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ABSTRACT. Campo sujo areas of the Cerrado have been one of the main focuses of anthropic occupation in the 
Chapada dos Veadeiros region, Brazilian Central Plateau, as they are easily accessible flattened areas with less dense 
vegetation. They are usually associated with wetlands representing excellent water reservoirs and groundwater 
recharge zones. The environmental characterization and analysis of water level variation are essential to investigate 
the impacts of human occupation. Hydrogeophysics represents one of the main subsurface research tools due to its easy 
application and efficiency in identifying the water level, with emphasis on ground penetrating radar (GPR) and electrical 
resistivity tomography (ERT). An analysis of GPR sections with 200, 400, and 900 MHz frequency antennas associated 
with the resistivity model was carried out to identify structures and map the groundwater level. The overlapping data 
compose a hydrogeophysical model with good correlation to direct measurements of water level in a monitoring well and 
soil horizons mapped in a trench. The GPR proved to be efficient in mapping the water level, mainly related to the 
survey with a 400 MHz antenna, shown as a horizontal reflector associated with attenuation portions of the reflection 
signal, registering in profile the lowering of the water level from 1.68 m in May to 3.35 m in August. The resistivity 
model showed a good correlation with the variations between the mapped soil horizons. The analysis shows that 
constructing a hydrogeophysical model is an excellent alternative for identifying the water level and characterizing the 
shallow subsurface by applying noninvasive techniques. The study area represents a preserved area of campo sujo, and 
the research data can be used for comparison with future surveys, in addition to representing a base hydrogeophysics 
methodology that showed promising results for the physiographic characteristics of the area, which can be replicated in 
regions of similar geoenvironmental aspects. 
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INTRODUCTION
Monitoring groundwater level variation and water 
dynamics in the subsurface has been the focus of 
several studies and represents an essential tool for 
applications in environmental analysis, such as in the 
study of contaminant propagation (Oostrom et al., 
2016; Arora and Mohanty, 2017; Wan et al., 2018), 
water infiltration, flow, runoff, and contamination 

(Robinson et al., 2008; Allaire et al., 2009; Tran et al., 
2016); groundwater level variation analyses; and 
availability and management of water resources (Abiye 
et al., 2018; Costall and Harris, 2018), among others. In 
this context, some techniques were developed in order 
to improve this type of survey, with emphasis on 
hydrogeophysical methods. 
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Hydrogeophysics has become one of the main tools 
for investigating the shallowest zones of the subsurface, 
both for the saturated region and the vadose zone (Rubin 
and Hubbard, 2005; Binley et al., 2015). It stands out 
about traditional direct analysis methods since these 
have limitations, such as higher costs and difficulties in 
deeper analyses, and surveys of broader scales, as they 
generally consist of a point sampling. Also, the 
measurements and data from the survey can be 
influenced by changing the study environment, as they 
are invasive techniques. On the other hand, 
hydrogeophysical techniques are noninvasive. They have 
good sensitivity related to moisture present in the soil, in 
addition to more practical field surveys, besides reaching 
greater depths and broader horizontal scales (Binley et 
al., 2015). Authors such as Zhou et al. (2001), Braga 
(2006), Deiana et al. (2008), Kirsch (2009), Saintenoy and 
Hopmans (2011), Arora et al. (2016), and Zhu et al. 
(2022) point to hydrogeophysical techniques as efficient 
means to identify horizontal structures such as water 
level, besides making it possible to determine minor 
variations in the volumetric content of water in the soil. 

In this sense, the present study deals with the 
verification of the variation of the water level in the 
subsurface using hydrogeophysics as an investigation 
tool in an area under the domain of a campo sujo in the 
Cerrado biome located in the region of Chapada dos 
Veadeiros, state of Goiás, Central Brazil. The typical 
campo sujo of the Brazilian Cerrado is generally 
associated with wetlands and represents true ecological 
sanctuaries for the local fauna and flora. They are 
environments that have an intrinsic connection with the 
moisture present in soils during a long period of the year; 
also, they are usually next to watercourses located in 
vereda environments. Therefore, they represent 
excellent reservoirs with water availability for the local 
fauna during the dry and rainy seasons. They are 
essential groundwater recharge zones in addition to 
feeding watercourses due to their high surface runoff 
rate (Sano et al., 2008; Lima, 2011; Haque et al., 2018; 
Latrubesse et al., 2019). These areas are susceptible to 
anthropogenic changes as they have a very shallow 
groundwater level and the fact that their ecosystem 
depends on this moisture presence should be considered. 

Over the past four decades, the Cerrado has been 
one of the biomes with the highest rate of degradation 
worldwide, with a high conversion rate of land use for 
agriculture, cattle run, and human occupation (Shiki and 
Ortega, 1997; Sano et al., 2008). Fields and wetlands 
cover about 20% of the Brazilian territory, and their 

coverage has been drastically reduced (Junk et al., 2014; 
Rosolen et al., 2015), which affects the natural water 
storage in several ecosystems. The Chapada dos Veadeiros 
region represents one of the most significant extensions of 
preserved Cerrado in the Brazilian territory, located 
northeast of the state of Goiás (ICMBio, 2021). There is a 
significant concern about the degradation of the biome in 
this region because it represents a barrier against the 
advance of the agricultural frontier (Rodriguez et al., 
2018). The number of subdivisions close to campo sujo and 
campo limpo areas of the Cerrado has grown 
uncontrollably. These areas have smooth to slightly 
undulating relief and, generally, there are not many rocky 
blocks on their surface, which makes them the main 
targets of this occupation. 

Due to its ecological importance, there is a huge 
need to encourage the protection of these Cerrado areas. 
It is believed that geoenvironmental characterization 
studies and the monitoring of groundwater level 
variations are essential to support this incentive and 
help define the significant impacts of these areas. 
Therefore, hydrogeophysics proves to be an excellent 
research tool for the case. A network of studies considers 
the verification of the water level in the subsurface with 
the application of hydrogeophysical methods. However, 
the surveys are usually entirely objective and are carried 
out based on specific physical and environmental 
characteristics of the area (Casagrande et al., 2021; 
Furlan et al., 2021; Moreira et al., 2021). In this sense, 
there are no records of the application of these 
techniques for the campo sujo environment, object of the 
present study, which was carried out on a local scale. 

Therefore, there is a need to define a methodology 
for acquiring geophysical data focusing on mapping the 
groundwater level and characterizing the subsurface, 
taking into account the physiographic characteristics of 
the study area. The potential results represent the 
possibility of applying this methodology to several places 
in the Chapada dos Veadeiros mesoregion. It is an 
environment with geological, pedological, and vegetation 
aspects that are typical and recurrent in extensive areas 
of this portion of the Cerrado of Goiás. 

Study area location 
The study area (Figure 1) is located in Alto Paraíso de 
Goiás municipality, in the northeast region of the state 
of Goiás (GO), inserted in the area of the Chapada dos 
Veadeiros National Park (CVNP), a place that protects 
one of the main concentrations of preserved Cerrado in 
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Figure 1: Location map of the study area indicating the access from Alto Paraíso de Goiás by the yellow 
line. 
 
Brazil. It is located 23 km from the center of Alto Paraíso 
de Goiás and 2 km south of the Rio Preto River, one of 
the main rivers in the region. 

GEOLOGICAL SETTING 
The study area is located in the geological context of the 
Traíras Group, a component of the Veadeiros 
Supergroup, inserted in the Brasília Fold Belt - FB, 
which corresponds to a Neoproterozoic orogen with 
more than 1100 km in length, a component of the 
Tocantins Province. The FB is arranged north-south 
with vergence to the east, towards the São Francisco 
Craton. The deformation of the FB occurred from the 
collision between the São Francisco, Amazonian, and 
Paranapanema cratons (Pimentel, 2016), known as 
Brazilian orogenesis (Pimentel et al., 1999). During the 
tectonic evolution of the FB, there was a process of 
continental rifting at the end of the Paleoproterozoic, 
which resulted in the sedimentation of rocks related to 
the Veadeiros Supergroup, composed of the Paranoá 
(Campos et al., 2013), Araí and Traíras Groups 
(Martins-Ferreira and Campos, 2017). 

The Traíras Group rocks have a maximum 
deposition age of 1543 ± 31 Ma and their formation is 
related to the evolution of an intracontinental basin 
environment of the SAG type (Martins-Ferreira and 
Campos, 2017). It is divided into formations: 

I Boqueirão: composed of calciferous siltstones 
interdigitated with quartzites interspersed 
with carbonaceous material, in addition to an 
upper unit composed of quartzites and phyllites 
with marble lenses; 

II Rio Preto: composed of medium pure quartzites, 
well selected, with subordinate occurrences of 
metaconglomerates; 

III Rosário: composed of pelites made of dark 
to gray and greenish metasiltstones; 
psammopelites composed of white quartzites, 
with granulometry ranging from fine to 
medium; and a psammo-pelitho-carbonated 
sequence, with the presence of carbonaceous 
levels and eventually dolomitic metalimestone 
lenses. The Rosário Formation is the thickest
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and represents a marine transgression, which 
allowed the development of a shallow marine 
platform with mixed sedimentation characteristics 
(Tanizaki et al., 2015).  

In the study area, the Traíras Group is 
represented by yellowish to reddish and greenish 
metasiltstones, and metarhythmites in the most 
flattened and eroded portions of the relief. A 
macroscopic description mainly comprises feldspars, 
quartz, biotite and muscovite. They present sub-
horizontal preserved S0 foliation with a smooth dip in 
the northwest (NW) direction. There are also white to 
yellowish micaceous quartzites of fine to medium 
grain size, interspersed with metasiltstones 
composing the tops of hills and slopes. They all belong 
to the Rosário Formation (Martins-Ferreira and 
Campos, 2017). 

STUDY AREA CHARACTERIZATION 
The study area corresponds to the campo sujo 
environment of the Cerrado (Figure 2A) in contact 
with a vereda environment (Figure 2B), where an 
affluent watercourse of the Rio Preto River is located. 
The predominant vegetation comprises spaced small 
and medium-sized tree-shrubs among the 
undergrowth vegetation composed of herb plants that 
cover almost all the soil in the region. 

The campo sujo present in the area is 
characterized by the presence of "murundus" (Figure 
2C), which refers to micro reliefs of 1 m to 1.5 m in 
height, in which there is the development of Cerrado 
parks with higher and thicker bushes. The murundus 
correspond to characteristic convex elevations, which 
vary on average from 0.1 to 1.5 meters in height, and 
from 0.2 to more than 20 meters in diameter. 
According to Oliveira-Filho (1992), the origin of the 
murundus is linked to the activity of termites, whose 
terrain elevations were formed from the construction 
of their nests, and erosion and degradation after 
numerous generations of termite generation in a long 
process of succession. 

An extensive soft-wavy area characterizes the 
landscape as wavy relief between altitudes 1180 and 
1190 m, intersected by high hills with tops at altitudes 
higher than 1300 m. The vereda is fitted in a U-shaped 
valley and is at an elevation of 1179 m. The region is 
located in the High Rio Preto Dissected Plateau - 1C 
geomorphological compartment (Martins-Ferreira 
and Campos, 2017). 

METHODS 
The work methods used in this research are related to 
the description of the physical environment 
characteristics of the study area and the stages of 
acquisition, processing, and modeling of geophysical 
data. There were restricted possible paths for walking 
in the study area, so as not to interfere with analyses 
of biomass collection (focus of other studies that were 
being carried out in the area). The geophysical data 
acquisition profile was oriented in the azimuth 
direction of 180° (South) and is 30 m long (Figures 5A 
and 5B). The ground penetrating radar (GPR) surveys 
were carried out on May 19, 2022 (field stage C01), 
with a precipitation rate of 4 mm for 2022 and an 
average precipitation for the last 10 years of 38.7 mm, 
and on August 09, 2022 (field stage C02) with an 
average precipitation of 0.12 mm for the last decade, 
and 0 mm in 2022 (Figure 3). The resistivity survey 
was carried out only in August (C02) since the soil was 
supersaturated in the first stage, making 
impracticable to apply this method. 

The characterization of the study area was based 
on a detailed mapping of the geomorphology, 
phytophysiognomy vegetation domain, geology, and 
pedology in the field. Firstly, an aerial 
photogrammetric survey was carried out from the 
overflight of the area with the VANT Mavic 2 Pro 
Drone (DJI) to construct a digital elevation model with 
high image resolution and a better definition of 
contour lines. Then, the characteristics of the campo 
sujo environment of the Cerrado were described as the 
predominant relief type and the geological mapping 
was developed based on verifying the main lithotypes 
and structures present. After that, the type of soil 
present in the most superficial layer down to the 
saprolite horizon was described, observed from the 
opening of a trench measuring 1.5 m wide x 1.5 m long 
x 2.0 m deep. A physical analysis of three samples 
corresponding to the depth intervals 0 – 5 cm, 5 - 15 
cm, and 15 - 30 cm was made to characterize the most 
superficial soil layer. Finally, after installing the 
monitoring well, the water level was checked during 
the two field stages (May and August). 

Drone Photogrammetry –  
Topography Model 
Due to the unavailability of detailed topographic maps 
in the study area, it was decided to carry out a 
topographic survey using aerial photogrammetry with 
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Figure 2: Records of the study area. (A) it is possible to identify aspects of the vegetation with the 
presence of small, medium-sized shrubs among the herbaceous plants; (B) the tributary watercourse 
of the Rio Preto River located in the eastern portion of the area; (C) the micro-relief aspect of the 
murundu with the development of bush-trees on its surface. 

 
 

 
Figure 3: (A) Monthly averages of precipitation values (mm); (B) temperature (°C) in relation to the 
period from 2012 to 2022 recorded at the meteorological station of Alto Paraíso de Goiás (A024). 
BDMEP data source – INMET, 2022. 
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VANT Mavic 2 Pro, which made it possible to insert the 
topography information in the geophysical sections 
based on the detailed topographic model. The 
topography, coupled with the geophysical sections, 
helps interpret the signal distribution along the 
sections since it allows direct association with the relief 
of the terrain studied. For greater accuracy in the aerial 
photogrammetric survey, it was used a fixed station 
associated with the collection of control points used in 
the post-processing image. From this survey, it was 
possible to generate an orthomosaic and a digital 
elevation model (Figure 4) to extract the contour lines; 
therefore, it was possible to plot the height values along 
the geophysical sections. 

GPR 
Concerning the GPR method, 200 MHz, 400 MHz, and 
900 MHz frequency antennas were used on the same 
path in standard offset sections. At 24 m from the 
section, a common midpoint (CMP) velocity sounding 
was carried out with 80 MHz shielded antennas to 
determine the propagation velocity of waves on the 
ground. The acquisition of the CMP type was carried 
out along a 20 m long section, with the acquisition of 
the data collecting points every 10 cm of displacement 
of the antennas, until completing the total 20 m of the 
survey. The GPR system used in the field was the SIR 
3000, manufactured by GSSI.  

The acquisition depths of the GPR data can be 
defined using the average velocities of direct 
electromagnetic waves on the ground, calculated from 
the analysis of the CMP sections by the similarity 
analysis method (Figure 6). The velocity models were 
obtained from the adjustment of the reflectors 
corresponding to the wave propagation on the ground, 
discriminating the signal from the reflected waves. 
Then, the coherence models related to the velocity 
spectra were generated, indicating the maximum 
coherence locations for each CMP section acquired 
during May (C01) and August (C02). 

At first, it was calculated the propagation velocity 
of direct waves in the air, resulting in 0.3 m/ns. 
Afterward, the propagation velocity of direct waves on 
the ground was calculated, which resulted in 0.066 
m/ns in May (C01) and 0.101 m/ns in August (C02).  

It is observed that there was an increase in the 
speed of propagation of direct electromagnetic waves in 
soil for the acquisition in August, which indicates the 
influence of the presence of drier soils, in which the 
pores previously filled with moisture were filled by air, 

which increases the resistivity and facilitates the 
propagation of the electromagnetic wave. 

The propagation velocity values defined from the 
analysis of the CMP sections were used in processing 
the GPR data to have the reflector depth closer to 
reality. The processing was carried out in the software 
ReflexW Version 7.5.8 (Sandmeier Geophysical 
Research), from which it is possible to adjust the time 
zero of all radargrams, in addition to filtering random 
noise (bandpass filters), filtering instrumental noise, 
application of gains and migrations, insert of 
topography, among others (Figure 7).  

The acquisition parameters for the 200 MHz 
frequency antenna were defined as a T_rate of 100 KHz, 
range value of 300 ns and 1024 samples; for the 400 MHz 
frequency antenna, the range was defined at 150 ns and 
1024 samples; and for the 900 MHz frequency antenna, 
the range value of 100 ns, and 2048 samples. 

The processing workflow is as follows: 
• Data Acquisition; 
• Raw Data Importing with conversion of the 

raw file type for reading in the ReflexW 
software; 

• Static Correction, in which it is possible to 
remove the wave signals propagated in the air, 
leveling 0 m of acquisition depth to 0 m of the 
walking surface; 

• Time Cut (ns): cut in the depth of reading to 
remove signals at greater depths that do not 
have a good resolution; 

• Subtraction of Mean Dewow and Header Gain 
values archived in data acquisition to viewing 
the raw archive without amplification of the 
time-variant; 

• Application of the Gain Function to emphasize 
the amplitudes of the reflected signal, 
resulting in a radargram with less noise and 
better resolution; 

• Simple migration (Diffraction Stack) based on 
the wave propagation velocity to redistribute 
the reflections to their original points closer to 
reality since data without migration 
sometimes represent a pseudo location that 
does not portray the real location of the 
reflections; 

• Plotting of the Topography information of the 
walking profile, bringing the section closer to 
the actual situation of the study environment, 
which helps interpret subsurface information. 
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Figure 4: Orthomosaic and Digital Elevation Models generated for the study area, with the extraction of 
contour lines at every 1 m of elevation difference. 

 

 
Figure 5: (A) The location map of the study area indicates the location and acquisition direction along the 
section. Blue icons indicate the monitoring well and the trench, the yellow circle indicates the soil sample 
collection point, and the green circle indicates the CMP acquisition point; (B) Record of acquisition section 
considering north to south. 

DC Resistivity
For the electrical resistivity tomography (ERT) 
technique, the data were acquired on the same walking 
profile, with an azimuth direction of 180°. The 
arrangement used was the Dipole-Dipole, using 51 
electrodes for each acquisition and spacing between the 
electrodes of 0.5 m of distance, resulting in a 25-meter 
acquisition section. The equipment used was the 
SYSCAL PRO (IRIS Instruments), powered by a 12 V 
battery. 

The modeling workflow with resistivity data was 
carried out in the Prosys II and III (IRIS Instruments) 
and RES2DINV (Aarhus Geosoftware) software. It 
occurred according to the following order (Figure 8): 

• Data Acquisition and conversion of files into 
extension .bin containing the resistivity 
information recorded about each electrode; 

• Data filtering in the Prosys III software to 
remove points with very high contact  
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Figure 6: Analysis of propagation velocity of electromagnetic waves from the CMP 
for the study area. The figures show the velocity models, followed by the velocity-
sounding section with the main identified events and the semblance analysis 
showing the most coherent velocity for each period. (A) May (C01); (B) August (C02). 

 

 
Figure 7: Workflow for the GPR method, from data acquisition in the field, through filtering and 
processing in the ReflexW software, and then the interpretation of the radargram with the identification 
of mapped interfaces and inferred groundwater level. 
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resistivity values or tending to infinity, as well 
as the negative values recorded and points 
where there was no data reading 

• Filtering carried out in the extension file .dat 
by the RES2DINV software, which not only 
allows viewing the distribution of points 
purchased in a 2D pseudo-section, but also 
removing noisy points; 

• Definition of model block arrangement and 
deviation limitation by the minimum square 
method; 

• Data inversion in an apparent resistivity 
pseudo-section measured and calculated, 
generating the inverse resistivity model 
section. From this inverse model, it is possible 
to emphasize or soften signs to improve the 
investigation. For the inversion of geophysical 
data, it was used the refinement model; 

• Interpretation of the geoelectric section, 
considering the resistivity value domains and 
structures related to the direct data recorded in 
the field, such as the water level in the 
monitoring well, and the superficial pedological 
characteristics observed in the open trench. 

In concern to the acquisition parameters for the 
geoelectric section, the total number of data levels 
generated is 32, with 503 measured data points. The 
total number of model blocks is 430. Regarding to the 
data filtering process, it is important to highlight the 
presence of electrical contact resistance values between 
80 and 100 Ohm.m in some electrodes mainly in the 
southern portion of the section, even taking precautions 
to reduce these values. Therefore, there was a loss of 
points since the equipment does not allow the increase 
in the value of the electric current, which would occur 
for the acquisition of these points. 

RESULTS 
Soil Description 
The surface soil layer in the study area corresponds to 
a yellow to orange sandy-silt soil with ferruginous 
concretions (Figure 9A). In some places, these 
concretions have thick levels of up to 10 cm (Figures 9B 
and 9C). The surface soil layer was wet in May and dry 
in August. According to the EMBRAPA Brazilian Soil 
Classification System (Santos, 2018), it corresponds to 
a domain of Petric Concretionary Plinthosol, which 
covers a vast region close to the study area. 

Soil samples were collected at 0-5 cm depth 
intervals, 5-15 cm, and 15-30 cm under the same point, 
in August (C02). The three samples have a high 
concentration of thick fraction from 39.77% to 40%, 
which refers to the presence of lateritic gravel. The 
samples from the two most superficial levels have 
gravel texture, with a higher concentration of clay in 
the upper layer at the thin fraction. The sample 
collected in the deepest interval showed a much higher 
concentration than the others, composing 73.69% of the 
thin fraction. It can be noticed a higher concentration of 
silt in the intermediate layer composing 40.25%, as 
observed in Table 1.  

From the characterization of the soil profile 
exposed in the trench (Figure 10), four soil horizons 
were identified. The first horizon, A, has a thickness of 
50 cm and is pink to yellow, sandy silt, characterized by 
many lateritic concretions from 1 to 5 cm in diameter. 
It corresponds to the predominant concretionary 
plinthosol domain in the region. Horizon B represents 
a poorly developed layer of orange soil, 30 cm thick, 
marked by an abrupt transition with horizon A, which 
corresponds to a more compacted silt soil; it has a small 
amount of gravel up to 2 cm in diameter. It is possible 
to identify some structures corresponding to a possible 
foliation. This profile contact between horizons A and B 
coincides with the observed moisture level at 50 cm 
deep. Then the 50 cm thick horizon C1 is present, which 
differs from the upper horizon due to the smaller 
amount or practically absence of concretions and 
gravel; its color is red to pink and the geological 
structures are more preserved. It is possible to notice 
the presence of incipient foliation. Finally, horizon C2 
occurs from 1.3 m deep, representing the saprolite 
composed of an altered reddish metasiltstone with 
preserved horizontal structures corresponding to the S0 
rock foliation. 

Water Level Measurement 
The direct measurement of the water table level (WT) 
was performed during the two field stages, from the 
check of a monitoring well installed by the research 
team of the University of Campinas (UNICAMP), 
which is building a network of monitoring wells in the 
Chapada dos Veadeiros region, and in partnership 
allowed to record the water level during geophysical 
data acquisitions. The monitoring well was manually 
opened with a manual auger and its interruption 
occurred due to the rock boulder presence, which made
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Figure 8: Workflow for the resistivity method from field data acquisition, through data filtering in the 
Prosys II, III and RES2DINV softwares, then reversing data in pseudo sections and interpretation of 
the geoelectric section defining domains and inferring the level of water in subsurface. 

 

 
Figure 9: (A) Gravel aspect of the plinthite surface layer of soil in the study area, composed of 
concretions and laterites; (B) Block of laterite about 15 cm thick, common in the lower portions of the 
area; (C) Fragment of laterite about 8 cm thick, common in the highest portion. 

 
Table 1: Physical analysis results of soil samples collected in the study area. 

Sample 
Gravimetric 
Moisture in 

the Collection 

Coarse 
Fraction  

(> 2mm) in 
the Total 
Sample 

Fine Fraction Composition Texture Group 

   Clay Silt Sand  

 (%) (%) (%)  

CS1_Am1_5cm 2.74 39.77 19.26 32.10 48.64 moderately gravelly 

CS1_Am1_15cm 0.61 35.80 12.58 40.25 47.18 moderately gravelly 

CS1_Am1_30cm 5.26 40.00 15.79 10.52 73.69 moderately sandy gravelly 
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Figure 10: Soil profile exposed in a trench in the 
study area, indicating the separation of the 
different horizons observed, A, B, C1 and C2, and 
their respective thicknesses. 

 

it impossible to continue drilling. The well is installed 
at a distance of 4 m along the acquisition section; it has 
4 m deep and the water table depth measures recorded 
were 1.68 m in May and 3.65 m in August. 

GPR Sections 
GPR sections are shown in Figure 11, which shows the 
comparison between the two stages of acquisition (May 
and August) for the three different frequency GPR 
antennas. It is possible to note the presence of two layers 
separated by the different reflection patterns. The most 
superficial layer (A) has a thickness between 0.5 m and 
0.7 m and covers the first direct waves in the reflected 
soil, with intense horizontal signal amplitudes. 

Its contact with the lower layer (B) is marked by 
reflector (1) constant throughout the section between 
altitudes 1188.5 and 1188 m. It follows the slope of the 
surface relief. Around this reflector, it is possible to 
observe attenuations in the image of the reflection 
patterns, more evident in sections C02-CS1-200 MHz 
and C02-CS1-400 MHz (Figures 11B and 11D) and C01-
CS1-200 MHz (Figure 11A). Layer (B) has smoother 
reflection patterns, with attenuations in its signal. The 
reflectors are horizontal and follow the slope of the relief. 
It is possible to observe the presence of occasional 
parable reflectors distributed at different depths. 

A second horizontal reflector (2) is inserted in 
layer (B). It has a low amplitude signal and occurs 
between the altitudes of 1187 and 1187.6 m for the 
sections acquired in May (C01), and between 1185.5 
and 1185, 9 m for sections purchased in August (C02). 
This reflector coincides with the direct measures of the 
water level recorded on the monitoring well from 1.68 

m in May to 3.35 m in August, indicated at a distance 
of 24 m of the sections.  

Resistivity Model 
From the electrical resistivity inversion model (Figure 
12), purchased in August, even with an elevated RMS 
error value of 45.9, due to the high electrical contact 
resistance values at its lateritic soil horizon, it is still 
possible to make a correlation with the direct 
measurements and soil characterizations observed in 
field activity. It is possible to bound the presence of a 
first resistive, horizontal and superficial layer, with 
thicknesses between 0.5 m and 1 m and with resistivity 
values greater than 3,000 Ohm.m. This layer becomes 
thicker at the end of the section but may represent an 
edge effect on geophysical inversion. The contact with 
the lower layer is well marked between depths 1188.5 
m and 1188 m and has sinuosities throughout the 
section but is preferably horizontal. 

The second layer is more conductive, with 
resistivity values between 500 and 1,000 Ohm.m. It has 
between 1 and 2 m thickness, occurring between the 
depths 1188.5 and 1186 m, and tends to become deeper 
from 12 m in the section. Also, it has high conductivity 
rounded cores, with values between 60 and 200 Ohm.m, 
located between 8 and 12 m from the section, at depths 
1188.5 and 1187.5 m. At this layer, depending on the 
geometry of the anomalies in the region, north dipping 
south, there is the possibility of being a recharge 
aquifer zone. This is pointed out in the resistivity model 
by the flow arrows which indicate the inferred recharge 
zone flow direction north dipping south. 

The lower portion of the section is marked by the 
presence of a resistive layer, with values exceeding 
10,000 Ohm.m, which occurs from 1187 m. It is 
preferably horizontal but goes deeper from the 12 m 
horizontal distance of the section. Its contact with the 
upper layer is close to the bottom of the trench, indicated 
in the distance of 3.65 m of the section at 2 m depth. 

For this section, the resistivity values were 
verified from the surface down to 2 m deep at the 
location where the trench is situated. The distribution 
of these values is indicated in Figures 12B and 12E, 
where it is possible to observe a direct correlation 
between alternation in resistivity values and variations 
in soil horizons, indicated in Figures 12C and 12D. It 
shows a restricted high resistivity value in the more 
superficial portion, corresponding to the soil horizon A, 
down to 0.5 m deep, followed by a more conductive 
domain along the horizons B and C1, until the contact  
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Figure 11: GPR sections. In (A), (C), and (E) it is showed the sections acquired with the 200 MHz, 400 MHz, and 
900 MHz antennas, respectively, in May (C01). In (B), (D), and (F) it is showed the sections acquired in August 
(C02). The blue and red lines indicate the inferred water table level (WT). The monitoring well is indicated in 24 
m of the section, with the direct measurement of WT in blue. The trench is indicated by the verticalized rectangle 
3.65 m from the section. 

with horizon C2 at 1.3 m deep, which indicates an 
increase in the resistivity values. 

Hydrogeophysical correlation 
From the analysis of the results, the GPR section and 
resistivity model interpretation were correlated with 
the direct water level measurements, recorded in the 
monitoring wells, and observations of soil profiles 
present in the trench in a hydrogeophysical correlation 
model. The interpreted hydrogeophysical correlation is 
represented by Figure 13, which corresponds to the 
overlap of the resistivity model with the 400 MHz 
antenna GPR section acquired in August. The 
hydrogeophysical model has the location of the trench 
soil profile, plotted at a 3.6 m distance in section, and 
the monitoring well at 24 m. 

The first mapped interface corresponds to the 
shallow 0.5 m deep, represented by a resistive layer in 
the geoelectric section, with resistivity values higher 
than 3,000 Ohm.m, in the GPR section. This first 
superficial level corresponds to the more precise signals 
of reflection. It is characterized by well-defined 

horizontalized high amplitude patterns, identified as a 
layer (A). Its lower limit is evidenced by reflector (1), 
which indicates the contact between the different 
reflection patterns observed between layers (A) and (B). 
In the soil profile, horizon A corresponds to the first 0.5 
m depth. It is yellowish to pink soil, sandy-silt gravel, 
with many lateritic concretions from 1 to 5 cm in 
diameter. It has an abrupt transition to horizon B, 
which coincides with reflector (1) seen in the GPR 
section, at 0.5 m deep. This contact is indicated in 
Figure 13 by the yellow dotted line. High resistivity 
values for this first layer may be associated with the 
number of laterites on the shallowest subsurface 
horizon, the petric plinthosol concretionary soil. 

Then it is possible to observe a second layer in the 
geoelectric section, more conducive with resistivity 
values between 500 and 1,000 Ohm.m. It has a 
thickness between 1 and 2 m and high conductivity 
rounded cores, with values between 60 and 200 Ohm.m. 
In this same region, it was identified in the GPR section 
a layer (B), which has more intense reflection patterns 
with signal attenuation in the upper zone, between 0.5  
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Figure 12: (A) Section resistivity model (dipole-dipole with 0.5 m spacing between electrodes); (B) Distribution of 
depth resistivity values acquired at point 3.65 m of the section; (C) and (D) Direct correlation between soil horizons 
exposed in the trench, and the inverse section overlapping the soil profile; (E) Quantitative values of resistivity 
measures in depth at 3.65 m of the section. 

and 1 m deep, marked by the gray dotted line in Figure 
13. In the lower zone, from 1 to 2 m deep, reflection 
patterns are softer, horizontalized, and follow the slope 
of the surface relief. Regarding the soil profile, between 
0.5 and 0.8 m deep, it is present horizon B, representing 
a poorly developed soil layer, with higher silt 
concentration, and more compacted, with lower 
amounts of concretions and some incipient structures 
corresponding to a possible rock foliation. Horizon (B) 
is followed by horizon C1, between 0.8 and 1.3 m deep, 
which differs from the upper horizon due to the smaller 
amount or practically absence of concretions. It is 
pinker and the structures are more preserved. 

The presence of reflector (2) is also noted inserted 
in layer (B) identified in the GPR section, between 1.5 
and 1.7 m deep along the sections acquired in May 
(C01). It represents a reflector well marked, 
horizontalized, with a low amplitude reflector signal, 
which coincides with the direct measurement of the 
water level recorded in the monitoring well at 1.65 m 
deep. This reflector is indicated in Figure 13 by the 
blue dotted line. 

From 2 m deep, a more resistive layer is observed 
in the geoelectric section, with resistivity values 
exceeding 10,000 Ohm.m. At this depth, it is possible 
to notice a reflector in the GPR section that marks the 
transition between the upper portion, with more 
intense reflection patterns in layer B, and the lower 
region in which these signs are weakened, indicated 
in Figure 13 by the black dotted line. This contact can 
be observed in the soil profile at 1.3 m deep, which 
marks the contact between the horizons C1 and C2. 
Horizon C1 represents the saprolite, developed from a 
changed red to yellow metasiltstone, with more 
preserved sub-horizontal foliation structures, while 
horizon C2 corresponds to even more preserved 
metasiltstone than in C1. Regarding the geological 
context, the present metasiltstone is correlated to the 
Rosary Formation rocks, which belong to the Traíras 
Group (Martins-Ferreira and Campos, 2017).  

Finally, for the GPR sections acquired in August 
(C02), reflector (2) between the depths of 3.2 and 3.4 m 
along the sections was identified, which coincides with 
the direct measurement of the water level in the  
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Figure 13: Hydrogeophysical correlation between the GPR and a geoelectric section for the study area. 
(A) Overlapping geophysical sections indicate interpreted reflectors, contacts, and structures; (B) 
Profile of hydrogeophysical interpretations, indicating the location of the soil profile exposed in the 
trench, with the center at 3.65 m of the section, and the monitoring well at a 24 m distance, with water 
levels measured in May (C01) in blue and in August (C02) in red.  

 
monitoring well in August at 3.35 m deep. This reflector 
is indicated in Figure 13 by the red dotted line. 

CONCLUSIONS 
The results of this research show that applying 
hydrogeophysical techniques allows for obtaining 
relevant information about the subsurface. The 
application of data acquisition techniques had 
particularities, such as the difficulty in reducing the 
contact resistances in the lateritic plinthosol soil, the 
problematic coupling of electrodes in the portions of 
thin and very wet soil, the presence of vegetation in the 
sections that compromises the coupling of the ground 
GPR antennas, mainly the 200 MHz and 400 MHz ones, 
factors that influenced the quality of the signals 
observed in the geophysical sections. Despite being 
more practical methods for application, good planning, 
knowledge about the environmental conditions and 
context of the study area are necessary for more 
efficiency during acquisitions. Also, the occurrences of 

these particularities reinforce the importance of using 
different arrangements and acquisition antennas to 
have better data reading coverage and to cover possible 
“gaps” of acquisition from overlapping sections. 
      The proposed objectives for the present work were 
achieved. The variation of the water level in the 
subsurface referring to the records in May and August 
was well evidenced by the analysis of the acquisitions 
with the GPR method. A characteristic that guided us 
to identify the water level region was the attenuation of 
the signals in the GPR sections, which is generally 
related to humidity and marks a contrast with the 
aerated zone, which was confirmed by comparing the 
attenuation zone with the direct measurements of the 
water level in the monitoring wells that coincide. The 
punctual reflectors observed correspond to rock blocks 
and saprolite dispersed in the subsurface. Still, it was 
possible to test and compare the results obtained from 
different frequencies of GPR antennas.  
       The interpretation of the GPR section overlapped by 
the resistivity model composing the hydrogeophysical 
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model showed a direct correlation between the 
alternations of the reflection pattern signals and the 
resistivity domains values variations, which reflected 
directly the physical characteristics mapped, such as 
the changes between structures, features, and soil 
horizons described in the pedological profile. The 
geoelectric data indicate a presence of a zone of aquifer 
recharge at the second layer, more conductive, in which 
it is possible to infer the recharge zone direction flow, 
from north dipping to south. The presence of lateritic 
concretions at the surface characterized by the 
predominance of a concretionary petric plinthosol 
formation, defined as horizon A, was well defined as a 
shallow resistive layer present in the resistivity model, 
corresponding to the high resistivity related to 
ferruginous concretions. The interface between soil and 
saprolite, composed of altered metasiltstones from the 
Rosário Formation, was well evidenced in the GPR 
sections and by the abrupt variation in resistivity 
values. The lowering of the water level was 
approximately 1.7 m referring to May to August and 
could be observed in the GPR sections by the presence 
of a horizontal and well-defined reflector, mainly in the 
acquisitions with the 200 MHz and 400 MHz antennas. 
       It is noted that the GPR method proved to be very 
efficient for interpreting features in the shallow 
subsurface, with a high resolution of reflection signals. 
The ERT method was beneficial for observing the 
contrasts between different soil horizons, mainly 
concerning the soil and saprolite interface. Thus, it is 
concluded that acquiring data with GPR antennas of 
different frequencies for this type of study is essential 
for a subsurface analysis with greater precision and 
reliability. For more precise control of this variation in 
groundwater level throughout the seasons, it would be 
interesting to apply hydrogeophysical techniques more 
frequently, for example, every month, to compose an 
annual variation model. Still, it is indicated that new 
electrical arrangements should be tested with the 
electrodes inserted in an ionic solution. 
      The present study shows an efficient alternative for 
identifying the subsurface water level by applying 
noninvasive hydrogeophysical techniques. 
Furthermore, it was possible to show the application of 
methodologies that can serve as a basis for areas with 
similar geoenvironmental characteristics, which are 
recurrent in the vicinity of the study area and represent 
a vast domain in the Chapada dos Veadeiros region. 
The study area represents a preserved area of campo 
sujo and its data can be used as a basis for future 

surveys or comparisons with similar areas in the 
process of anthropic occupation. In this way, attention 
is called to ensure the preservation of these 
environments and it is believed that geoenvironmental 
characterization studies and analyses can contribute to 
its preservation. 
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