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Abstract: The Alta Floresta Gold Province (PAAF) is abundant in gold deposits and, located in the
state of Mato Grosso, Brazil, is an ideal place to study the geoelectric signature of gold mineralization.
Auriferous mineralization occurs along shear zones in quartz veins and disseminated granites in
this region. Ores are associated with oxides and sulfides, mainly with pyrites. To identify primary
gold or continuities of the mineralized zones, data were acquired using the geophysical methods of
electrical resistivity and induced polarization in three gold mines: Raimunda, Truilio, and Porteira.
Dipole–dipole arrays with electrode spacings of 20 and 25 m were used to investigate up to 100 m in
depth. Resistivity and chargeability range scales were developed with statistical analyses of all the
geophysical and geological data. The geophysical models of the Raimunda and Truilio gold mines
showed coherence with the boreholes, but the geophysical models of the Porteira gold mine were not
coherent with the boreholes. The resistivity and chargeability parameters indicated that the lithotypes
(soils, saprolites, and monzogranites) could be characterized and identified as potential mineralized
targets. The soils ranged from 1000 to 8000 ohm.m, the saprolites had values from 150 to 800 ohm.m,
and the monzogranite values were from 1100 to 9000 ohm.m. The mineralized targets had values
from 18 to 35 mV/V. The results confirm the efficiency of the resistivity and induced polarization
methods to find sulfides in shear zones in the Alta Floresta Gold Province.

Keywords: induced polarization; gold mineralization; alta floresta gold province

1. Introduction

The Alta Floresta Gold Province (Província Aurífera de Alta Floresta, PAAF) is one of the
main gold-mining areas in the state of Mato Grosso, Brazil [1]. The first gold discoveries in
the region occurred in alluvial deposits in the Peixoto de Azevedo River in 1978. Initially,
the mechanisms used for gold digging were manual, and then, the mining methods changed
to the use of dredges and pumps for gravel suction. From 1980 to 1999, the production
of gold in the PAAF was in the order of 160 tons [2], most of which was extracted from
alluvial and auriferous shear zones.

Due to its great potential and the necessity to discover new, mainly primary deposits,
many geological works have concentrated on this province, such as works accomplished
by the Geological Survey of Brazil (GSB) [3–6], in addition to works restricted to the eastern
portion of the province [7–12].

Most of the gold deposits in the eastern region of the PAAF are of the filonean
type [7,9,11,13,14] inside shear zones in monzogranites. Additionally, in the PAAF, dis-
seminated mineralization occurs, hosted in granitic rocks (e.g., the Serrinha gold mine,
the Pezão gold mine, the Luizão gold mine, the Pé Quente gold mine, and the X1 gold
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mine [7,9,11]). In 2018, the Anglo-American mining company performed a mineral requi-
sition of 284 blocks in the PAAF (1.9 million hectares) due to the discovery of porphyry
copper-gold deposits with deep drilling hole information [15].

Due to the region’s intense rock weathering, the soil and saprolite layers reach up to
40 m thick. Few rock outcrops make it difficult to conduct surface mapping for auriferous
mineralization. For regions where there are no research or geological studies, information
from mineral research is used with backhoes and drill holes. However, due to the irregu-
larity of the geometry and the discontinuity of the auriferous shear zones, there are many
failures to find gold ore in these drilling campaigns.

Geophysical methods have great significance for mineral exploration. The research
was conducted [16] in the South Khorasan Province, Iran, to identify copper mineralization
zones using geophysical research (IP and RES) and forecasting methods for planning min-
ing and drilling operations. Another study [17] investigated the relationship between fault
systems and host lithology with massive sulfide copper mineralization in the Sahlabad
area, South Khorasan Province, eastern Iran. An airborne geophysical analysis (aeromagne-
tometric data) was executed to determine the presence of intrusive and extrusive masses
associated with structural systems. Researchers [18] found promising areas of iron ore
mineralization in the Chak Chak exploration area of Yazd Province, Iran, using terrestrial
magnetometry. In addition, researchers [19] studied an area located near Toot village in the
Yazd Province of Iran considered to have iron mineralization potential. Radioactivity and
radiometric surveys were performed in a part of the area where magnetometric studies
were also performed.

Some geophysical operations in the PAAF, such as the Juruena-Teles Pires Project
1991 [3,5], have developed new geological maps for the PAAF region based on airborne
geophysical data. Some studies [20,21] have used remote sensing and aerogeophysics for
better descriptions and location of minerals in the region, while others [22,23] have used re-
mote sensing and airborne geophysical surveys to model geophysical data and describe the
geological and metallogenetic implications of the region. The work conducted in [24] devel-
oped mineral-prospecting research using geochemical and geophysical methods, including
magnetic, electromagnetic, resistivity, and induced polarization methods. Researchers
in [13] conducted terrestrial investigations using magnetic and inductive electromagnetic
methods. Some studies [25,26] have used geoelectrical methods (induced polarization
and resistivity) and magnetometry to help identify and characterize exploratory targets in
the region.

In all the geophysical operations developed in the PAAF region, there has been a
reference to the existence of a layer with high electrical conductivity and high magnetization
near the surface. This layer occurs from the surface to a maximum depth of 50 m [27]. In
all boreholes describing mineralogical compositions of the rocks, there are records of high
concentrations of magnetite in the soils and saprolites [10].

The laterization process of the soils and saprolites increases the induced polarization
response in the first layer of subsoil. The presence of reduced iron (magnetite minerals) in
soils and saprolites attenuates the propagation of electric current at certain depths, as these
media become good electrical conductors. To minimize this effect, high voltages must be
applied to the media to enable the flow of electric currents at greater depths.

The research carried out in this work takes place in three different mines that ex-
tract gold ore using vertical shafts with horizontal accesses. Ore exploration occurs up
to 100 m deep, as the large volumes of water that flow along the fractures require con-
stant pumping to avoid flooding the galleries, which greatly increases cost and makes
exploitation infeasible.

This work aims to verify the geoelectric signatures and the effectiveness of resistivity
and chargeability in the location of shallow auriferous veins in the southeastern portion of
the Alta Floresta Gold Province.
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2. Geological Setting of the Study Region

The Alta Floresta Gold Province (PAAF) was named by Dardene and Schobbenhaus [27];
suggestions by other authors include the Juruena-Teles Pires Auriferous Province [5], the
Alta Floresta Domain [28], and the Mineral Province of Alta Floresta [6]. It is contextual-
ized on a strip of paleo-to-Mesoproterozoic terrain located in the southern portion of the
Amazonian Craton, where it is bordered to the north by the Ventuari-Tapajós Province
(1.95 to 1.80 Ga) and to the southwest by the Rio Negro-Juruena Province (1.80 to 1.55 Ga)
(Figure 1). Depending on the geotectonic model adopted, the PAAF is considered part of
different geochronological provinces, whose temporal and spatial boundaries differ in the
geotectonic compartmentation of the Amazonian Craton. Thus, two main proposals have
been determined to understand the geotectonic structuring of the Craton.

The first proposal divides the compartmentation into seven tectonic provinces [28–30],
in which the Carajás Province is separated from the Central Amazon Province (Figure 1A).
In this context, the remaining provinces undergo minor modifications to those initially
proposed [27–29].

In the second proposal, the compartmentation is described by six geochronological
provinces that are structured in a preferred NW–SE direction in which authors [31–33]
show the Central Amazonian Province as a central Archean nucleus in addition to other
proterozoic provinces, such as the provinces of Maroni-Itacaiunas, Ventuari-Tapajós, Rio
Negro-Juruena, Rondonian-San Ignacio, and Sunsás (Figure 1B).
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Figure 1. Geotectonic map of the Amazonian Craton: (A) modified after [29]; (B) modified after [32];
highlighting the limits of the Alta Floresta Gold Province (PAAF).

In the PAAF, mineral deposits are embedded in type-I calcium-alkaline granites and
are hosted in three main forms: (i) widespread in form and associated with Au ± Cu,
similar to gold porphyry deposits [5,9,34–37]; (ii) hosted in quartz veins associated with
Au ± Cu [2,11,14,38]; and (iii) hosted in quartz veins with Au ± base metals genetically
related to epidermal intermediate sulfide deposits [7,35,38].

Primary gold deposits are found in various regions of the PAAF but are largely found
in the eastern portion, specifically in the Peru-Trairão lineament. This lineage covers an
extended area of approximately 30 km by 140 km with a NW–SE direction and has a
transcurrent character, predominantly sinister kinematics, and natural ductile to ruptile-
ductile fractures [8,11,38].
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The eastern portion of the Alta Floresta Gold Province partially corresponds to the
Peixoto Domain, which is the subject of this research as it constitutes an important gold-
producing segment and, in addition to the namesake gold-mining region, includes several
other traditional gold-producing regions. This work is inserted in the eastern portion of the
PAAF in what is known as the Peixoto Domain (Figures 2 and 3).
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Moreton and Martins [39] described that, in the mining areas, there were biotite gran-
ites and monzogranites from the Matupá intrusive suite, as well as gabbro, granodiorites,
quartz diorites, monzogabbro, and monzodiorite from the Flora da Serra intrusive suite.
However, a description of boreholes from the Raimunda (BH1R), Truilio (BH1T), and
Porteira (BH1P, BH2P, and BH3P) mines only indicated the presence of monzogranites
(Figure 4).
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gold mine.

The study area was composed of three artisanal gold mines named Raimunda, Truilio,
and Porteira. The geological setting was described with core samples from five bore-
holes (Figure 4) with the presence of three lithotypes, defined as saprolite, monzogranite,
and diabase.

From top to bottom, we found an initial layer of saprolite (altered monzogranite) of
about 40 m in depth with a reddish-colored sandy clay material, fragments of biotite-rich
monzogranites, and many magnetic oxides (mainly magnetite). This was followed by a
layer of monzogranite, with a light gray to black color (higher concentration of biotite) and
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a medium and isotropic uneven texture. In the monzogranite, quartz venules enriched
with sulfides and oxides were frequent.

There were hydrothermal zones within the monzogranite layer with the notable
presence of quartz venules, carbonates, and epidotes, higher concentrations of sulfides
(pyrite and chalcopyrite), and free gold. This is the mineralization zone that artisanal for
which miners search.

In addition, inside the monzogranite layer, there were intrusions of diabase dikes,
which were fine-grained, with common, small pegmatitic veins of quartz and feldspar
across these structures. In all the boreholes, small intrusions from a centimeter to a meter
in the diabase layer were recorded.

It was observed that the rocks in the three artisanal mines followed the same geological
setting. In addition, the highest concentrations of free gold were associated with sulfide
rocks from the hydrothermal altered zone, known in the region as the gold lode (Figure 5).

Minerals 2023, 13, x FOR PEER REVIEW 7 of 21 
 

 

across these structures. In all the boreholes, small intrusions from a centimeter to a meter 
in the diabase layer were recorded. 

It was observed that the rocks in the three artisanal mines followed the same geolog-
ical setting. In addition, the highest concentrations of free gold were associated with sul-
fide rocks from the hydrothermal altered zone, known in the region as the gold lode (Fig-
ure 5). 

 
Figure 5. Photographs of (A) sulfide quartz shaft (vein) exposed on surface; (B) sulfide quartz shaft 
deep inside a shaft; (C) sulfide quartz shaft in detail; (D) monzogranite block extracted from within 
a shaft; and (E) free gold quartz shaft sample. 

3. Materials and Methods 
3.1. Geoelectrical Data Measurement 

The geoelectric data acquisition occurred in areas of small mining companies that 
were part of the Peixoto River Valley Gold Miners Cooperative (Coogavepe), which made 
it possible to access the areas. The survey occurred in the Raimunda, Truilio, and Porteira 
mines (Figure 6). At each mine sections of three or four geophysical lines with lengths up 
to 700 m were planned according to access to the mines and access to nearby farms. Sec-
tions were always perpendicular to the main direction of mineralization.  

Before the acquisition of data, those responsible for each mining area arranged for 
opening paths, staking a mark on the ground every 25 m in the sections and certifying 
authorization to access the areas. The resistivity and chargeability field measurements 
took place in August 2016. 

The data acquisition was performed using a 10-channel ELREC-PRO, Induced Polar-
isation (IP) and Resistivity receiver (IRIS INSTRUMENTS, Orléans, France) and a VIP 3000 
transmitter (IRIS INSTRUMENTS, Orléans, France)powered by a single-phase Toyama 
TF8000CXE2V generator (Toyama Power Products, Curitiba,Brazil) with a maximum 
power of 6.8 KVA, a 110/220 V output current, and 8.3 A. An injection cycle and 2000 ms 
(2 s) current record and temporal windows of the Cole–Cole potential curve were used 
for data collection. The transmitter injected an electrical current of between 1 and 2.5 A, 
depending on the electrical contact resistance (less than 10 kohm.m) between the current 
electrode and the subsoil. A dipole–dipole array was used with 10 levels of depth investi-
gation, using spacings of 20 m (Raimunda gold mine) and 25 m (Truilio and Porteira gold 
mines) (Figure 7). 
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3. Materials and Methods
3.1. Geoelectrical Data Measurement

The geoelectric data acquisition occurred in areas of small mining companies that
were part of the Peixoto River Valley Gold Miners Cooperative (Coogavepe), which made
it possible to access the areas. The survey occurred in the Raimunda, Truilio, and Porteira
mines (Figure 6). At each mine sections of three or four geophysical lines with lengths up to
700 m were planned according to access to the mines and access to nearby farms. Sections
were always perpendicular to the main direction of mineralization.

Before the acquisition of data, those responsible for each mining area arranged for
opening paths, staking a mark on the ground every 25 m in the sections and certifying
authorization to access the areas. The resistivity and chargeability field measurements took
place in August 2016.

The data acquisition was performed using a 10-channel ELREC-PRO, Induced Po-
larisation (IP) and Resistivity receiver (IRIS INSTRUMENTS, Orléans, France) and a VIP
3000 transmitter (IRIS INSTRUMENTS, Orléans, France) powered by a single-phase Toyama
TF8000CXE2V generator (Toyama Power Products, Curitiba, Brazil) with a maximum power
of 6.8 KVA, a 110/220 V output current, and 8.3 A. An injection cycle and 2000 ms (2 s)
current record and temporal windows of the Cole–Cole potential curve were used for data
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collection. The transmitter injected an electrical current of between 1 and 2.5 A, depending
on the electrical contact resistance (less than 10 kohm.m) between the current electrode
and the subsoil. A dipole–dipole array was used with 10 levels of depth investigation,
using spacings of 20 m (Raimunda gold mine) and 25 m (Truilio and Porteira gold mines)
(Figure 7).

Minerals 2023, 13, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 6. Locations of geoelectric sections made in the gold mines: 1—Raimunda; 2—Porteira; 3—
Truilio. 

 
Figure 7. Graphical representation of electrical resistivity and chargeability data acquisition scheme 
used in the field and photos illustrating geophysical instrumentation (electric generator, transmitter, 
and receiver). 

During the field measurements, the acquisition group made adaptations to ensure 
the physical integrity of the equipment, such as trenching for the passage of electrical ca-
bles, successive stops to maintain transmitter internal cooling, aerial transposition of ca-
bles over water bodies, and reopening passages and mounting tents for transmitter and 
generator protection (Figure 8). 

Figure 6. Locations of geoelectric sections made in the gold mines: 1—Raimunda; 2—Porteira;
3—Truilio.

Minerals 2023, 13, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 6. Locations of geoelectric sections made in the gold mines: 1—Raimunda; 2—Porteira; 3—
Truilio. 

 
Figure 7. Graphical representation of electrical resistivity and chargeability data acquisition scheme 
used in the field and photos illustrating geophysical instrumentation (electric generator, transmitter, 
and receiver). 

During the field measurements, the acquisition group made adaptations to ensure 
the physical integrity of the equipment, such as trenching for the passage of electrical ca-
bles, successive stops to maintain transmitter internal cooling, aerial transposition of ca-
bles over water bodies, and reopening passages and mounting tents for transmitter and 
generator protection (Figure 8). 

Figure 7. Graphical representation of electrical resistivity and chargeability data acquisition scheme
used in the field and photos illustrating geophysical instrumentation (electric generator, transmitter,
and receiver).



Minerals 2023, 13, 203 8 of 20

During the field measurements, the acquisition group made adaptations to ensure the
physical integrity of the equipment, such as trenching for the passage of electrical cables,
successive stops to maintain transmitter internal cooling, aerial transposition of cables over
water bodies, and reopening passages and mounting tents for transmitter and generator
protection (Figure 8).
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Figure 8. Photos showing some geoelectric data acquisition stages in the surveyed mines: (A) electric
transmitter in operation; (B) data receiver and porous electrode used for recording electrical potential;
(C) excavated trench for protection of electrical cables; (D) receiver operation in the field area; (E) tent
mounted on a truck for protection of electric transmitter; (F) caves bypassed during the measurements;
(G) open pathway in palm forest; (H) aerial transposition of electrical cables over a body of water; (I)
open pathway in pasture area; and (J) mounting electrodes in a closed forest area.

3.2. Resistivity and Induced Polarization

The combined application of the electrical resistivity and induced polarization meth-
ods make it possible to more accurately determine the locations of polarizable electrical
anomalies related to sulfides associated with mineral deposits [40–47].

The advantage of the induced polarization method is that electrical resistivity (ρ)
and chargeability (M) are recorded during the same injection cycle current (Figure 9),
which minimizes the time required for field data acquisition [48,49]. Electrical resistivity
depends on the dimensions (factor K; [50]) through which an electric current is passed and
is calculated when the electric potentials and the current are at maximum Equation (1),
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whereas the effect of induced electric polarization is independent of the medium and is
recorded after the current is turned off Equation (2).

• ρ =
|±Vm|
|±Im|

K (1)

• M =
1

|±Vm|

∫ Vi

Vi+1

Vs(t)∂t (2)
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Figure 9. Schematic representation of the quadratic waveform of electric current flow and elec-
trical potential emitted and recorded during a geophysical investigation of induced polarization:
(A) waveform of the electric current; (B) electric potential waveform with the definition of the
maximum, secondary, and limit potentials; (C) voltage decay curve indicating intervals used in
calculating chargeability.

Electrical resistivity represents how much a material opposes the passage of an electric
current. This property depends mainly on mineralogical composition, water content,
porosity, temperature, salinity, and colloid content [51]. In mineralized hydrothermal zones
with gold occurrence associated with sulfides, electrical resistivity may be high or low
depending mainly on the sulfide content, the mineralogical composition of the enclosing
rock, and the medium porosity (shear degree; [52,53]).

According to Sumner [48], the IP phenomenon is due to the polarization of a membrane
and electrode polarization (overvoltage effect). The first occurs only in rocks with saline
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fluids percolating in their pores as an electrolytic source. The overvoltage effect occurs in
materials with high free electronic charges, e.g., metallic materials such as copper, gold,
silver, sulfides (pyrite, arsenopyrite, chalcopyrite, etc.), and oxides with metallic shine
(magnetite, hematite, etc.; [50]). Therefore, the overvoltage effect is the most important
factor in prospecting for gold deposits.

4. Results and Analysis
4.1. Data Analysis, Filtering, and Modeling

During the field measurement stage, quality analyses were performed on the electrical
resistivity and chargeability data to verify the need to repeat in the different field sections.
The quality criteria were electrical contact resistance (electrode versus ground), output
voltage, current, and recorded electrical potential.

After the field measurements, the data were filtered through Prosys II software (Iris
Instruments Inc., Orléans, France). The filtering criteria determined removed resistivity and
chargeability records outside the normal log distribution and removed chargeability data
with abnormal curves, e.g., different from decreasing exponential functions. In the filtering
process, resistivity data above 20,000 ohm.m and chargeability data above 70 mV/V were
removed, corresponding to less than 2% of the acquisition data.

The modeling of geoelectric data was performed with the Res2Dinv software [53].
This program automatically determined a two-dimensional model of the middle subsurface
with field data [54]. The 2D model used in this program, or the inversion routine, consisted
of several rectangular blocks. The arrangement of these blocks was moderately related to
the distribution of points in the pseudo-section. In the software, the parameters and sizes
of the blocks were changed with the changing thickness of the layers, so each measured
point fit inside a block; otherwise, the distribution and sizes of the blocks were generated
automatically by the program using the distribution of the field points.

For the construction of the target, we defined the parameters of the inversion blocks
with Res2Dinv software. Data were examined, saved, and exported. Using Geosoft–Oasis
Montaj, the exported data were integrated with topographic data with UTM coordinates.
Each position in the profile was considered a geophysical borehole, thus generating the
resistivity and chargeability profiles for the data of each gold mine in Geosoft. By importing
the geophysical borehole grid from each line, we generated 3D profiles, and interpretations
of the mining zones were generated with the help of the WIREFRAME extension within
Geosoft. Figure 10 shows a flowchart summarizing data acquisition, data processing, and
the creation of a geophysical model for resistivity (RES) and induced polarization (IP).

For most of the mines studied, we were able to observe three distinct electrical resis-
tivity patterns, which could be observed in almost all the resistivity models. The most
superficial pattern had resistivities between 350 and 1800 ohm.m, which behaved as a
horizontal package along some parts of the sections. The second resistivity pattern had low
values, from 50 to 700 ohm.m. The third pattern had values from 500 to 3000 ohm.m.

For all the IP profiles studied at the mines, two chargeability patterns were noticed. The
most superficial pattern had chargeability values from 15 to 30 mV/V that behaved similarly
to a horizontal package, and in this package, there was a high chance of overvoltage
(membrane or electrode polarization). The second package had chargeability values ranging
from 3 to 30 mV/V, where the overvoltage effect was likely to occur. A mineralization zone
or sulfide region was indicated at some points with chargeability values above 18 mV/V
(sharp change in color gradient or chargeability values), which may also be associated with
mineralized or sulfide targets.
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Figure 10. Schematic for acquisition and processing of data and creation of a geophysical model for
resistivity (RES) and induced polarization (IP).

4.2. Raimunda Gold Mine

Figure 11 shows the results for the Raimunda gold mine. The borehole (BH1R) was
situated approximately 165 m from the end of geophysical line 04 (L4RM). The resistivity
profile (Figure 11A) shows a layer that could possibly be soil, with a thickness reaching
up to 30 m in depth and values ranging from 800 to 2200 Ω.m. The second layer, with low
resistivity values ranging from 50 to 650 ohm.m along the entire profile, was the saprolite
layer. The third layer had high values of resistivity ranging from 1000 to 3800 ohm.m and
was correlated with monzogranite. In the chargeability profile shown in Figure 11B, at the
positions of 125, 270, and 490 m, anomalous patterns with high chargeability values corre-
sponding to 38, 14, and 34 mV/V, respectively, were observed. These punctual anomalous
patterns were associated with possible mineralized zones. However, the mineralization at
125 and 270 m could be hosted in fractured monzogranite zones.
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Figure 11. Results for line 04 of Raimunda gold mine (L4RM): (A) resistivity profile; (B) chargeability
profile; (C) geophysical model with borehole.

Figure 12 shows a projection of the continuity for two parallel mineralized zones that
intersected lines 01 (L1RM), 02 (L2RM), and 04 (L4RM), which were probably structured
in the east–west direction. The mineralized zone in L1RM ranged from depths of 20 to
30 m, extending in the eastern direction and passing through L2RM at 40 and 60 m depths,
as well as through L4RM. L3RM showed no signs of a possible mineralization zone or
sulfide region. Table 1 shows the numerical results of resistivity and chargeability for the
Raimunda gold mine.
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Table 1. Values measured for resistivity and chargeability for Raimunda gold mine.

RESISTIVITY—Raimunda Gold Mine (RM)

Line N. of
Samples

Mean
(ohm.m)

Standard
Deviation
(ohm.m)

Mean Absolute
Deviation
(ohm.m)

Median
(ohm.m)

Maximum
(ohm.m)

L1RM 260 1466.82 2298.88 1375.62 633.61 15,775.60
L2RM 244 1903.53 2450.98 1731.07 935.41 13,100.10
L3RM 139 1881.69 3019.27 1757.92 833.27 19,439.00
L4RM 226 1527.96 2520.88 1541.39 594.81 17,814.20

CHARGEABILITY—Raimunda Gold Mine (RM)

Line N. of
Samples

Mean
(mV/V)

Standard
Deviation

(mV/V)

Mean Absolute
Deviation

(mV/V)

Median
(mV/V)

Maximum
(mV/V)

L1RM 260 12.86 14.42 10.30 6.88 96.44
L2RM 244 13.70 10.00 8.15 10.66 38.93
L3RM 140 10.23 9.33 7.86 8.05 44.09
L4RM 230 8.68 9.06 6.86 5.93 52.87

4.3. Truilio Gold Mine

Figure 13 shows the results for the Truilio gold mine. The borehole (BH1T) was located
at a position of 300 m.
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Figure 13. Results of line 01 for Truilio gold mine (L1TR): (A) resistivity profile; (B) chargeability
profile; (C) geophysical model with borehole.

The resistivity profile (Figure 13A) showed a layer with low values of resistivity
ranging from 50 to 600 ohm.m. This layer was the saprolite layer. The second layer had
values from 800 to 30,000 ohm.m. This layer could be recognized as monzogranite. In the
chargeability profile shown in Figure 13B, there was an anomaly at the position of 180 m
with a chargeability value of 18 mV/V. At the position of 340 m, we found an anomaly with
a high chargeability value of 31 mV/V. Additionally, at the position of 460 m, there was
an anomaly with a chargeability value of 22 mV/V. The indicated targets could possibly
be mineralization zones. The anomalies at the positions of 300 and 460 m were in the
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monzogranite layer and very possibly hosted in a fracture. All the anomalies mentioned
were associated with possible mineralized zones.

Figure 14 shows a projection of the continuity for three parallel mineralized zones
that intersected lines 01 (L1TR), 02 (L2TR), and 03 (L3TR) structured in the north–south
direction. The mineralized zone in L1TR was from depths of 50 to 70 m, extending to
the south and passing through L2TR at depths close to 60 m and through L3TR at depths
around 70 m. Table 2 shows the numerical results of resistivity and chargeability for the
Truilio gold mine.
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Table 2. Values measured for resistivity and chargeability for Truilio gold mine.

RESISTIVITY—Truilio Gold Mine (TR)

Line N. of
Samples

Mean
(ohm.m)

Standard
Deviation
(ohm.m)

Mean Absolute
Deviation
(ohm.m)

Median
(ohm.m)

Maximum
(ohm.m)

L1TR 245 382.74 271.59 204.88 294.54 1779.96
L2TR 242 929.98 1587.99 927.25 394.98 11,739.71
L3TR 263 818.17 1366.96 773.46 410.37 9505.49

CHARGEABILITY—Truilio Gold Mine (TR)

Line N. of
Samples

Mean
(mV/V)

Standard
Deviation

(mV/V)

Mean Absolute
Deviation

(mV/V)

Median
(mV/V)

Maximum
(mV/V)

L1TR 227 8.75 7.75 4.21 7.15 87.21
L2TR 219 8.68 7.93 4.04 7.31 69.21
L3TR 248 8.94 5.54 4.01 7.31 32.26
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4.4. Porteira Gold Mine

Figure 15 shows the results for line 03 of the Porteira gold mine (L3PR). Two boreholes
(BH1P and BH2P) were made very close to the positions of 290 and 410 m. The resistivity
profile (Figure 15A) showed a layer of soil at 20 m of depth with values ranging from 140
to 700 ohm.m. The second geoelectric layer, the saprolite layer, showed low resistivity
values ranging from 24 to 150 ohm.m. The third geoelectric layer had high values ranging
from 200 to 1800 ohm.m associated with monzogranite. In the chargeability profile shown
in Figure 15B, at the positions of 160 and 500 m, anomalous zones appeared with high
chargeability values corresponding to 34 and 40 mV/V, respectively. These anomalies were
possible mineralized zones that were probably hosted in monzogranite fracture zones.
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Figure 16 shows the results for L2PR of the Porteira gold mine. A borehole (BH3P)
was located near the position of 350 m. In the resistivity profile, the first geoelectric layer
had values ranging from 200 to 1400 ohm.m and was associated with soil having 40 m of
thickness. The second layer, which could be saprolite, had low resistivity values from 24 to
150 ohm.m. The third layer had high values from 300 to 1800 ohm.m and corresponded
to monzogranite. In the IP profile shown in Figure 16B, only one anomaly pattern with a
chargeability value of 18 mV/V was located at the position of 240 m. This anomaly possibly
indicated a mineralized zone that was hosted in a fractured monzogranite zone. Table 3
shows the numerical results of resistivity and chargeability for the Porteira gold mine.
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Figure 16. Result for line 02 of Porteira gold mine (L2PR): (A) resistivity profile; (B) chargeability
profile; (C) geophysical model with borehole.

Table 3. Values measured for Resistivity and Chargeability for the Porteira gold mine.

RESISTIVITY—Porteira Gold Mine (TR)

Line N. of
Samples

Mean
(ohm.m)

Standard
Deviation
(ohm.m)

Mean Absolute
Deviation
(ohm.m)

Median
(ohm.m)

Maximum
(ohm.m)

L1PR 168 239.90 257.63 180.06 144.47 1511.00
L2PR 250 300.48 463.76 264.93 152.10 4552.40
L3PR 210 290.05 349.30 241.55 144.96 1892.20

CHARGEABILITY—Porteira Gold Mine (TR)

Line N. of
Samples

Mean
(mV/V)

Standard
Deviation

(mV/V)

Mean Absolute
Deviation

(mV/V)

Median
(mV/V)

Maximum
(mV/V)

L1PR 168 10.43 13.46 9.35 5.57 98.65
L2PR 250 7.60 7.16 5.70 4.28 30.73
L3PR 210 6.46 7.93 5.22 3.92 42.15

5. Conclusions

From the geological setting of the study area, the gold-bearing interval was located
within hydrothermal zones associated with sulfide and fractured quartz rocks. The cor-
relation between gold and sulfide rocks permitted the use of resistivity and induced
polarization methods to define new targets for drilling, as sulfide rocks generally provide
high values of chargeability. High-chargeability zones were found in all of the IP profiles
and were marked as targets for future investigation.

Correlation between the responses of geoelectric patterns (resistivity and chargeability)
and geological boreholes allowed the creation of lithological geophysical models and
the indication of possible new mineralized targets, as well as their continuities along
monzogranitic hosts contextualized in the Raimunda, Truilio, and Porteira gold mines. The
geophysical data acquisition of resistivity and induced polarization with dipole–dipole
arrays with spacings of 20 and 25 m in the mines did not allow for the identification of
fractured zones in the base layers due to spatial resolution.
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The geophysical model elaborated for the Raimunda gold mine matched the lithologi-
cal description of the borehole (BH1R). In the geophysical model, the geoelectric resistivity
patterns showed a layer of soil along the line and a saprolite–monzogranite interface at a
40 m depth. A layer with hydrothermal sulfide could not be distinguished in the resistivity
and IP profiles. Regarding the inferred mineralized targets, through the IP section, the
target at the position of 270 m showed low chargeability compared to the surrounding
values. However, its characterization was linked to the depth that corresponded to the
record of the borehole performed near the acquired section. The high chargeability values
observed at the positions of 125 and 490 m could be influenced by the edge effect that
occurred in the processing and profile-modeling steps performed in Res2Dinv.

In the Truilio gold mine, there was no presence of soil, only saprolite layers and
the basis for the interpretation of the geophysical model. This lithological inference was
consistent with the recording of the borehole (BH1T) made in the mine. The IP target at
the position of 350 m had a lower chargeability value than the others. However, this target
stood out because of its indicated depth, as well as its location in a situation surrounded
by low chargeability values, indicating a potential mineralized zone. The IP anomaly at
the position of 180 m was near the edge of the IP profile, where the value of this anomaly
could be influenced due to the edge effect.

In the Porteira gold mine, for line 03 (L3PR) in the boreholes (BH1P and BH2P), there
was no record of a soil layer, only saprolite layers, and monzogranite rock. BH2P was
drilled at a depth of approximately 30 m. This drilling occurred three months after data
acquisition. The geophysical model was consistent with the boreholes. In the induced
polarization results, BH2P had a thin layer of 1 m of sulfide quartz with gold and a layer of
hydrothermal alteration zone just below it. Between the positions of 420 and 500 m, the
chargeability results had values from 12 to 30 mV/V, which fit the layers of sulfide quartz
with gold and the hydrothermal alteration zone. The mineralized targets inferred through
the IP section and geophysical model at the positions of 150 and 500 m showed values
greater than 30 mV/V. These targets were in layers with low chargeability values of up to
34 mV/V.

In line 02 (L2PR) of the Porteira gold mine, the resistivity profile was inconsistent
with BH3P. The IP profile allowed the definition of soil layer thickness and marked the
boundary between the soil layer and the saprolite. Unfortunately, the geophysical model
was not consistent with BH3P. The mineralized target inferred at the position of 250 m had
a value of 16 mV/V for chargeability, which was a lower value compared to line 03 of the
same mine.

The defined color scales were applied to the gold mines, where the maximum resis-
tivity value was close to the determined value of 6500 ohm.m after the statistical analysis
of all the data points collected. For chargeability, the maximum value determined was
40 mV/V. In some mines, such as L2PR and L3PR in Porteira, the maximum resistivity
values were lower than the determined value, causing certain structures or layers in the
resistivity profile to become one. The same effect occurred when chargeability values were
lower than the maximum value, masking potential anomalies with values of 20 mV/V.

The results obtained with the methods of resistivity and induced polarization had
a fair, average correlation with the geological structures, making it possible to show the
mineralized zones and indicating that the induced polarization method is an average tool
for mineral prospecting in the region. For future work in the region, petrophysical analyses
are recommended, as well as trying other methods, such as magnetometers and Wenner
and Schlumberger arrays, to compare other results for RES and IP.
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