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Abstract

Water availability and quality have been identified as essential for human
development, encompassing sectors such as agriculture, industry, and public

supply. This study adopted a multidisciplinary approach, integrating geophysical
methods, focusing on electrical resistivity tomography, and structural surveys to
investigate a confined fractured aquifer in the Serra do Itaqueri region, known for

its complex and diverse geology. Located on the eastern edge of the Parana Basin,
this region exhibited rugged terrain predominantly composed of sandstones from
the Botucatu Formation and basalts from the Serra Geral Formation, in addition to
fracture and fault systems controlling subsurface flow. The results indicated recharge
and discharge zones associated with tectonic structures, such as a NE-SW-oriented
reverse fault that acted as a hydraulic barrier in certain sections. 2D and 3D electrical
resistivity models revealed significant contrasts between saturated and unsaturated
zones, emphasizing the recharge zone’s vulnerability to human activities. The

results underscored the importance of electrical tomography as a tool for aquifer
characterization and the need for conservation strategies to preserve water resources
in environmentally fragile areas.

Keywords Groundwater flow dynamics, Hydrogeophysics, Structural geology,
Fractured aquifer, Water resource management

1 Introduction

The availability and quality of water are fundamental to human development, covering
sectors such as agriculture, industry, energy generation and public supply. The intensifi-
cation of these activities, driven by population expansion, has significantly increased the
demand for water, highlighting the need to explore alternative sources and protect exist-
ing resources. Although surface resources are widely used, their greater vulnerability to
contamination compared to groundwater often requires more complex and costly treat-
ments [1]. Worldwide, around 2.5 billion people depend on aquifers as their primary
source of drinking water, and the demand for these resources continues to grow due to
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the intensification of agriculture, industry and domestic use [2, 3]. In Brazil, ground-
water has a strategic role to fulfill in terms of water supply, since 40% of municipalities
depend exclusively on these resources. However, activities such as intensive agriculture
have threatened the quality of these reserves due to the indiscriminate use of agrochemi-
cals and the over-exploitation of aquifers [4], which compromises recharge and reduces
discharge into associated rivers [5, 6]. Although aquifers are less susceptible to contami-
nation, once polluted, their treatment is more costly and complex than that of surface
resources [7, 8].

Considering its importance, understanding the processes that regulate the occur-
rence and dynamics of groundwater is essential, especially in the context of recharge and
discharge zones [9, 10]. The recharge zone is the area where surface water infiltrates,
reaching the saturated zone, while the discharge zone is where groundwater returns
to the surface, often in lower altitude regions, such as springs [11, 12]. In rocky set-
tings, groundwater can be confined in porous aquifers, which are common in sedimen-
tary rocks, or in fractured aquifers, which depend on the presence of fractures to form
porous and permeable spaces in crystalline rocks, such as igneous and metamorphic
rocks [13, 14]. The identification and characterization of these aquifers, especially the
fractured ones, require multidisciplinary approaches that integrate structural field sur-
veys and geophysical methods. In this context, electrical tomography can be an interest-
ing tool in the investigation of fractured aquifers, due to its ability to provide variations
in the electrical resistivity of the subsoil [15]. These variations can be associated with
different hydrogeological conditions, such as the presence of water in fractures or more
resistive zones, which indicate more compact materials or lower saturation. In general,
more saturated environments, such as water-filled fractures, tend to have low electri-
cal resistivity, while drier or less permeable zones are characterized by higher electrical
resistivity [16].

Recent studies reinforce the effectiveness of the hydrogeophysical approach in com-
plex environments [17-19]. This type of environment is challenging due to the hetero-
geneity of geological and hydrogeological conditions [5, 19]. In Brazil, the application
of hydrogeophysics to study fractured aquifers has become more prominent in the
context of crystalline rocks in the Northeast and Southeast, regions where dependence
on groundwater is significant [20]. Studies such as [21, 22] have used electrical resis-
tivity tomography to identify fracturing zones in granites and gneisses, highlighting the
importance of these structures for the formation of productive aquifers in semi-arid
and mountainous regions [23, 24]. Internationally, the technique has also been widely
applied in areas with similar geological characteristics, such as sub-Saharan Africa and
India, where fractured aquifers are vital for water supply, but often lack detailed charac-
terization due to the complexity of the rock formations [25-31]. Studies in areas such as
the Rift Valley in Kenya and the semi-arid regions of India have shown how hydrogeo-
physics, especially electrical tomography, can help map fractures and identify recharge
and discharge zones for these aquifers in challenging environments [32-35]. demon-
strated that the integration of electrical tomography with structural surveys can delimit
fracturing zones in metamorphic rocks, making it possible to infer the hydraulic connec-
tivity of aquifers. Similarly, work such as that by [36] applied electrical tomography to
map aquifers in fault zones, revealing the influence of tectonic structures on groundwa-
ter recharge and storage. In tropical regions, as demonstrated by [37], the combination
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of geophysical methods, including electrical tomography, revealed saturation patterns
related to seasonal variations in precipitation and land use. These results highlight the
potential of the approach to identify promising sites for well drilling and groundwater
resource management.

In this study, compass measurements were taken of the orientation of the rock frac-
tures, along with geophysical investigations using electrical resistivity tomography. The
work was carried out during the dry season, with the aim of understanding the interac-
tions between groundwater and surface water and assessing the viability of the fractured
aquifer as a strategic water source for the region. The main objective of this research is
to characterize the groundwater flow dynamics in the fractured aquifer by integrating
structural geology and hydrogeophysical methods. Specifically, the study aims to iden-
tify the influence of tectonic structures on groundwater movement, delineate recharge
and discharge zones, and evaluate the hydrogeological potential of the investigated aqui-
fer. The structural survey was carried out in an outcrop located in the Serra Geral For-
mation, in the northern part of the basin, where volcanic rocks associated with fissural
magmatism can be seen. The structural data collected in the field was processed, gener-
ating pole diagrams and stereograms illustrating the directions of the fractures and their
respective dip angles. This structural information was integrated with the results of the
geophysical investigations, allowing for the interpretation of the sections and the con-
struction of three-dimensional electrical resistivity models obtained using the electrical
resistivity tomography technique. The combination of these approaches made it possible
to identify zones with greater permeability associated with the fractures, as well as pro-
viding a more detailed overview of the spatial distribution of hydrogeological character-
istics, which are essential for understanding the dynamics of the fractured aquifer in the

study area.

2 Study area

The study area is located on the edge of the Serra de Itaqueri, a regional geological for-
mation on the edge of the Parand Basin, situated approximately 200 km northwest of
the city of Sdo Paulo, the state capital (Fig. 1). This area has intense agricultural activity,
especially sugar cane production, whose water demand is high both for irrigation and
industrial processing [38]. This significant dependence on water resources makes hydro-
geological studies essential to ensure the sustainability of groundwater use, especially in
fractured aquifers, where water availability is directly related to the distribution and con-
nectivity of fractures. Furthermore, understanding the recharge and discharge dynamics
of aquifers in the region is important not only to meet the demands of the agricultural
sector, but also to ensure the quality and quantity of water available for human and
industrial consumption, mitigating environmental and social impacts in the long term
(39, 40].

The geological context of the edge of the Serra de Itaqueri is marked by the interaction
between the sedimentary rocks of the Parana Basin and the crystalline rocks of the Pre-
cambrian basement, a configuration that favors the formation of fractured aquifers. The
hydrogeological conditions of the study area are strongly influenced by its geological set-
ting. The fractured basalt of the Serra Geral Formation, in particular, plays an important
role in the storage and flow of groundwater. Fractures in the basalt provide pathways for
the movement of groundwater, which is crucial for the sustainability of the region’s water
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Fig. 1 Location map of the study area in the Serra de Itaqueri, combined with a three-dimensional image of the
cuesta front in the same region. The visualization was generated from Google Earth data

resources, especially during periods of high demand, such as the dry season. In addition,
the sandstones of the Sdo Bento Group, especially the Botucatu Formation, are known
to have moderate to high permeability, facilitating groundwater flow in areas where they
are not deeply weathered or fractured. The interactions between these geological units,
especially where the basaltic and sandstone layers are in contact, create zones of high
permeability that are essential for groundwater recharge and discharge. In addition, tec-
tonic activity in the region, in particular faults and fractures, contributes to the creation
of preferential flow paths and affects the spatial distribution of aquifers. Understand-
ing these hydrogeological characteristics is fundamental to assessing the potential for
extraction and sustainable management of groundwater in the region. The Parana Basin,
with an area of approximately 1.5 million square kilometers, covers large areas of Brazil
and neighboring countries such as Paraguay, Argentina and Uruguay [41]. This sedimen-
tary basin records geological events from the Paleozoic to the Cenozoic and includes
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units with high hydrogeological importance, such as the sandstones of the Sdo Bento
Group and the basaltic flows of the Serra Geral Formation. This diverse hydrogeologi-
cal scenario makes the Serra de Itaqueri region an important object of study, both for its
water potential and for the challenges related to the sustainable management of under-
ground resources in an area of increasing anthropogenic pressure (Fig. 2).

The Sdo Bento Group, made up of the Pirambodia and Botucatu Formations, is char-
acterized by eolian sediments that reflect different paleoenvironmental conditions. The
Piramboéia Formation has sandstones of varying color, fine to medium grain size and
clay intercalations, associated with humid eolian systems with the presence of humid
interdunes at the base, transitioning to a drier environment at the top [43]. In turn, the
Botucatu Formation is made up of medium to fine sandstones, well-selected and highly
mature, which demonstrate the deposition of a dry desert environment in extensive
dune fields. The discordant contact between these formations reflects tectonic and cli-
matic changes during the Mesozoic [44].

The Serra Geral Formation, located at the top of the Sdo Bento Group sedimentary
sequence, is made up of basaltic flows generated by fissural magmatism related to the
separation of Gondwana. Dating back between 133 and 132 million years [45], these
basaltic rocks are recognized for their hydrogeological properties, such as the formation
of fractured aquifers, often intercalated with sandstones of the Botucatu Formation. In
addition, the Serra Geral Formation represents one of the largest magmatic provinces
on the planet, standing out for its regional impact on hydrogeological behavior [46]. In
the Cenozoic, deposits of the Bauru Group and undifferentiated surface cover the older
formations, marking a phase of sedimentation in predominantly fluvial and aeolian envi-
ronments. These more recent deposits play a fundamental role in recharging and storing
groundwater.

Locally, the geology of the Serra de Itaqueri shows clear evidence of the interac-
tions between the structural and lithological processes that have shaped the region.
One example is the basalt outcrop of the Serra Geral Formation, located on a road on
the southwestern flank of the valley (Fig. 2). This outcrop shows different degrees of
weathering in the basalt, which reflects the combined influence of climatic, structural
and lithological factors in the evolution of the terrain. At the base, the basalt is little
modified, with well-preserved columnar disjunctions (Fig. 2a), typical of the Serra Geral
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Fig. 2 Regional geological map. (Source: [42] and outcrop near the geophysical lines, with the separation of the
layers: a columnar disjunction, b altered basalt, c laterite and d weathering profile
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Formation. As the topography progresses, there is an increase in the alteration of the
basalt, culminating in a completely changed state, where the disjunctions are no longer
visible (Fig. 2b). On top of this layer is a laterite (Fig. 2c), which reflects intense weather-
ing processes, and, at the top, a more advanced alteration profile (Fig. 2d).

These local characteristics are directly related to the hydrogeological and structural
context of the region. Tectonic structures, such as the faults and lineaments mentioned
above, not only control the relief and drainage pattern, but also influence the exposure
and degree of weathering of the rocks. Basalt that is little modified at the base, with pre-
served disjunctions, can act as a potential reservoir in fractured aquifers, allowing for
the storage and flow of groundwater. The upper, more weathered layers, on the other
hand, may be less permeable, acting as barriers or water retention zones. In addition, the
presence of laterite and the alteration profile at the top shows the influence of climatic
processes on soil development, which directly affects water recharge.

3 Methods

3.1 Structural characterization: regional and local analysis of lineaments and fractures
Regional structural data was acquired using Shuttle Radar Topography Mission (SRTM)
images, at a resolution of 1 arc-second (30 m), obtained from the US Geological Survey
(USGS) open data library. The methodology used followed the principles described by
[47], who proposed the extraction of lineaments from aerial images. In this study, linea-
ments were extracted directly from SRTM images based on geomorphological features
that reflect structural characteristics, such as textural differences, ridge and valley align-
ments, elongated coastlines, escarpment segments and linear depressions. For the anal-
ysis, a Digital Elevation Model (DEM) was generated in Global Mapper 12.0 software,
with the application of color palettes to facilitate the identification of relief. The DEM
was exported as a raster image and processed in QGIS 3.14, where the lineaments were
digitized manually, creating a vector layer. This layer was transferred to AutoCAD 2018
software, where rosette diagrams of cumulative length and cumulative frequency were
generated. The final map was edited and produced in QGIS 3.14, integrating the results
into the regional geomorphological context. In the field activity, fracture and bedding
measurements were collected in an outcrop located near the geophysical prospecting
area, as well as in two caves in the region. These measurements were taken using a Clar-
type geological compass, which allows the orientation and inclination of structures to
be recorded. The aim was to understand the behavior of the fractures in the fractured
aquifer, which is fundamental for evaluating the preferential underground flow paths
and the mechanisms of water recharge and discharge. The data collected in the field was
processed using Stereonet 10.2.9 software to generate stereograms and pole contour dia-
grams. This analysis made it possible to identify local structural patterns and their rela-
tionship with previously mapped regional lineaments.

3.2 Electrical resistivity tomography (ERT)

Electrical resistivity tomography is a geophysical technique that allows the generation
of two-dimensional (2D) or three-dimensional (3D) models of the subsoil, based on
electrical resistivity measurements. It uses electrodes to inject electric current into the
ground (current electrodes) and measure the potential difference (potential electrodes).
These electrodes are arranged along a profile and moved laterally, allowing data to be
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collected at different depths and areas. By adjusting the spacing between the electrodes,
it becomes possible to correlate depth and lateral extent, offering a detailed view of the
heterogeneities in the geological environment from the interpretation of variations in
electrical resistivity [48, 49]. This technique stands out for its versatility and is widely
used in hydrogeological, environmental and geotechnical research [50, 51]. In aquifers,
for example, it is possible to identify saturated or unsaturated zones, as well as contrast
bodies of groundwater with underlying rocks, due to their higher electrical conductivity
[20, 52, 53]. In crystalline rock terrain, the technique is especially useful for detecting
fluid-filled fractures, where the resistivity contrast is directly related to the nature and
amount of fluid present [12, 16, 54].

In this study, 8 lines of electrical resistivity tomography were carried out using the
Schlumberger array, due to its high sensitivity to vertical variations in resistivity [55].
This array is characterized by the use of two current electrodes (A and B) and two poten-
tial electrodes (M and N) positioned symmetrically in relation to the center of the pro-
file. The main advantage of this arrangement lies in the ability to obtain depth readings
with good vertical resolution, even in terrain with complex electrical variability [56]. The
lines set up in the study comprised 7 profiles perpendicular to the drainage, 400 m long
and spaced 50 m apart, as well as a 330-meter longitudinal line (Fig. 3). With a spacing
of 10 m between electrodes, it was possible to reach depths of up to 100 m in the central
region of the lines. This configuration made it possible to capture data with excellent res-
olution for analyzing the saturated and unsaturated zones, which is essential for under-
standing local hydrogeology [15]. The Terrameter LS resistivity meter, produced by
ABEM Instrument, was used to acquire resistivity measurements. This equipment has

22° 26' 03"
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Fig. 3 Distribution of the electrical resistivity tomography lines, indicating the direction in which the data was
obtained, from NE to SW and, in the case of the T line, from NW to SE
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250 W of power, configuration for up to 12 reading channels, current of up to 2500 mA
and resolution of 1 uV [57].

Processing the data collected involved several stages to ensure the accuracy of the
models generated. Initially, the data was organized and checked to identify and correct
possible collection errors [58]. During this stage, spurious data that could introduce
distortions in the results was removed. In addition, the topographic data for each line
was integrated to improve the accuracy of the sections generated [59, 60]. Data inver-
sion was carried out using the RES2DINV software (version 3.53), which employs the
smoothness-constrained least squares method. This algorithm makes it possible to cal-
culate adjusted two-dimensional models, reducing discrepancies between the observed
and calculated data, while smoothing out abrupt variations that do not represent the
real characteristics of the environment under investigation [48]. In this study, a total
of 10 iterations were performed during the inversion process. The Root Mean Square
(RMS) error, which quantifies the difference between the observed and calculated appar-
ent resistivities, was used to evaluate the quality of the inversion [49]. All obtained RMS
values were below 4, indicating a good fit between the model and the field data. This
low RMS error suggests that the collected data was of high quality and that the pro-
cessing steps effectively minimized inconsistencies, leading to reliable resistivity models.
For three-dimensional (3D) visualizations, the 2D sections obtained were integrated and
interpolated in the Oasis Montaj software (Geosoft). The interpolation was carried out
using the kriging method, ensuring smoothing of the values and accurate representa-
tion of the resistivity variations throughout the investigated space [61]. This procedure
resulted in 3D models that were fundamental for interpreting the distribution of hydro-
geological properties and the resistivity contrasts associated with the different layers of
the subsoil.

4 Results
4.1 Structural characterization: regional and local analysis of lineaments and fractures
Regional structural lineaments represent rectilinear expressions of geological structures
that affect the surface of the terrain, and are identified in aerial and satellite images. In
order to understand the structural pattern of the Serra de Itaqueri region and corre-
late it with field structural data and geophysical lines, a lineament map was drawn up
based on SRTM data. Analysis of these lineaments enabled the generation of rosette dia-
grams for cumulative length and cumulative frequency (Fig. 4), which helped interpret
the structural pattern influencing the local relief and drainage. The results show that the
NW lineaments, especially N60-70 W, are more significant in terms of both length and
frequency. NS directions are also relevant, especially in absolute frequency, which is in
line with the literature, which associates these features with rupile structures reactivated
in recent geological times, with a significant influence on the compartmentalization of
the relief and river systems [62, 63]. NE lineaments, such as N40-50E and N60-70E, are
shorter in length but high in frequency and correlate with phases of Cenozoic sedimen-
tation. On the other hand, E-W lineaments, although short and less frequent, play an
important role in the dissection of the relief.

In the local structural geological context, structural data was collected in an area close
to the electrical resistivity tomography lines to complement the study and assess the
influence of the structural context on underground flow. The main outcrop analyzed is
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Fig. 4 SRTM digital elevation model with tectonic lineaments of the study area and rosette diagrams of accumu-
lated frequency and length

located on the southwest flank of the valley and presents a lithological sequence with
different degrees of weathering: slightly altered basalt with columnar disjunctions,
highly weathered basalt, laterite and sandy material. In the slightly weathered basalt, the
columnar disjunctions show high-angle fractures, with no obvious preferential direction.
The stereograms show various directions, such as NN'W-SSE, NE-SW, NW-SE, WNW-
ESE and E-W (Fig. 5a). In the well-altered basalt, the disjunct structures are less visible,
but the NE-SW and NW-SE directions remain prominent (Fig. 5b). This pattern suggests
that the regional structural influence persists even with weathering. At the top of the
alteration profile, fractures observed in the laterite show similar directions (NW-SE and
NNE-SSW), with a high dip angle (Fig. 5¢). This indicates that these structures may be
the result of tectonic stresses subsequent to the formation and weathering of the rock.
Analyses in two caves in the region, including the largest mapped cave, revealed fracture
patterns in sandstone, with planes in multiple directions and medium to high angle dips.
Highlighted beams include NE-SW and NW-SE directions (Fig. 5d). These patterns are
consistent with regional lineaments and reinforce the role of structural control in drain-
age, relief and weathering and erosion processes.

4.2 Electrical resistivity tomography (ERT)

The geophysical data obtained from the electrical resistivity tomography (ERT) showed
good quality, with a low percentage of error, as evidenced by the low value of the Root
Mean Square Error (RMS) in all the lines processed. The RMS is a measure that quanti-
fies the difference between the observed data and the modeled results, and is used to
assess the accuracy of the model’s fit to the real data. The 2D inversion models were
generated from electro-resistivity lines with a NE-SW orientation, perpendicular to
the surface drainage line. In addition, an additional line (T-Line), oriented in a NW-SE
direction, was used to complement the data, providing a more detailed view of the study
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Fig.5 Pole diagrams and stereograms with data collected at the outcrop. a Columnar disjunction, b altered basalt,
c laterite, d soil
area, aligned with the axis of the drainage line. The 2D inversions resulted in horizontal
sections with resistivity values ranging from 10Q2m to 1500Q2m, which were represented
with shades ranging from blue (low resistivity) to red (high resistivity), making it easier
to visualize the different geological and hydrogeological zones present at the site (Fig. 6).
The electrical resistivity sections revealed the predominant presence of a zone of high
electrical resistivity in the more shallow regions, with values between 733Qm and over
1500Qm, extending up to 960 m. This zone was interpreted as an unsaturated region,
possibly associated with the soil during the dry season or poorly altered rocks with a low
degree of fracturing. Punctual areas of very high electrical resistivity, above 1500Qm,
were observed on the flanks of the valley, at distances of up to 80 m on the northeast
(NE) side and from 320 m on the southwest (SW) side, showing specific geological
characteristics that may be related to the presence of more compact rocks or geologi-
cal structures that affect the distribution of groundwater. Just below the most resistive
zone, a region with low electrical resistivity values was identified, ranging from 10Qm
to 41.9Qm, which occurs from the 970 m elevation and extends to the depths investi-
gated. This low resistivity zone is typical of areas saturated with groundwater, suggest-
ing that the region below this elevation is characterized by a high moisture content,
which reflects the presence of water in the subsoil. In the lower central portion, from the
940 m elevation onwards, the electrical resistivity values increase again, varying between
85.6Qm and 358Q2m, indicating a transition zone between unsaturated material and the
water-saturated zone, where medium to high resistivity values are associated with soils
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Fig. 6 2D inversion models of electrical resistivity tomography lines. White traces surround the saturated area and
the black line the unsaturated zone

or rocks which, although still unsaturated, are beginning to show distinct characteristics
from the more superficial zone.

The elevations of the edges of the valley remain constant along the measurement lines,
while the center, corresponding to the drainage line, shows a variation of 10 m between
line 1 (980 m) and line 7 (990 m). This topographic variation in elevation is important
as it can influence the interpretation of local hydrogeological conditions. On lines 1, 2
and 7, it was possible to observe the shape of the reservoir, with less resistive zones con-
centrated on the flanks and connecting in a restricted way just below the drainage line,
while the most resistive zones were observed at the top and below, in the center. Sec-
tions 3, 4, 5 and 6 showed that the most electrically resistive zone below the center has a
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rectilinear pattern, suggesting the presence of a geological structure, possibly a fracture,
which may be influencing the connections between the two bodies of groundwater iden-
tified (Fig. 7).

In Line T, the continuity of the zone of low electrical resistivity and the rectilinear dis-
placement observed suggest the presence of a geological structure, possibly a reverse
fault with a NE-SW direction. This structural pattern, together with the orientation
of the drainage line (SE-NW), suggests that the underground flow to the north of the
fault runs in a NW direction, while to the south it moves SE, towards the front of the
cuesta. This configuration indicates that the fault may act as a barrier to groundwater
flow, controlling the direction and distribution of water in the subsoil. In order to better
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Fig.7 2D inversion models of electrical resistivity tomography lines. White traces surround the saturated area and
the black line the unsaturated zone. Black dashes on the T line represent a fault
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understand the hydrogeological dynamics of the area, three-dimensional models of elec-
trical resistivity variations were generated by interpolating the data obtained from the 8
ERT lines. These models provided a better view of the spatial distribution of electrical
resistivity and allowed better observation of the boundary between the saturated and
unsaturated zones, as well as the influence of geological structures on underground flow
(Fig. 7).

5 Discussions

Processing the sections generated 3D block models (Fig. 8), which revealed important
patterns in the distribution of electrical resistivity in the area. The most electrically resis-
tive areas were observed at the top and bottom of the model, with a narrower center. The
portions with low resistivity, located mainly at the edges, continue beyond the maximum
depth investigated, suggesting a significant extension of these zones into the subsoil.

In Fig. 9, with a top view, it is possible to identify two main bodies of lower resistiv-
ity, about 300 m long, connected in the southwest region. The center of the model has a
higher resistance, especially in the NW direction, while the structures with low resistiv-
ity are aligned in the NW-SE direction, which may indicate the presence of fractures or
other geological zones of hydrogeological interest.

For a more detailed analysis, a 3D image was generated with a NW to SE view, clearly
showing the shape of the aquifer reservoir. In this model, it can be seen that the two bod-
ies of water are more extensive, while the center, where the connections occur, is more

restricted. Figure 10 illustrates the cycle of recharge and discharge of the aquifer, with

NN BN N N N O O .
.0 5 .9 S 3

10 0.

Fig. 8 3D block models generated from the electrical resistivity sections, illustrating the spatial distribution of
resistivity variations in the study area. The most resistive areas are located at the top and bottom, with zones of low
resistivity, which indicate the presence of groundwater, visible at the edges and continuing beyond the maximum
depth investigated
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Fig. 9 Aerial view of the 3D model of the area studied, showing the main bodies of low electrical resistivity. The
zones of low resistivity are visible for approximately 300 m, with some connections in the southwest, and the cen-
ter of the area shows higher resistivity, especially in the NW direction. The alignment of the low resistivity structures
follows a NW-SE orientation, reflecting possible geological features such as fractures or faults

the infiltration of water at the surface, represented by arrows, which reaches the free
aquifer and continues into the fractured zone, being drained by the drainage lines. A
filter was used to highlight the lower resistivity zones, which are more likely to represent
wetlands. The continuity of these zones, especially on the left, extends beyond the maxi-
mum depth investigated, which suggests that the aquifer may have a significant vertical
extension.

In addition to hydrogeological issues related to the area’s load and recharge cycle, which
are essential for water supply and security, it is important to consider contamination sce-
narios, especially in areas close to cultivation zones. In regions with intensive agriculture,
such as sugar cane plantations, there may be a risk of contamination of the aquifer by sub-
stances such as pesticides, fertilizers or other pollutants. These substances can infiltrate the
soil and reach the aquifer due to the proximity of the groundwater to the surface, as seen in
the sections and Fig. 10, which indicate a considerable thickness of the aquifer and its prox-
imity to the surface during the dry season. The risk of contamination is particularly high in
areas where the soil is exposed, as was the case during the fieldwork when the sugar cane
plantation was absent, but it can recur at other times. The presence of contaminants such as
pesticides and herbicides used in plantations can compromise groundwater quality, posing a
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Fig. 10 Three-dimensional model of the aquifer, highlighting the recharge zone (blue arrows), the free aquifer and
the discharge zone represented by the drainage lines (blue lines). The model illustrates the path of the infiltrated
water from the surface to the aquifer, with the underground flow going into the fractured zones and draining
along the drainage lines. Areas of lower electrical resistivity indicate regions potentially saturated with water
significant risk to public health and the environment. This analysis highlights the importance
of continuous monitoring of groundwater quality, especially in areas of agricultural cultiva-
tion, to ensure the sustainability of water resources and avoid contamination of the aquifer,
which can compromise not only the water supply but also the environmental health of the
region.

6 Conclusions

This study successfully identified and characterized a fractured confined aquifer in a geo-
logically complex region, primarily composed of sandstones and basalts from the Sao Bento
Group (Serra Geral Formation), overlaid by sedimentary rocks from the Parand Basin. This
geological configuration, typical of transitional environments between sedimentary basins
and volcanic terrains, creates ideal conditions for the formation of fractured aquifers and
surface recharge zones. These findings underline the area’s significance as a natural labora-
tory for studying hydrogeological behavior in heterogeneous terrains.

The application of electrical resistivity tomography proved to be an efficient and effective
tool for aquifer characterization. The Schlumberger array, in particular, demonstrated its
ability to correlate depth and lateral extent, producing 2D inversion models that revealed sig-
nificant electrical resistivity contrasts between saturated and unsaturated zones. Additionally,
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the study identified a NE-SW oriented reverse fault, which plays a crucial role in controlling
the underground water flow, highlighting the importance of tectonic structures in fractured
aquifer systems.

The three-dimensional models further enriched the understanding of the aquifer system,
revealing two elongated bodies of water in a NW-SE direction, connected by secondary
NE-SW oriented structures. This structural pattern is characteristic of confined aquifer sys-
tems in tectonically reactivated terrains, similar to those found in mountainous regions glob-
ally. Notably, the aquifer’s proximity to the surface and its location at the top of the cuesta
indicate its role as a crucial recharge zone, making it particularly vulnerable to anthropogenic
pressures, such as intensive agricultural practices involving fertilizers and pesticides.

These findings emphasize the importance of integrating geophysical methods into aquifer
characterization and management in areas with similar geological complexity. The approach
demonstrated in this study offers a replicable methodology for assessing aquifers in regions
of steep relief and high geological heterogeneity. Moreover, the connection between the iden-
tified aquifer and the adjacent drainage systems underscores the critical need for protecting
recharge zones, which are vital for ensuring the sustainability of regional water resources.
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