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Abstract

Open dumping is one of the most common solid waste disposal methods in developing countries. As they lack planning and
basic environmental protection engineering measures, dumpsites represent environmental and health risks that should be
investigated. However, several dumpsites are abandoned without appropriate land-use management, difficulting their proper
environmental assessment. The use of non-invasive methods for waste mass delimitation and preliminary screening of con-
tamination plumes, such as geophysical methods, is an interesting alternative for the study of the environmental impacts
caused by dumpsites. The aim of the present study is to apply electrical resistivity tomography (ERT) for the delimitation of
the waste mass and the identification of anomalies related to the presence of alterations in the physical and chemical proper-
ties of soils and groundwater in an inactive dumpsite in the municipality of Miracatu, State of Sdo Paulo, Brazil. The study
was based on the use of the python software Res/Py, which uses an R family of ERT inversion codes. The 3D inversion of
data showed a good correlation between the most electrically conductive anomalies and the delimitation of the waste mass.
The behavior of these anomalies, associated with the presence of waste, was confirmed by the physical characterization of
the geological materials obtained from drillings and installation of monitoring wells. The present study shows that the ERT
inversion code for electrical data can be an interesting open-source alternative for data processing in complex scenarios:
environments that present considerable anthropic interference, such as dumpsites.

Keywords Dumpsite - Geophysics - Electrical resistivity tomography - Contamination

Introduction

Solid waste management faces a range of complex chal-
lenges worldwide due to increases in urbanization and waste
production (Das et al. 2019). Several factors contribute to
the complexity of this challenge, including environmen-
tal, social, economic, and public health issues (Kaza et al.
2018). In many parts of the world, traditional waste disposal
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methods such as landfills are reaching their maximum capac-
ity, resulting in a shortage of suitable sites for safe waste
disposal (Bharadwaj et al. 2020). Additionally, the lack of
proper infrastructure in some regions hinders the implemen-
tation of modern waste management practices such as selec-
tive collection and recycling.

Open dumping is one of the most common solid waste
disposal methods in developing countries (ISWA 2016).
Open dumps, or dumpsites, are inadequate waste disposal
sites, where the deposit of materials happens with either
no or very limited measures to control the operation and
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protect the surrounding environment (ISWA 2016). In
Latin America, approximately 45% of the total generated
waste is directed to inadequate final disposal sites, with
more than 10,000 dumpsites currently operating in Latin
American countries (UNEP 2021). Brazil is the largest and
most populated country in Latin America. The country has
more than 1500 dumpsites still in operation, which received
9.6 million tons of urban solid waste in 2021 (SNIS 2022).
Besides the active dumpsites, most Brazilian municipalities
have inactive inadequate waste disposal sites that operated
in the past, especially until the first decade of the twenty-first
century, when environmental legislation and requirements
from environmental agencies became stronger, leading to the
interdiction of some of these areas (Guimaries et al. 2019).

As they lack planning and basic environmental protec-
tion engineering measures, both active and inactive dump-
sites represent environmental and health risks that should
be investigated. The environmental, social, and economic
impacts caused by dumpsites include the contamination of
soils, surface, and groundwater resulting from leachate per-
colation; generation of greenhouse gases from the decom-
position of organic waste; attraction of insect and rodent
vectors; explosion risks; reduction of land values; and limi-
tation of urban expansion and agricultural practices (ISWA
2015; Krook et al. 2012; Massoud et al. 2022). The Brazil-
ian National Solid Waste Plan (MMA 2020) establishes the
elimination and recovery of dumpsites until 2024, a process
that involves the assessment and remediation of environmen-
tal contaminations in these areas. However, several dump-
sites are abandoned without appropriate land-use manage-
ment, being covered by vegetation, flooded, or occupied by
irregular housing, making it difficult to properly identify and
delimitate these areas, hampering post-closure management,
and increasing contaminants spreading and ecological/public
health risks (Morita et al. 2021).

In this scenario, the use of non-invasive methods for
waste mass delimitation and preliminary screening of the
extension of contamination plumes, such as geophysical
methods, is an interesting alternative for the study of the
environmental impacts caused by dumpsites. Geophysical
surveys can be applied to highly anthropized areas whose
history of operation is unclear, allowing the identification
of alterations in the physical environment that evidence
potential impacts resulting from these areas. Morita et al
(2021) analyzed environmental assessments of 104 different
dumpsites and non-sanitary landfills in Brazil and found that
only 29% of the studies included geophysical surveys, which
may lead to erroneous interpretations about the location of
monitoring wells and delimitation of contamination plumes.
This highlights the opportunities for the development of the
use of geophysical methods for the assessment of active and
inactive dumpsites, to strengthen the environmental charac-
terization and recovery process of these sites.
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In this way, the present study aims to apply the geophysi-
cal technique of electrical resistivity tomography (ERT) for
the delimitation of the waste mass and the identification
of anomalies related to the presence of alterations in the
physical and chemical properties of soils and groundwater
in an inactive dumpsite in the municipality of Miracatu,
located in the southwest of the State of Sdo Paulo, Bra-
zil. The study was based on the use of the python software
ResIPy (Blanchy et al. 2020), which uses an R family of ERT
inversion codes, which had not previously been applied for
the analysis of dumpsites, areas that present considerable
anthropogenic interferences.

Location and history of use of the study area

The study area is the old and deactivated municipal solid
waste dumpsite in the municipality of Miracatu, in the
southwestern region of the state of Sao Paulo, Brazil, about
130 km from the capital. The dumpsite is located 2 km from
the city center and has an area of approximately 35,000 m>.
It was operated for approximately 20 years, from the mid-
1980s to early 2007. In its southern portion, the area is
crossed by the Sdo Lourengo River. The surroundings are
characterized by areas of secondary forest and agricultural
areas (mainly banana cultivation) (Fig. 1).

Based on the analysis of legal documents provided by
the municipality, as well as restricted documents consulted
at the local environmental agency, it was observed that the
first inspections of the Miracatu solid waste dumpsite were
carried out in the early 1990s and that disposal activities
began in the mid-1980s (Fig. 2). Initially, waste disposal
was open-air, without compaction, leveling, or covering
with inert material. Waste coverage started in 1993. In 1997,
the deactivation of the left portion of the landfill, initially
used for waste disposal, with cover was verified. In 1999,
an agreement was established between the city hall and the
environmental company of the state of Sdo Paulo regarding
the landfill.

According to an inspection carried out in 2001, two-thirds
of the landfill had the waste covered and a soil layer was
made at the bottom and side of the dumpsite to delimit the
area, as well as to prevent the advance of waste disposal
and erosion. In November 2001, a barbed wire fence was
installed at the edge of the landfill and the presence of waste
was discovered only at the work front. About a quarter of
the area had been closed, with eucalyptus plantations. In a
survey carried out in 2006, a large amount of waste disposed
of in the open and the irregular operation of the landfill were
found. In October 2008, an inspection by the state environ-
mental agency confirmed that activities at the landfill had
ended.
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Fig. 2 Historical evolution of aerial images of the dumpsite. Source: Google Earth and personal file

Physiographic classification of the study area

In geological terms, the area of the territory of the munic-
ipality of Miracatu is characterized by the occurrence of

rocks and included features of different natures, which are
grouped into two large crystalline domains, in addition
to recent sediments. The first domain is represented by
the association of older rocks, consisting of metamorphic
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rocks. The second domain is represented by tectonically and
chemically undifferentiated granitoid. The composition of
the granitoid is, for the most part, granitic to granodiorite
(Passarelli et al. 2010). In recent sediments, alluvial deposits
are found. These are deposits on the banks, channel bot-
toms, and floodplains of rivers, consisting of sand, gravel,
silt, clay, and, locally, turf, resulting from erosion, trans-
port, and deposition processes from different source areas
(Gimenez Filho et al. 1987) (Fig. 3). According to the geo-
morphological classification by Ross and Moroz (2011), the
municipality of Miracatu is inserted in a unit characterized
by plains and river terraces, altitudes not exceeding 70 m
above sea level, and slopes of less than 2%. The municipality
has a small portion of high hills with sharp and convex tops.
Altimetry ranges from 200 to 800 m and slopes from 20 to
40%. This type of terrain presents, in general, a dendritic
pattern, influenced by the direction of important fractures
present in the area (Fig. 3).

The hydrogeological context of the municipality of Mira-
catu is characterized by the presence of a fractured crystal-
line aquifer of regional extension, composed of the oldest
rocks in the State of Sdo Paulo. This aquifer is divided into
different units according to the type of fissure porosity that
develops in the rocks. In the municipality’s area, wells were
observed that capture water in the Precambrian aquifer unit.
This unit has fissure porosity represented only by fractures
in the rock and occupies the largest area of occurrence in
the north, northeast, and southeast sectors of the State of
Sao Paulo (Garpelli and Gastmans 2020). Another important
aquifer in the region is the coastal one, characterized by a
sedimentary aquifer, of limited extent, composed of varied
and intercalated sediments, such as sandstones, siltstones,
claystone, and conglomerates (Shubo et al. 2020).

Fig.3 Geological map of the 240000
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Geophysical, environmental,
and geotechnical investigations

Geoenvironmental investigation techniques provide infor-
mation about various physicochemical parameters of the
soil. These parameters are crucial for interpreting the
stratigraphic characterization of the study area and the
distribution of contaminants in the subsurface (Koda et al.
2020). However, since most techniques provide point data
from boreholes, the information is strictly limited to the
location where the test was conducted. Determining the
contamination source through this type of invasive inves-
tigation can lead to the need for implementing an extensive
grid of tests, which increases the cost of the contaminated
area management project (Issaoui et al. 2023).

The use of geophysical methods in contaminated areas
is well established in the literature, with numerous stud-
ies applied primarily to contaminant plume mapping and
flow (Atekwana et al. 2000; Kaya et al. 2007; Guireli Netto
et al. 2020), the stratigraphic characterization of the inves-
tigated area (Abbaspour et al. 2000; Abreu et al. 2016),
and the monitoring of environmental remediation tech-
niques (Caterina et al. 2017; Morita et al. 2020). The geo-
physical investigation in the decommissioned dump area
made use of the electroresistivity method. This geophysi-
cal method performs non-invasive readings of apparent
electrical resistivity (p,) of the environment. There are
different techniques for data acquisition. As the objective
of the geophysical investigation was to obtain values of the
physical parameter both laterally and in-depth the electri-
cal resistivity tomography (ERT) technique was adopted
(ERT). Data were processed using the open-source soft-
ware ResIPy (Blanchy et al. 2020).
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The electrical resistivity of materials is a physical param-
eter that expresses the difficulty encountered by the electric
current to propagate in each geological material (Parasnis
1997). Changes in the physicochemical properties of materi-
als lead to alterations in the ability of geological materials
to facilitate the flow of electrical current within their inte-
rior (Lesmes and Friedman 2005). In rocks and soils, cur-
rent propagation can occur by two conduction mechanisms:
electronic (through the rock or soil matrix) and ionic or
electrolytic (through ions existing in the water contained in
the pores and voids of the materials). In environmental stud-
ies, regions with the presence of subsurface contaminants
(waste and/or percolated liquid) alter the natural electrical
resistivity values of the physical environment and, therefore,
can be identified using geophysics (Atekwana et al. 2000;
Cardarelli and Di Filippo 2009; Helene et al. 2020; Guireli
Netto et al. 2021).

In this method for field acquisition, an artificial source of
direct current, or very low frequency (I), was used, which
was introduced into the soil through a pair of electrodes,
called A and B. The potential difference (V) established in
response to this current injection can be measured using two
other electrodes, named M and N. The geometry related to
the disposition of the four electrodes A, B, M, and N at the
moment of the measurement defines the geometric factor
(K), that has dimensions of distance. The apparent electrical
resistivity value (pa) of the investigated volume was calcu-
lated using the relationship
pa=K- % 1)

The acquisition lines were defined to allow the processing
of a three-dimensional model of electrical resistivity through
a robust finite-element mesh, covering the entire study area.
The relationship between the length of Electrical Resistivity
Tomography (ERT) acquisition lines and the depth of inves-
tigation plays a crucial role in the resolution and detection
capability of subsurface structures (Parasnis 1997). In this
way, 8 lines were arranged both longitudinally (L1 to L4)
and transversely (T1 to T4) to the waste disposal area. The
length of the acquisition lines is shown in Table 1.

Some geoelectrical arrays are more established in the lit-
erature due to their extensive application in various geophys-
ical investigation studies. The main technical differences
between these arrays, as well as the conditioning factors for
their selection or non-selection based on the investigation
objectives, include: the depth penetration capability of the
array and whether it can maintain good resolution at greater
depths, as well as its ability to provide high-resolution imag-
ing of horizontal or vertical geological features (Gandolfo
2007; Moreira et al. 2019). The dipole—dipole array was
chosen, because it provides good resolution of the lateral
variations of subsurface electrical resistivity, desirable in

Table 1 Length and directions of geophysical acquisition lines in the
study area

Longitudinal lines  Length (m) Transverse lines Length (m)
(direction E-W) (direction N-S)

L1 230 Tl 105

L2 290 T2 90

L3 290 T3 75

L4 300 T4 70

studies of detection of geological contacts, fracture zones,
contamination plumes, and other bodies or structures that
present as lateral resistivity heterogeneities (Furman et al.
2003; Moreira et al. 2016). The electrodes were spaced 5 m
apart horizontally and 5 depth investigation levels were
investigated. Figure 4 shows the positioning of the 8 lines
and the electrodes display in the landfill area.

The determination of the location of the drillings for soil
sampling and construction of the groundwater monitoring
wells was carried out from the results of anomalies obtained
in the geophysical study, as well as the distribution and limit
of the mass of residues, to contemplate the extension of the
potential sources of contamination identified. Six ground-
water monitoring wells were installed and 6 capillary fringe
samples were collected for physical-chemical characteriza-
tion of the soil in this horizon. All groundwater monitoring
wells were built following the guidelines of the standard
(ABNT/NBR 15.495-1/2007). The construction character-
istics of the monitoring wells are presented in Table 2.

In the profile sampled during the installation of the well,
a visual tactile description of the material was performed.
Some characteristics were collected, such as texture, color,
consistency, and odor, in addition to external materials pre-
sent. The soil horizons were classified and individualized;
in this way, it was possible to generate descriptive subsoil
profiles that supported the construction of the geologi-
cal—geotechnical sections. Soil samples for physical-chemi-
cal characterization were collected from the capillary fringe
using the direct push method, with multifunction mecha-
nized equipment through the continuous driving of a probe
containing disposable samplers (liners). The drilling was
carried out until the water level was reached. The sam-
pling procedure followed the guidelines of the ABNT/NBR
16.435/2015.

Electrical resistivity tomography (ERT)
The location of data acquisition lines in parallel and per-
pendicular lines to each other made it possible to acquire

data throughout the area covered by the dumpsite. The data
were entered into open-source software: Res/Py (Blanchy

@ Springer
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Table 2 Characteristics of monitoring wells in the study area

Groundwater Well depth (m)  Well installation =~ Water level
monitoring well filter depth (m) depth (m)
MIR1 9.0 8.8 6.9

MIR2 6.3 5.7 2

MIR3 4.5 44 23

MIR4 9.0 8.7 3.7

MIRS 4.5 44 22

MIR6 7.5 7.2 4.8

et al. 2020). The python software makes use of an R fam-
ily of ERT inversion codes (Binley 2015) and has already
been used in some environmental studies focusing on con-
tamination (Ciampi et al. 2022; Mohammed Nazifi et al.
2022; Jefayinfa et al. 2023). However, studies have not yet
been carried out in dumpsites, environments that present
considerable anthropic interference in the physical environ-
ment, where waste disposal happens with very limited meas-
ures to control the operation and protect the surrounding
environment.

Before the start of the data inversion stage, the coordi-
nates and topography of each of the electrodes and control
points inside the dumpsite were inserted to build a finite-
element mesh consistent with the physiographic aspects of
the study area. Filtering of the collected apparent electrical
resistivity data was performed. In this step, all acquisition
lines are analyzed individually to remove duplicate data—
this can occur when current electrodes (A and B) are read
as potential electrodes (M and N). Discordant values, which
may occur mainly due to the increase in contact resistance
between the electrode and the ground, were also removed
(Blanchy et al. 2020). After analyzing the quality of the
data, a robust three-dimensional finite-element mesh was

@ Springer
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generated in the ResIPy software, with a good number of
elements laterally and in-depth for geophysical inversion
(Fig. 5A). In three-dimensional models, the software makes
use of tetrahedral elements, since this geometry is better
suited to terrain with considerable topographic variations
(Boyd et al. 2019; Doyoro et al. 2022). The size of the nodes
around the electrodes was the smallest available in the soft-
ware (1/2). This value is the default of ResIPy. The node
growth factors in depth were 8 and 3 near the surface. In this
way, the generated mesh presented many nodes around the
electrodes and in-depth (Fig. 5A).

The inversion of electrical resistivity data made use of
the R3t inversion code for three-dimensional electric cur-
rent flow in a tetrahedral finite-element mesh. The code
uses an Occam-like solution that is based on a regularized
objective function combined with weighted least squares
(Binley 2015). As the acquisition lines were arranged close
to each other and the longitudinal lines (E-W direction)
have lengths of 275 m on average, the geostatistical rela-
tionship of distances between the interpolated lines and the
total length of the ERT line (10-20%) was respected (Chiles
and Delfiner 1999). Five iterations were performed and the
difference between the apparent electrical resistivity data
measured in the field and the resistivity of the model’s tet-
rahedral elements (Root Mean Square—RMS) was less than
2 (Fig. 5B). Root Mean Square is a metric used in electrical
resistivity tomography processing to quantify the discrep-
ancy between the resistivity values calculated by the model
and the values measured during the data acquisition process.
The lower the RMS value, the more accurate the correspond-
ence between theoretical values and experimental measure-
ments, indicating a better fit of the model to the electrical
behavior of the subsurface. This is crucial for assessing the
reliability of reconstructed resistivity images and for inter-
preting the geological and hydrogeological features present
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in the subsurface (Binley 2015). To improve the process-
ing quality, a normalized inversion error filter defined to
filter inversion errors outside the range of — 2 to+2% was
inserted (Fig. 5C).

Results and discussion

The 3D models of electrical resistivity allowed the genera-
tion of maps that presented the distribution of electrical
resistivity throughout the study area (Fig. 6). In this way, it
was possible to observe the positioning of different ranges
of electrical resistivity values along the dumpsite. Purplish
tones indicate lower resistivity values that can be correlated
with the presence of waste and/or percolate (Zhan et al.
2019). The shades in green represent intermediate values of
resistivity and may represent some influence of waste and/or
leachate. The zones represented by red tones indicate high
values of electrical resistivity, and represent places on the
ground apparently without influence of waste and/or perco-
late, corresponding to the “background” of the area (Fig. 6).
These correlations were confirmed by physical-chemical

information from the monitoring wells installed in the study
area. The visualization of intervals of smaller, intermediate,
and larger values of electrical resistivity along the dumpsite
clearly shows the anthropic influence on the physical envi-
ronment. The highest values of electrical resistivity were
observed around the waste disposal site, especially in the
region of the municipal road, while the most conductive val-
ues found were consistent with the limits of the dumpsite
defined by the historical survey and the technical visit in
the study area.

When observing the electrical resistivity values at dif-
ferent depth levels, a pattern in the behavior of conduc-
tive anomalies was identified, marked in yellow in Fig. 7.
At shallower depths, between 2 and 4 m, the conductive
anomaly (in purple) is consistent with surface waste dis-
posal over the years. At greater depths, between 10 and
14 m, the presence of the most conductive anomalies
(0-80 Ohm m) was not observed in the entire area of the
dumpsite. However, it was possible to identify the dis-
placement of the electrical anomaly in the NE-SW direc-
tion along the depth. This behavior was expected, since
the historical survey of aerial images of the dumpsite

@ Springer
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Fig. 6 Distribution of electrical resistivity values in the study area (plan view)

showed that the mass of waste was disposed of mostly in
the northwest sector of the area. Although the studies were
conducted in different geological contexts, the observed
electrical resistivity values in this study are consistent with
the values associated with leachate in ERT application
studies in dumpsites, such as Zhan et al. (2019), Helene
and Moreira (2021) and Guinea et al. (2022). Added to this
information, the potentiometric map of the area obtained
by the monitoring wells points to a relatively shallow flow
of groundwater due to the proximity to the river, and with
flow in that direction (Fig. 7).

The results of the physical characterization of the soil
in the old dumpsite carried out from samples collected in
the capillary fringe indicated the predominance of fine-
grained soils (less than 0.002 mm) upstream of the area
(MIR1 and MIR2), with silt percentages between 39.7 and
65% (Table 3). Downstream, at all drilling points, except
for MIR5 and MIRS6, a layer of organic matter was observed
in the first 0.10-0.45 m, due to the high deposition of plant
material in these areas.

@ Springer

In the MIR3, MIR4, and MIRG6 drilling points, silt, and
clay granulometry soils were also observed at lower depths
and soils consisting of fine sand (grain diameters between
0.0063 and 0.2 mm) from a depth of 4.0 m. In the MIRS
drilling, the presence of material with a higher percentage of
clay (51.2%) was identified, with predominantly clayey-silt
soils. Therefore, the physical characterization of the soil in
the study area showed similar fine granulometry material,
especially for silt. In all samples, the values found for this
granulometry were greater than 35%. Even the soil samples
(MIR3 and MIR4) that had fine sand in their composition
also showed the presence of large amounts of fine materi-
als (clay and silt). The MIR4 sample, for example, despite
having fine sand in its characterization, has mostly (56%)
materials of finer granulometry.

Regarding the physicochemical parameters, the pH
ranged from 4.72 to 6.58, which represents acidic to slightly
acidic (Table 4). The lowest pH values were observed
upstream of the dumpsite. Frequent rainfall throughout the
year, such as observed in the region (Capozzoli et al. 2022),



Environmental Earth Sciences (2023) 82:529 Page9of15 529

6m depth

2m depth

7313600 7313660

7313540

248950 249050 249150 249250

10m depth 14m depth

7313660

7313600

2 N

7313540

: s ; = - { i ¥ —
2;8350 249050 249150 249250 248950 249050 249150 249250
@ Electrodes display 0 113 225 338 450
. . I B
@ Potentiometric surface
@ Low electrical resistivity zones Resistivity (ohm.m)
Fig.7 The 3D electrical resistivity model at different levels (4 m depth variations)
Table 3 Qrain size distribution Well ID Grain size Textural classification Collection
of the soil collected at the depth (m)
capillary fringe Clay (%) Silt (%) Sand (%) Gravel or
retained grains
(%)
MIR1 19 65 16 - Clay silt 7.0-9.0
MIR2 34 39.7 13.1 13.2 Clay silt 5.6-6.3
MIR3 13 36 51 - Silty sand 45
MIR4 20 36 44 - Silty sand 6.0
MIR5 51.2 41 7.8 - Silty clay 45
MIR6 39 43 18 - Clay silt 7.5

contributes to the formation of acidic soils, in addition to result in increased water retention in the soil (Minasny and
the proximity to the Sdo Lourenco River (Blake 2005).  McBratney 2018).

Moisture contents between 36.9 and 49.4% were observed, The description of the soil profiles carried out in the field
except for the MIRS. The high moisture levels are related to  allowed the generation of three geological sections (one lon-
the depth of the water level and the high levels of rainfall ~ gitudinal and two transversal) to characterize the geology of
during the survey period. The moisture content observed  the former dumpsite. The geological surveys performed at
in MIRS (113.3%) is directly related to the organic mat-  different points in the area identified the presence of waste
ter content (17.4%) for this sample since higher contents  at depths up to 6 m and proved to be consistent with the
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Table 4 Physical-chemical characterization of the samples collected
in the capillary fringe

D Moisture (%) Organic  Fractionof pH  Electrical
matter organic car- conductivity
(%) bon (g/kg) (uS/cm)

MIR1  45.7 1.91 2.7 474 28.53

MIR2 38.6 2.65 2.57 472 236

MIR3 494 5.28 17.51 5.99 31.03

MIR4 43.1 377 14.01 5.89 37.93

MIR5 113.3 17.4 87.92 5.36 37.33

MIR6  36.9 2.99 29 5.11 2427

ERT sections. The limits of the most conductive anomalies,
associated with the presence of waste, were confirmed by
excavations and drillings carried out in the field to determine
the extension of the waste mass (Fig. 8). Understanding the
quantity of waste present in dumpsites is crucial for planning
and implementing effective strategies for remediation and
recovery of these degraded areas. Determining the waste
mass allows for assessing the extent of soil and groundwa-
ter contamination, identifying the distribution of pollutant
substances, and devising appropriate action plans to miti-
gate negative environmental impacts. Additionally, precise
quantification of the waste assists in allocating the neces-
sary financial and technical resources for the proper clean-
ing, removal, and appropriate treatment of the discarded
materials.

The groundwater monitoring wells installed around the
waste mass and close to the geological sections provided
physicochemical parameters of the groundwater at different
points. The highest electrical conductivity (EC) readings
in the monitoring wells were observed downstream of the
waste disposal area. High concentrations of salts are natu-
rally expected in arid or semi-arid areas, where evaporation
is usually greater than precipitation, a different scenario
from the study area, evidencing the presence of anthropic
influence (Eludoyin 2020). The EC values measured in
the monitoring wells ranged from 76.0 uS/cm (MIR1) to
306.0 uS/cm (MIRS). Electrical conductivity is a reading
of the quantity of ions dissolved in groundwater. Accord-
ing to the environmental agency of the State of Sao Paulo
(CETESB 2001), even though this is a qualitative measure,
values greater than 100 uS/cm may represent an indication
of impacts on groundwater. All monitoring wells, except for
MIRI1, presented conductivity values greater than 100 uS/
cm, which indicates the presence of ions in solution.

The concentrations of different ions and organic com-
pounds were analyzed, interpreted, and compared with the
electrical resistivity values obtained at the depths of ground-
water sampling. No concentrations of semi-volatile and vola-
tile organic compounds were found in any of the ground-
water samples. The identified ions were chloride, nitrogen
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(ammoniacal, nitrate, and nitrite), and sulfate. The metals
found in the monitoring wells were manganese, aluminum,
barium, cobalt, copper, iron, strontium, and zinc. Of these,
the first two elements are worth highlighting. Aluminum
concentrations were found in all the samples below the lim-
its established by USEPA (2017). However, the presence of
this element was detected in most of the monitoring wells.
Manganese concentrations in groundwater were identified
above USEPA (2017) values in MIR2 (1.87 mg/L), MIR4
(0.515 mg/L), MIRS (0.799 mg/L), and MIR6 (1.65 mg/L).
This chemical element is a natural constituent of Brazil-
ian soils and its presence cannot be associated with waste
disposal (Schaefer et al. 2008), since it also occurred in an
upstream well (MIR2), in higher concentrations than those
observed in the downstream wells.

The comparison between the sum of metal concentrations
in groundwater in the monitoring wells, and the electrical
resistivity values obtained by the ERT for the same point
was consistent for all wells, except for the upstream wells
(MIR1 and MIR?2). The increase in the concentration of met-
als in the groundwater resulted in lower values of electrical
resistivity, and therefore, the geological material presented a
greater flow of electric current in its interior. This behavior
was consistent with the other studies that performed cor-
relations of these parameters (Chambers et al. 2006; Chaali
et al. 2022).

The relationship between the £ metals and electrical
resistivity was not observed in the upstream wells (Fig. 9).
Both points suffered anthropic influence due to grounding
for the road construction. MIR1 did not present detectable
metal concentrations in the laboratory analysis. MIR2, on
the other hand, showed high values of total Fe and Mn. The
granulometric analysis of the soil collected in the capillary
fringe in this well identified the presence of gravel (13.2%)
in the samples. This texture was not identified in any other
monitoring well in the study area. As the municipality of
Miracatu is inserted in a predominantly crystalline environ-
ment, the presence of these elements in the chemical com-
position of the basement rocks is common (Passarelli et al.
2010).

Although not all metal concentrations found in groundwa-
ter were above the limits established by environmental agen-
cies, the relationship between the concentration of metals (X
metals, in mg/L X 10) and electrical anomalies was important
for understanding the leachate flow in depth, considering the
potentiometric map and information on the chemical quality
of the groundwater.

The concentrations of ions observed in the monitoring
wells indicated the influence of two ions on groundwater
quality, chloride (CI7) and sulfate (SO42) since ammo-
niacal nitrogen and nitrate concentrations were low in all
monitoring wells. These ions are formed in organic matter
decomposition processes and the low concentrations were
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Fig. 8 Geological-geotechnical sections X geoelectrical sections in the landfill area

consistent with the chemical characterization of the soil
collected in the capillary fringe of the monitoring wells.
As low contents of organic matter and volatile solids were
obtained in laboratory tests, it is reasonable to interpret that
most of the organic matter has already been decomposed

and leached into deeper layers of the soil. This behavior
of the leached material in depth corroborates the distribu-
tion of the electrical anomalies, as presented previously in
this section (Fig. 10). The relationship between the behavior
of the variation in the concentration of chloride, nitrogen
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Fig. 10 Graph of the relationship between different concentrations of
ions and the electrical resistivity of groundwater samples collected in
the capillary fringe

(ammoniacal, nitrate, and nitrite), and sulfate ions, and the
electrical resistivity values obtained by ERT is shown in
Fig. 10. As well as with the concentration of different met-
als, the objective was to observe the behavior of different
ions in the study area and correlate them with the electrical
resistivity values of the medium.

The presence of chloride (C17) was identified in all wells,
except for MIR1. Chlorides are one of the main ions present
in bodies of water and groundwater, since they are non-reac-
tive solutes. Several studies show that the concentration of
chloride in surface water is one of the main factors that cause
the increase in salinity (Khatri and Tyagi 2015; Li et al.
2022). Increased groundwater salinity is directly related to
increased soil and rock electrical conductivity (Corwin and
Lesch 2003; Gomaa 2020; Ojo et al. 2022). The filling of the
intragranular pores that structure the soil and the rock frac-
tures by saline waters facilitates the flow of electric current
in the physical environment (Lesmes and Friedman 2005;
Glover 2015). The concentrations of CI™ ions in groundwater
showed a good relationship with electrical resistivity values.
Increased concentrations of this ion resulted in decreases in
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electrical resistivity values. In MIR4, for example, the pres-
ence of other ions (ammoniacal sulfate and nitrogen, nitrate,
and nitrite) was zero or very low in groundwater. However,
at this point, the lowest value of electrical resistivity was
observed in comparison with the other wells, and also one
of the highest values of chloride concentration.

Conclusions

The acquisition lines of apparent electrical resistivity data
of the physical environment provided information about the
entire waste disposal area and allowed the generation of a
very robust three-dimensional finite-element mesh. The 3D
inversion of data showed a high correlation between the
most electrically conductive anomalies and the waste mass.
The behavior of these anomalies, associated with the pres-
ence of waste, was confirmed by the physical characteriza-
tion of the geological materials obtained from the drillings
and installation of monitoring wells in the study area.

The geological materials of the capillary fringe of dif-
ferent monitoring wells in the dumpsite were described.
Although granulometry is one of the physical parameters
that can change the electrical resistivity values of a material,
the variations between the granulometry of the soils in this
location were not as heterogeneous as it would be expected
between an essentially clayey and sandy material. In our
work, we found that:

1. Electrical resistivity values of the soils in the capillary
fringe obtained by ERT were compared with the con-
centrations of metals and ions in groundwater at each
monitoring well. In the wells placed downstream of the
dumpsite, the increase in the concentration of metals in
the water resulted in lower electrical resistivity values.
The presence of ions, especially Cl7, is related to the
increase in the salinity of groundwater, and showed a
close relationship with variations in electrical resistivity
values in the downstream wells.

2. Electrical resistivity tomography has proven to be an
efficient geophysical investigation technique for deter-
mining the mass of solid waste in the inactive dump-
site. The fact that this technique has a good cost—benefit
when compared to robust geoenvironmental investiga-
tion methods makes its use interesting, especially in
scenarios of small cities with limited available invest-
ment funds—a common situation in developing coun-
tries. The determination of the mass of solid waste in
abandoned landfills plays a crucial role in environmental
rehabilitation studies.

3. Asthe ResIPy software had not been previously applied
in environmental studies of inactive inadequate waste
disposal sites, the present study shows that the R fam-
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ily of ERT inversion codes for electrical data can be an
interesting open-source alternative for data processing in
complex scenarios: environments that present consider-
able anthropic interference, such as dumpsites.
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