porphyry–epithermal systems. The Guida Target geometry was
defined in this study by considering the targeting results in the Juma District and the
coverage of the exploratory geochemistry surveys. The gold system was translated into
three system components: source, fluid pathways, and deposition.
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To map the source of the gold, we used the basins with heavy mineral concentrate gold
anomalies and the lithological units weighted by the potential to host gold. Paleoproterozoic
igneous and volcano-sedimentary units related to the Guida mineralization received higher
weights. Considering fluid remobilization and hydrothermal alteration as crucial factors
for gold deposition in magmatic–hydrothermal systems, the mineralometric data obtained
from heavy mineral concentrates were used to identify possible anomalous values of
minerals from a hydrothermal origin. Epidote and florencite were strongly correlated with
gold occurrences in the Guida Target and their anomalous concentrations in hydrological
basins are considered to be spatial proxies. The layers were integrated by the fuzzy OR
operator. We also opted to use the highest values in Ce stream sediment analyses as a
result of its association with gold occurrences, which is possibly related to the presence
of this element in the florencite structure. The positive Ce anomalies were integrated
with the anomalous florencite and epidote basins using the fuzzy AND operator. To map
fluid migration and depositional processes, we considered that structural weaknesses
may act as pathways for hydrothermal fluids. On this scale, local controls, such as minor
faults and fractures, were considered for modifying the permeability of the host rocks. We
applied the kernel density algorithm to generate two evidential maps for minor and major
structures, in which the denser regions are considered the most prospective. These layers
were integrated using the fuzzy OR operator. The F factor and Th/K maps also delimited
regions with possible hydrothermal remobilization through the K mobility, and their layers
were integrated using the fuzzy AND operator. In this scenario, the K enrichment is a
key exploratory guide since the strong radiometric responses are spatially related to high
hydrothermalized domains. Magnetic units, obtained from the TG, were also considered
proxies since both faults and igneous units tend to have magnetic responses. The theoretical
fundamentals, spatial proxies, primary data, and evidential maps are characterized by
different exploratory criteria in Table 3.

Table 3. Key characteristics describing the theoretical fundamentals, spatial proxies, primary data,
and evidential maps in different exploratory criteria for the Guida Target.

Exploratory Criteria Fundamentals Spatial Proxy Primary Data Evidential Maps

Geological

Paleoproterozoic magmatic
systems could be a favorable
environment for gold, usually
with associated hydrothermal

alteration

Host rocks; alteration
zones

Juma District geological
map; geochronologic

data; known gold
occurrences

(1) Lithological units
weighted by the prospective

potential to host gold

Structural

Mineralization is frequently
structurally controlled by

lineaments, faults, fractures, and
contact zones

Proximity to
structures

Airborne magnetic data;
Juma District geological

map

(2) Major lineaments density
OR

Minor lineaments density

Airborne magnetic

Igneous intrusions and
structures that control the

mineralization usually have
magnetic responses

Magnetic signatures Airborne magnetic data (3) TG positive
anomalies

Airborne radiometric
Potassium mobility may be an

indicator of fluid remobilization
and ore deposition

K-rich units Airborne radiometric
data survey

(4) F factor map
AND

eTh/K map

Geochemistry

Gold host units are usually
enriched with hydrothermal
alteration minerals such as

epidote and florencite

Proximity to basins
with highest values
for gold, florencite,

and epidote; Ce
positive anomalies in

stream sediments

Heavy minerals
concentrate and stream

sediment surveys

(5) Anomalous florencite OR
epidote basins

AND
Ce highest values basin

(6) Basins with the highest
values for gold (heavy
mineral concentrates)
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Guida Target Prospectivity Map

The Guida Target prospectivity map for magmatic–hydrothermal gold was developed
on a 1:100,000 scale by integrating six evidential maps using the fuzzy Gamma operator
(set at γ = 0.7). The mineral prospectivity map for the Guida Target (Figure 8) delimits
regions with the potential to host magmatic–hydrothermal gold with similar characteristics
to porphyry–epithermal systems. The prospectivity scores vary from 0 to 0.85, in which
the maximum values correspond to the higher prospectivity, highlighted by warm colors
(orange or red). The colors range from green to red in the medium to high prospectivity
areas. The areas with low to medium scores (0–0.37) were merged and are represented in
gray. The initial search area of 921 km2 was reduced to 303 km2 (33% of the original), i.e.,
only the medium–high favorability classes (3,4,5), which are considered in this study as a
priority for follow-up.

The results showed two zones with the highest favorability to host gold: a NE–SW
elongated zone in the center of the map, with a 19 km extension, and the southeastern
portion of the area containing the Chuim granite. Except for the southwestern portion of
the map, where the prospectivity is considered low, the medium to high prospectivity areas
are well distributed in the Guida Target, aligned in a NE–SW direction. Some of them have
a spatial association with known deposits, such as the Pepita and Tiririca prospects in the
southeastern Guida Target.
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4.3. Validation of Prospectivity Models

Locations of known mineral deposits of the type sought can be used as an empirical test
to evaluate the results of prospectivity modeling and to obtain measures of success [70–72].
It is important to evaluate the prospectivity maps based on how well each map predicts the
known gold prospects prior to conducting follow-up work. To evaluate the efficiency of
the prospectivity models, we considered the location of 16 primary gold occurrences in the
Juma District.

In this research, the efficiency was measured by comparing the number of gold
occurrences within each prospectivity class, defined according to the fuzzy scores, to
the total area (Figure 9). The prospectivity classes ranged from 1 to 5, where 1 was assigned
to the lowest prospectivity regions and 5 to the highest prospectivity areas. The percentage
of the cumulative area juxtaposed with the percentage of cumulative gold deposits allowed
us to validate the prospectivity models. The plots for the prospectivity models of the
Juma District and Guida Target show that, for the Juma District, 71% of the occurrences
are mapped in 21.7% of this total area, corresponding to the medium–high prospectivity
classes (3–5). For the Guida Target, 56% of the occurrences were mapped in 33% of the
Juma District area considering nine gold occurrences. In both cases, a significant reduction
in the search area was established by the MPMs.
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(b) Validation for the Guida Target prospectivity map.

4.4. MVI Models

We initially created a regional magnetization model, which covered approximately
97,000 km2 area, extending beyond the Juma District limits, to facilitate visualizing the
continuity of the structures and anomalies. The 1350 m × 1350 m × 700 m cell sizes
allowed for the magnetic sources for a 20 km estimated depth to be identified. For the
Juma District, a higher resolution magnetization vector inversion was performed with
750 m × 750 m × 350 m cells, aiming to better characterize the targets. The inversions were
carried out using grids of the TMI reduced from IGRF, sensitive to both the magnetization
and susceptibility of different rocks. The magnetization vector indicates the magnetization
degree of a material in response to an applied magnetic field. The dataset was inverted to
produce 3D susceptibility models using the Geosoft VOXI Earth Modeling system. The data
were inverted subject to a relative error of 2.171 nT (5% of data range). The total field had an
approximate intensity of 24,683 nT and an estimated magnetic inclination and declination
of −2.66◦ and −16.51◦, respectively. The models were created using unconstrained inver-
sion. The regional MVI inversion was an important technique for investigating the spatial
association between the magnetic responses and geologic structures for the Apuí region in
3D. Figure 10 shows the regional model, including the Juma District area, highlighting some
of the most significant isosurfaces (surfaces with the same magnetic susceptibility) for gold
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exploration. The results showed that the targets delimited by the MPMs frequently have
magnetic expressions in the subsurface. High magnetic amplitudes and deep magnetic
anomaly sources characterize the main magnetic domain associated with the gold targets
in depth. This domain is correlated with the isosurfaces highlighted in Figure 10, with a
cutoff of the 3D magnetic susceptibility model showing values greater than 0.001 SI. Geo-
logically, these regions correspond to the Garimpo Eldorado do Juma cluster of occurrences
(Juma prospects), the Orosirian Chuim and Arraia granite intrusions (including the Guida
prospect), and the NE–SW regional shear zone, which hosts structurally controlled gold
deposits. It is also possible to observe the magnetic bodies at shallow depths (<1000 m),
some of which were interpreted to be dikes. These magnetic domains traverse the Juma
District and have the potential to host gold occurrences in regional and local prospection
studies. The magnetic characterization of the NE–SW regional shear revealed that this
structure dips toward the northwest at a high angle. This zone has significant volume at
depth expanding to the southeast of the Juma District.
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Figure 10. The regional MVI models show: (a) the continuity of the magnetic susceptibility in 3D
beyond the Juma District limits; (b) the most relevant regional isosurfaces and the gold occurrences.

The Juma District MVI model (Figure 11) provided prospective insights on a larger
scale for the geophysical–geological interpretation of the main targets. The model high-
lighted structures and units that could be associated with mineralization at depth. A
high-intensity magnetic domain intercepts the surface where the mineralization of the
Eldorado do Juma occurs, indicating that the anomalies have deep sources and the gold
has a possible geological connection with a deep origin. In this domain, the magnetic
susceptibility values are greater than 0.0015 SI. For the Guida prospect, the interpretation
was supported by drill cores.
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5. Discussion

The evolution of a mineral system can extend over hundreds of millions to billions
of years [50]. For mapping the footprints of the mineral system, we considered two
different types of gold occurrences in the Juma District and at least three mineralized
events, ranging from the Orosirian to Mesoproterozoic, related to magmatic–hydrothermal
systems. Although the preservation of porphyry–epithermal mineralization is rare in
Proterozoic terrains, several authors have proposed potential for this type of mineralization
in the Amazon Craton over the last decades and cases have been described (e.g., [19,73–75]).

For the Juma District, five main targets were defined, three without known gold occur-
rences. We recommend field investigations in these areas for future exploratory programs.
The MVI model highlighted the main magnetic geometries that could be associated with
gold mineralization, thus enhancing the regional interpretation of the targets. The NE–SW
target in the southeastern portion of the area was characterized by a high-intensity deep
magnetic domain that dips toward the northwest at a high angle. This domain extends at
depth to the southeast of the Juma District and continues beyond the study area’s limits to
the south. Because the structures usually control the location and the size of gold deposits,
structure-proximal deposits tend to be larger [76]. We considered this domain to be highly
promising for regional and local gold prospection since the magnetic responses indicate
large structures at depth. However, as a result of the irregular geometry of these anomalies,
interpretations without a geological constraint are limited and often qualitative. We suggest
constrained inversions for future exploratory studies.

For the Guida Target, the prospectivity map highlighted a NE–SW elongated target,
approximately 19 km long, defined as potential for new discoveries. There is one known
occurrence in its northeastern portion, but no record of gold deposits in the southwestern
portion. Florencite is the most abundant accessory mineral in the regional context and high
percentages are frequent in basins with larger amounts of gold, suggesting a metallogenetic
association between these minerals. In this study, we defined Florencite and Ce as proxies
for hydrothermal alterations associated with gold deposits in the Guida Target region.

Correlation of Results with Known Geology

This topic presents an integrated geological and geophysical interpretation of the
results. The joint analysis of six drill holes with MVI data inversion allowed for the
definition of guides for future campaigns in the Guida prospect region. The JED–01,
JED–02, and JED–03 drill holes intercepted the volcaniclastic breccias, sandstones, tuffs, and
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basalts from the Camaiú and Pedro Sara Formations. These rocks are affected by pervasive
hydrothermal alteration, mainly sericitization, chloritization, argilitization and carbonation.
Intensely oxidized zones are described. The BBX Minerals [77] reported 42.0 g/t Au in
the JED–01 hole (Platô prospect) obtained from a 55.25 m composite, reinforcing the gold
potential of the Beneficent Group.

The JEDs 04–06 exhibited pervasive hydrothermal alteration features, mainly chloriti-
zation, epidotization, and carbonation. The JED–04 and JED–06 predominantly consist of
volcano-sedimentary rocks that are intensely altered (Figure 12a) with a cover of saprolitic
rocks approximately 50 m thick. Hydrothermal breccias with open cavities and filled with
quartz veins (Figure 12b) were present in all drill cores, predominantly close to the granite
intrusion. The JED–06 intercepted an apophysis of the Chuim granite at 297 m (Figure 12c).
The JED–05 intercepted the Chuim granite, partially altered by sericite, epidote, biotite, and
hematite (Figure 12d), after 50 m of saprolitic cover. BBX Minerals reported an average
of 3.70 g/t Au in the bottom of hole JED–04 (13.66 m interval), obtained by fire assay
analyses [77]. Average values of 37.4 g/t Au were obtained from the bottom 49.44 m
(250.00–299.44 m) of hole JED–06 from 12 composite samples of approximately 4 m in
length [77]. Two highly significant results of 4.0 m @ 107.11 g/t from 258 m and 4.2 m @
37.37 g/t from 277.8 m were obtained. Gold is likely to be distributed relatively throughout
the lower portion of JED–06.
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Figure 12. (a) Intensely altered metagrawacke (Abacaxis Fm.) exhibiting quartz veinlets concordant
and discordant with foliation in JED–04 at 71 m. (b) Breccia with drusiform quartz and open cavities,
in JED–04 at 75.5 m. (c) Sharp contacts between granite apophysis and the volcano-sedimentary
basement, in JED–06 at 297.5 m. (d) Chuim granite partially altered by sericite, epidote, biotite, and
hematite, in JED–05 at 70.8 m.
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All gold intervals had features indicative of a low-sulfidation magmatic–epithermal
origin. Breccias and quartz veins with microcrystalline, drusiform, and lattice-bladed tex-
tures affect some of the mineralized intervals. It is possible that in a regional context, these
occurrences could be related to distal porphyry-epithermal systems; however, detailed
metallogenetic studies are required. Using the integrated analyses of several MVI slices
combined with the geologic interpretation, we delimited a magnetic surface, defined as the
possible contact between the granite intrusion and the volcano-sedimentary sequences. On
the basis of the geophysical and geological model, we considered this contact zone to be
favorable to the occurrence of new deposits. Figure 13 shows this geometry, represented
by the green isosurface, at a magnetic susceptibility of 0.002 SI (see also Video S1, Supple-
mentary Materials). This surface has compatible magnetic susceptibility values with the
average for igneous units, related to the mineralization, as granites (0.0025 SI) [78]. We also
considered that the hydrothermal breccias and quartz veins occur preferentially close to
the contact with the porphyritic Chuim granite based on the drill core logging results.
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model for the Guida prospect. (B) The isosurface delimited by a 0.002 SI susceptibility was interpreted
as the possible contact zone between the Chuim Granite and the volcano-sedimentary sequence.
Photographs illustrate intervals from drill cores.

6. Conclusions

This case study provides an overview of the geological setting and gold system for
the Apuí region, the Southwestern Amazon Craton, revealing strategies for exploration
in regions with intensely weathered cover. A multi-source investigation, using 2D and
3D techniques, resulted in gold prospectivity maps and MVI models for the Juma District
and Guida Target. The use of fuzzy logic and magnetic data inversion models revealed
key geological, geophysical, geochemical, and structural factors for discovering hidden
gold deposits despite the deep cover and limited geological knowledge. Considering the
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footprints of the mineral system for a magmatic–hydrothermal exploration model, we
defined strategic targets in 2D that were further detailed in 3D. According to the final
prospectivity maps, many of the most important known gold deposits were located within
areas of high favorability, and other new potential gold targets, without previous gold
records, were defined.

This work resulted in the following primary conclusions with respect to gold explo-
ration potential in the Apuí region:

1. The Juma District prospectivity map identified five geologically consistent targets,
mostly in NE–SW, E–W, and N–S directions. A significant target, NE–SW aligned, in
the southeastern area was characterized in 3D as a magnetic domain that extends to
the southeast and dips toward the northwest. We believe that this target should be
prioritized for further investigation programs;

2. The Guida Target prospectivity map defined two main targets. The first is in the
southeastern area, containing the Chuim granite. The other is a NE–SW elongated
zone in the central area in which the continuity for the southwest is considered
favorable for gold prospection;

3. Using the integrated analyses of several MVI slices and the geologic interpretation of
the drill cores, we characterized a surface, defined as the contact zone, between the
granite intrusion and the volcano-sedimentary sequence, which is considered to be
favorable to the occurrence of new deposits at depth;

4. In this study, we collected airborne geophysical and exploratory geochemical data that will
help to improve the exploration pipeline and future 2D and 3D prospectivity mapping;

5. The amount of gold produced in the Juma District and the results presented in this
work point to an unexplored potential for economic magmatic–hydrothermal gold
deposits in the Apuí region;

6. This study presents new approaches for mineral exploration in undercover terrains
and can be used as an exploration guide for similar deposits in a regional context.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13010078/s1. Table S1: Geochronological data for the Southern
Amazon Craton; Table S2: Statistical summary of some elements considered relevant for Au deposits;
Video S1: MVI model for the Guida prospect.
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