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Abstract

In rapidly growing urban areas of developing countries, inappropriate urbanization practices near water bodies lead to
significant environmental degradation, including deforestation, soil impermeabilization, and direct waste discharge into
rivers and streams. This not only compromises water quality and ecosystem health but also exacerbates flood risks for
nearby communities. Dumpsites, common in these regions due to inadequate waste management infrastructure, pose
significant environmental threats, including soil and groundwater contamination. Our study employed a frequency-
domain electromagnetic survey on an inactive dumpsite adjacent to one of Brazil's major rivers. This geophysical method
provided critical insights for geoenvironmental investigations, facilitating the collection of soil and groundwater samples
to understand leachate behavior. We found that the shallower electrical conductivity map aligned with the waste disposal
area’s boundaries, verified by on-site surveys and excavations. Historical aerial images supported this interpretation and
helped explain conductive electrical anomalies in the deeper conductivity map, linked to old irregular housing and waste
disposal around the dumpsite. Moreover, the electrical conductivity maps revealed NE-oriented percolation at depth in
the study area. Groundwater monitoring wells and soil analyses identified chemical elements exceeding standards set
by Brazilian and international environmental agencies in this flow direction. These findings highlight the importance
of using investigation techniques with superior spatial resolution compared to traditional environmental monitoring
approaches. Electromagnetic methods prove effective in enhancing understanding and management of contamination
in dumpsite environments.
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1 Introduction

Disorganized urban growth in cities in several developing countries has caused significant environmental impacts by
establishing themselves close to important streams and rivers [1]. This process of inappropriate urbanization often
results in deforestation, soil impermeabilization, and the dumping of solid waste and sewage directly into water bod-
ies [2]. This not only degrades water quality, threatening public health and aquatic ecosystems, but also intensifies the
occurrence of floods, increasing the risks for riverside communities [3, 4]. The urgent need for sustainable urban planning
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in these locations is evident to mitigate these negative environmental impacts and promote a balance between urban
development and the preservation of water resources [5, 6]. In developing countries, dumpsites represent a significant
environmental challenge, especially amid the rapid urban growth observed in many cities in these regions and the lack
of adequate infrastructure to deal with the corresponding increase in waste generation [6, 7]. With the increase in popu-
lation and urbanization, solid waste generation has intensified, leading to inadequate and disorderly waste disposal in
unregulated areas. This scenario results in severe soil and groundwater contamination problems, threatening human
health and the integrity of local ecosystems [8-10].

Traditionally, environmental monitoring in dumpsites has been carried out by collecting soil and groundwater samples
for laboratory analysis. However, this method has some significant limitations. Sampling is an invasive, time-consuming,
and quite expensive process involving excavation and disturbance of the environment, which can alter the natural
conditions of the soil and groundwater [11, 12]. In addition, it is an expensive and time-consuming procedure that
requires significant resources in terms of manpower, equipment, and laboratory analysis. Even after the samples have
been collected and analyzed, the results may not provide a detailed understanding of the contamination, as they may
not adequately represent the spatial and temporal variability of the pollution. It is, therefore, crucial to look for research
methodologies that can complement and ideally overcome the limitations of traditional monitoring methods. In recent
years, there has been a significant increase in the use of invasive and non-invasive subsurface investigation methods in
environmental contamination studies [13]. Indirect methods, such as geophysical methods, make it possible to assess
the spatial distribution and extent of physical properties of the environment, which can help to evaluate the presence
and behavior of contamination in a more comprehensive and efficient way [14-16].

Geophysical techniques such as electrical resistivity tomography (ERT) have been used extensively in studies of
dumpsites [17, 18]. However, there is a significant gap in studies exploring the use of electromagnetic methods in these
scenarios. It is important to demonstrate the feasibility of using electromagnetic methods in conjunction with tradi-
tional environmental monitoring methodologies, especially in small towns in developing countries. These areas often
face significant financial constraints, which makes conventional environmental monitoring, such as collecting soil and
groundwater samples for laboratory analysis, a costly and inaccessible option [19]. Using electromagnetic methods in
conjunction with other geophysical methods and traditional monitoring techniques can offer a more cost-effective and
efficient approach to assessing dumpsite contamination [20-23]. These methods can provide complementary informa-
tion and help fill the gaps left by conventional methods, allowing for a more comprehensive assessment of the extent
and impacts of contamination, especially in dumps that have been unavailable for many years. The study innovated by
employing frequency-domain electromagnetic research in an inactive dump near one of Brazil's main rivers, offering
an investigation approach with greater spatial resolution than traditional environmental monitoring methodologies.
The results made it possible to understand the behavior of leachate in the area, helping to collect soil and groundwater
samples for analysis. The geophysical interpretations were based on chemical analyses of the soil and water, as well as a
historical photo-aerial survey associated with old documents on the operation of the dump. This multifaceted approach
allowed for a deeper understanding of the contamination and behavior of leachate in the area. The information gathered
enabled a more precise and detailed investigation, improving knowledge about the environmental risks associated with
the dump and contributing to more efficient and safer management of the site.

2 Study site
2.1 Location of study area and temporal survey of use and occupation

The dumpsite is located in the city of Santana de Parnaiba, 35 km from the capital of the state of Sao Paulo, in southeast-
ern Brazil. The development of the city and the settlement of the communities are related to an important river in the
state of Sdo Paulo: the Tiéte River. The proximity of the waste disposal site to a highway is also a problem. In Europe, the
regulations are very strict, and they don't allow the dumpsite to be close to roads, airports, etc. and visible from people.
In South America, environmental regulations also limit the proximity of the dumpsite to these developments, but accel-
erated and unplanned growth means that the urban sprawl of the city reaches the waste disposal areas [2]. Inadequate
urbanization has been a common scenario in many cities in developing countries in Latin America [24, 25]. The city has
experienced one of the biggest population growths in the state of Sdo Paulo over the last 30 years. The population of just
over 5000 inhabitants in the 1970s reached over 154,105 in 2022. As a result of the remarkable population growth, the
production of solid urban waste in the municipality of Santana de Parnaiba has also grown to around 57 tons per day [26].
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The dumpsite is approximately 63,000 m? and was originally a valley floor. Household solid waste was deposited on
this site until 2011 (Fig. 1). According to surveys of historical aerial images, in 1997 the landfill was already in operation,
with major physiographic alterations, and taken over by waste disposal. In 2001, the area occupied by the dumpsite
corresponded in plan to approximately 60% of the total area. The remainder was occupied by the recycled material
collectors’ cooperative (15%) and by the area of land used as a quarry to cover the waste (25%). At the time, the dump
received around 1,800 tons of waste per month [26] and there was consolidated irregular occupation around the site. A
technical visit carried out that same year revealed the absence of cover for a large part of the waste deposited and of a
drainage system for percolated liquids and gases, as well as surface water. The result was the development of localized
erosion and the dragging of waste to lower levels. The percolated liquids accumulated next to the landfill massif in the
form of a small lake. The aerial image from 2003 shows the landfill in its consolidated form. In 2011, the landfill appears
to have ended its activities (Fig. 1).

2.2 Geological and geomorphological context of the study area

The municipality of Santana de Parnaiba has a geological context defined by a sequence of volcanic rocks and meta-
sedimentary rocks of the crystalline basement, which extends over approximately 57,000 km? in the eastern part
of the state. This basement is mainly composed of igneous and metamorphic rocks, including granites, gneisses,
phyllites, schists and quartzites, which are practically impermeable in origin. However, tectonic events that molded
the earth’s crust, combined with the action of weathering, resulted in the formation of fault and fracture systems,
as well as portions of weathered rock. These geological dynamics have allowed groundwater to percolate and be
stored, forming a fractured aquifer in the region. The Precambrian aquifer receives natural recharge from rainfall,
which infiltrates the layers of weathered rock and fissures and is then stored. The aquifer’s low transmissivity and the
absence of water flows on a regional scale lead to the formation of independent hydrogeological units with their
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Fig. 1 Historical aerial photos of the last 20 years of use of the dump area. Essential elements were observed in the images, such as the pres-
ence and removal of irregular occupations and the area used by the recycling cooperative. The installation of leachate retention ponds after
2002 was also crucial for interpreting the geophysical data
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own flow regimes. These characteristics support the basic flow of rivers and streams that drain the nearby valleys,
contributing to the management of water resources in the area [27] (Fig. 2).

Geomorphologically, the area of the municipality of Santana de Parnaiba is contained in the unit known as the Séo
Roque Mountains, which represents a portion of the Atlantic Plateau. This portion is characterized by the occurrence
of continuous denudation processes, the generation of which is related to the Itagua and Japi plateau surfaces. The
dump area, in turn, is part of the Mar de Morros relief unit. In this unit, there is no geomorphological variation in the
landforms, either in the north or the south of the area studied [27]. The climate of the municipality of Santana de
Parnaiba is subtropical, with warm, rainy summers and relatively cold winters. The average annual temperature is
20 °C, with a maximum of 23 °C and a minimum of 12 °C. The average annual rainfall is 1300 mm. This type of climate
creates ideal conditions for soil development. The hot, rainy summers promote the decomposition of organic matter
and the leaching of minerals essential for soil formation. Predominantly in the municipality of Santana de Parnaiba,
yellowish-red latosols are found. This type of soil was also found in the dump area [28].

3 Methods
3.1 Electromagnetic method (EM)
Electromagnetic methods are based on measuring the electrical conductivity or related parameters of subsurface materi-

als by inducing electromagnetic fields in the ground generated by alternating currents of artificial or natural origin. Elec-
trical conductivity is expressed in units of Siemens per meter (S/m). In environmental investigation studies, determining
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Fig.2 Geological map of the area surrounding the dumpsite. The proximity to an important river in the state of Sdo Paulo was one of the
aggravating factors in the development of the study. Source: modified from [27]
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the apparent electrical conductivity of the ground can help to understand the behavior of the contaminant in the physi-
cal environment. In landfills and dumps, the presence of leachate alters the electrical conductivity of the environment,
making it more conductive compared to the natural conductivity values of the terrain (“background” of the area). This
parameter can be an indicator of the presence of subsoil contamination associated with solid waste percolation [7, 8, 29].
[30] Utilized various geophysical methods, including the frequency-domain electromagnetic (FDEM) survey, to assess a
heavy-metal contaminated site. The employment of this methodology enabled the mapping of sludge and validation
of remediation effectiveness through pre- and post-remediation geophysical assessments. [31] Utilized Time Domain
Electromagnetic surveys and drilling investigations to assess contamination in Barka, Oman, identifying migration zones
and correlating resistivity with lithology and pinpointing contaminated areas. The study by [32] demonstrated that the
FDEM method was crucial for assessing the impact of landfills, providing non-invasive investigation and 3D modeling of
soil physical parameters, essential for monitoring waste deposits in a closed landfill in Southern Italy. The results obtained
by the geophysical method provided detailed information not obtained through other methods. [33] Introduced multi-
frequency electromagnetic surveying for the initial assessment of waste quality at open dumpsites, determining the
frequency set of 5000, 11,000, and 15,000 Hz as optimal, providing high correlations and valuable information on waste
characteristics.

The principle of the method is based on Ampere’s and Faraday’s Laws from classical physics. A transmitting bobbin
(Tx) is energized with alternating current and placed on the ground (assumed to be uniform) next to a receiving bobbin
(Rx). The temporal oscillation of the magnetic field caused by the alternating current in the transmitting bobbin causes
an induction of currents in the subsoil. These electrical currents, in turn, generate a secondary magnetic field (Hs) which
is recorded together with the primary field (Hp) in the receiving bobbin. The parameters measured by electromagnetic
systems are a function of these fields, such as the resultant vector Hr. The secondary magnetic field (Hs) is a complex func-
tion of the distance between bobbins (s), the operating frequency (f) and the electrical conductivity of the terrain (Fig-
ure 3). Under certain restrictions, technically defined as “operation under low values of the induction number”[34], the
relationship between Hs and Hp becomes linearly proportional to the conductivity of the ground, and it is possible to
read conductivities directly by measuring this relationship, which is given by Eq. (1):

P 2xfuyS? \ Hp

The depths investigated by electromagnetic methods are inversely proportional to the frequencies used. Electrical
conductivity measured will be an apparent value (o,,) which represents the integration of the existing conductivities,
from the surface to a given depth of investigation. When acquiring the data, the measurements can be taken according
to two orientations of the bobbin’s dipole axis: vertical (DV) or horizontal (DH). The depth of investigation is related to
the distance between the coils and the arrangement of the dipole axis at the time of measurement. For the dipole in the
horizontal position (DH), this depth is approximately 0.75 times the distance between the dipole axes. For the vertical
dipole (DV), this depth becomes 1.5 times. It is therefore possible to estimate the vertical variation in conductivity by
comparing the values obtained in the two bobbin configurations, one corresponding to shallower portions of the sub-
surface (DH) and the other reflecting the contribution of materials located at greater depths (DV). The map correspond-
ing to the shallowest investigation (0 m-15 m), resulting from the dipole measurements in the horizontal position (DH),
normalized in relation to an established background (15 mS/m), according to equation (Eq. 2):

Oxy)

Opg
where g, is the conductivity measurement at the point, and oy is the stipulated background value. Figure 3 illustrates
data acquisition principle of the Electromagnetic method (EM) in the field.

In order to carry out the geophysical studies, 74 topographic points were set up in the area of the dump and its sur-
roundings, with a distance between them of approximately 40 m, which were then georeferenced using a differential
GPS positioning system. The equipment used was a Trimble model Pro XRT with Omnistar differential correction, which
enables real-time measurements with sub-meter accuracy. The geophysical survey using the electromagnetic method
was carried out with the aim of delimiting the locations of conductive anomalies associated with household waste and its
percolate. Electrical conductivity measurements were taken every 20 m (Fig. 3). Model EM-34 equipment manufactured
by Geonics Limited (Canada) was used, with spacing between the transmit (Tx) and receive (Rx) coils equal to 20 m, in
both horizontal dipole (DH) and vertical dipole (DV) modes. In this way, data was obtained by sampling a volume of the
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Transmitting bobbin Receiving bobbin

Fig.3 The secondary magnetic field (Hs) is a complex function of the distance between bobbins(s), the operating frequency (f) and the
electrical conductivity of the terrain (Figure 3)

subsurface at two depth levels: one shallower (0-15 m, DH mode) and the other covering greater depths (0-30 m, DV
mode).

3.2 Physico-chemical analysis of soil and water

The location of the boreholes for soil sampling and the construction of monitoring wells was determined according to
the main potential sources of contamination. As can be seen in Fig. 4, which shows the water and soil sampling points,
the distribution of the soil sampling and groundwater sampling is not the same. This scenario is quite common in stud-
ies of inactive dumpsites, because some of the groundwater sampling wells were already installed in the area. Probably
the criteria for determining the installation points of these wells over the years was established in accordance with the
environmental standards proposed by the environmental agency. In this way, the present study used some of these wells
and increased the sampling network by installing new wells. Obviously, before using these old wells, it was checked
in the field that they satisfied the appropriate environmental standards and that it was feasible to use them. Fourteen
boreholes were carried out in the area. For the upstream characterization, two existing wells in the area (Gw1 and Gw2)
were used, after proper cleaning and verification of the conditions of use. From the boreholes, representative samples
of the soil profile were selected for tactile-visual description in monitoring wells Gw3, Gw4, Gw5 and Gw6. Samples were
taken every meter drilled or every change in material. A visual tactile description was carried out on the sampled profile
in order to identify characteristics such as texture, color, consistency and odor, as well as external materials present. The
results of the characterizations are shown in Fig. 4.

Groundwater sampling was carried out to assess the presence and quantification of anomalous substances from
potential sources of contamination. The collection procedures followed those established by the Brazilian technical
standards [35]. Water sampling was carried out using the low-flow method, with the aid of a bladder pump and flow cell,
a method that makes it possible to obtain groundwater samples with the least agitation and suspension of particulates
within the monitoring well. Six groundwater samples were collected, one from each monitoring well. These samples were
taken in accordance with standard D6771-02 of the American Society for Testing and Materials. During the groundwater
sampling, physical and chemical parameters were monitored using HANNA multi-parameter equipment, monitoring
pH, Electrical Conductivity (EC), Oxy-Reduction Potential (ORP), Dissolved Oxygen (DO), Total Dissolved Solids (TDS)
and temperature (°C).

The decrease in water level was also monitored using a digital groundwater level meter. Sampling began once these
parameters had stabilized. The samples were collected directly into the bottles provided by the laboratory and were
immediately placed in refrigerated boxes at a temperature of 4 °C+2 °C. During the investigation, permeability tests of
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Fig.4 The location of boreholes for soil sampling, the construction of groundwater monitoring wells, and the description of the materials
found during the installation of the new monitoring wells (Gw3, Gw4, Gw5, and Gw6) are presented

the Slug Test type were also carried out with a variable load to determine the hydraulic conductivity (K) of the saturated
zone in the water monitoring wells. This test involves introducing a billet of known volume into the well, causing the
displacement of a volume of water. The water level is then monitored until it reaches 80% of the initial variation (Ah)
or 30 min of testing. Based on these results and the construction data of the monitoring wells (diameter and depth),
the horizontal hydraulic conductivity of the aquifer was calculated on a local scale. This information made it possible to
generate the potentiometric map and understand the hydraulic gradient and groundwater flow velocity in the dump
area based on a generalization of Darcy’s Law [36] (Eq. 3), where v is the flow velocity, k is the hydraulic conductivity, j is
the hydraulic gradient and n is the effective porosity.
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4 Results and discussions

The results obtained from the EM survey were presented in the form of contour maps of the electrical conductivity
values measured on the ground. The reddish tones of the map represent high conductivity values, while the light blue
tones correspond to low conductivity values, and tend to represent the natural background values of the area under
investigation. The maps of the distribution of electrical conductivities in the dump area and its surroundings define the
limits of high conductivity anomalies (associated with the presence of waste and/or percolate) and can guide investiga-
tion and sampling work. At depths of 0 to 15 m, high electrical conductivity values were identified in the central area
of the dumpsite. These values correspond to the area of the mass of waste and the percolated liquids generated from
its decomposition. This was confirmed by trenches, geological surveys and visual inspection of the dump area. Aver-
age values of electrical conductivity were found around this mass. These values correspond to percolated liquids, since
although they are concentrated in the central area at this depth, they may be percolating horizontally outwards from the
edge of the mass of waste (Fig. 5). Average conductivity values were also identified at points 49 and 50, corresponding
to the area where pruning waste was deposited and burned.

At a depth of 0 to 30 m, high and medium electrical conductivity values were also obtained in the central part of the
dump, butin a smaller area than at a depth of 0 to 15 m, showing that the percolated liquids spread more horizontally at
this depth (Fig. 6). The figure also shows zones of high and medium electrical conductivity at points 27 and 74; between
points 30, 31 and 49; near point 61 and between points 56, 65 and 66, which were not identified at the depth of 0to 15 m.
The electrical anomalies identified at points 27 and 74 and between points 56, 65 and 66 are due to garbage deposits and
sewage discharges from previous irregular occupation of these sites, removed around 2007 and observed in the histori-
cal aerial image survey (Fig. 1). The electrical anomalies identified between points 30, 31 and 49 come from the former
use of the area for waste disposal, information presented in the historical survey of the use of the area and proven by
the S1 survey carried out at the site. The electrical anomaly at point 61, which extends to the base of the landfill slopes,
is due to the old leachate lagoon, which was later buried with garbage and covered with a layer of soil, as confirmed by
the S4 survey carried out at the site.

The geological surveys carried out in the area provided a visual tactile description of the soil at the points where the
monitoring wells were installed (Fig. 7). From the geological description of the dumpsite area, it was possible to draw up
geological-geotechnical sections with different orientations (A-A’ and B-B’) along the area. Section AA, in a northwest-
northeast direction, was drawn up using data from boreholes S2, S5 and S6. Section BB, in a south-north direction, was
drawn up using data from borehole S1. While the geological-geotechnical sections provided a detailed understanding
of the characteristics of the soil at specific points in the dumpsite area, the geophysics complemented this information
by offering a broader and more in-depth view of the behavior of the contaminants, helping to delimit the areas where
the masses of waste were deposited and correlating them with the electrical anomalies detected. The good correlation
between the electrical anomalies and the descriptions of the geological-geotechnical sections suggests that the electri-
cal properties of the natural soil and the dumpsite have been altered by the filling of the pores of this material by the
leachate from the decomposition of the waste. The development of electrical anomalies at depth, as seen on the map
with the distribution of electrical conductivity values between 15 and 30 m, suggests leachate infiltration at depth.The
soil present at the landfill was mainly characterized by silty-clayey sand and sandy-clayey silt and showed medium to
high permeability to the infiltration of water and percolated liquids. High permeability to air and rainwater infiltration
was also observed in laboratory analyses. This can increase biological activity and, consequently, speed up degradation;
however, it also increases the production of percolated liquids in the landfill; in a post-rain field measurement, production
reached 3600 L/h. Although the dumpsite has a layer of clay soil that can act as a natural impermeable barrier, as seen
in the geological-geotechnical sections, the waste disposal area is located on altered rock. In this way, the development
of contamination at depth can be aggravating since the fractures present in this rock can act as preferential flow paths
for the contaminant and result in the contamination of the aquifer and river located near the area.

The physical-chemical characterizations of the soils and groundwater were compared with the electrical anomalies
from the geophysical method (Fig. 8). Although concentrations of nitrogen (ammonia, nitrate and nitrite), total organic
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Fig.5 Electrical conductivity map of the depth from 0 to 15 m with the values normalized in relation to the background=15 mS/m. The
electrical conductivity anomalies were consistent with the dumpsite area

carbon, aluminum, arsenic, barium, lead, chloride, copper, chromium, iron, manganese, nickel, sulfate and zinc were
detected in the topsoil samples, they were all below the reference values adopted by the environmental agency of the
state of Sdo Paulo. However, values above those established by the USEPA (2015) were observed for the following param-
eters: aluminum, in samples Gw1 (11,100 mg/kg), S1 (8360 mg/kg), S3 (27,600 mg/kg) and S6 (10,100 mg/kg), with the
USEPA guideline value being 7700 mg/kg; arsenic, in samples S1 (694 mg/kg), S3 (438 mg/kg) and S4 (107 mg/kg), the
USEPA guideline value being 0.68 mg/kg; and iron, in samples Gw1 (13,600 mg/kg), S1 (12,400 mg/kg), S3 (37,800 mg/
kg), S4 (44,700 mg/kg) and S6 (12,500 mg/kg), the USEPA guideline value being 5500 mg/kg, all of which show contami-
nation associated with dump activity [37]. Aluminum, arsenic and iron are common elements in solid waste, especially
in discarded materials such as electronic products and industrial chemicals. When waste is deposited in dumps, these
elements can leach into the soil and groundwater, resulting in high concentrations, such as those observed in the sam-
ples mentioned.

Groundwater was sampled from the four wells installed for the study (Gw3, Gw4, Gw5 and Gw6) and the two old
wells (Gw1 and Gw). The readings of the physical-chemical parameters of the groundwater indicated pH values ranging
from 5.02 (Gwe) to 5.95 (Gw2), which is considered slightly acidic. The electrical conductivity readings varied greatly in
the wells sampled, from 0 uS/cm (Gw2) to 2.447 uS/cm (Gw4). Electrical conductivity is a reading of the amount of ions
dissolved in groundwater. According to Brazil’s main environmental agency (CETESB 2005), values above 100 puS/cm can
represent a qualitative indication of impacts on groundwater. Thus, the readings detected a large quantity of dissolved
ions and possible impacts on groundwater quality in wells Gw3 and Gw5. Oxy-reduction potential readings ranged
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Fig. 6 Electrical conductivity map of the depth from 15 to 30 m with the values normalized in relation to the background=15 mS/m. The
new electrical conductivity anomalies on this map were consistent with the presence of irregular occupations and the former waste dis-
posal area

from 36.7 mV (Gw2) to 174.5 mV (Gw5). At all the points sampled, the oxy-reduction potential showed positive values,
indicating an oxidizing environment.

In relation to the chemical characterization of groundwater in the dump area, 249 parameters were analyzed. Con-
centrations of ammonia nitrogen, total and dissolved organic carbon, total aluminum, chloride, total copper, total man-
ganese, total nickel, sulfate and total zinc were detected, but all lower than the reference values of environmental
agencies in Brazil and around the world, such as the Dutch List (DRF, 2009) and the Screening Levels (potability limits)
established by the USEPA [32]. However, concentrations of barium, nitrate nitrogen, nitrite, cyanide, iron and chloroform
were observed above the applicable guideline values. Sample Gw2 showed concentrations of barium (0.741 mg/L) and
nitrate nitrogen (46.4 mg/L) above the values established by Brazil's environmental agency (0.7 mg/L and 10 mg/L, respec-
tively, established by CETESB 2005). Barium concentration (0.906 mg/L) was also detected in sample Gw4 above the value
recommended by the same environmental agency. Nitrite concentration was detected in sample Gw6 (18.10 mg/L) and
iron in sample Gw3 (2.19 mg/L), both above the guideline value set by the USEPA (0.20 mg/L and 1.40 mg/L, respectively).

In addition, cyanide concentrations were detected in samples Gw4 (420.00 mg/L) and Gw3 (190.00 mg/L) above the
guideline value set by the USEPA (0.00015 mg/L). Finally, a concentration of chloroform was detected in sample Gw5
(16.8 pg/L), above the guideline value established by the USEPA (0.22 ug/L). The presence of nitrate nitrogen, nitrite and
cyanide in high concentrations can be attributed to the decomposition of organic materials present in the waste from the
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Fig.7 Electrical conductivity maps of the dumpsite area and the geological-geotechnical sections obtained from the boreholes and excava-
tions carried out in the area. The comparison between the maps and the sections showed the capacity of the non-invasive investigation to
determine the waste disposal area

dump, while the presence of barium, iron and chloroform at levels above the reference values may indicate the leaching
of these elements from the waste itself. The variations in electrical conductivity obtained by the geophysical method
helped determine the waste disposal area and that electrical anomalies were observed at depth, which suggested the
infiltration of leachate in the direction of the river (NE direction), which was proven by the presence of contaminants in
the wells downstream of the dump area.

Although the use of the geophysical method has significantly contributed to understanding the behavior of the
contaminant in the subsurface, this methodology does not completely replace the use of direct investigations, such as
geological boreholes and groundwater monitoring wells, which are widely used in studies to monitor and remediate
contaminated areas. These traditional techniques remain essential for collecting accurate and reliable data on under-
ground conditions and the extent of contamination. In addition, direct methods provide more detailed information on
the composition and structure of the soil, as well as serving as a reference to validate the geophysical results obtained.
However, as this study has shown, an integrated approach combining geophysical methods with traditional techniques
can provide a more comprehensive and accurate view of the contaminant in the study area, enabling more effective and
safer management of contaminated areas. In future studies aimed at improving the methodology applied in this study,
we suggest studies in controlled environments, such as operational dumps or landfills, which have a large amount of
information about the physical environment available, such as monitoring wells, different soil sampling points and, in
the case of landfills, information about the geometry and materials used in the construction of the project. This informa-
tion certainly helps in the understanding and interpretation of geophysical data and can enable correlations between
geotechnical, geoenvironmental and geophysical data.
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Fig. 8 Map of electrical conductivity from a depth of 0 to 15 m and the results of the chemical analysis of soil and groundwater samples in
the dump area. The results of the chemical analysis showed the presence and behavior of contamination in the study area, which was con-
firmed by the geophysical mapping

5 Conclusions

The vast majority of non-invasive geophysical landfill investigations are carried out using electro-resistivity methods.
However, using electromagnetic methods, such as the one proposed in this study, may represent an exciting methodol-
ogy for investigating inactive dumps with little information on the location and behavior of leachate contamination in
the area. In our work, we found that:

1. The shallower electrical conductivity map was consistent with the delimitation of the waste disposal area, proven by
the surveys and excavations carried out in the area. The historical aerial images also helped in this interpretation, as
well as allowing us to understand the possible reasons for the conductive electrical anomalies present in the deeper
electrical conductivity map, since we observed the presence of old irregular houses and waste disposal around the
dumpsite area.

2. Inaddition to providing a more comprehensive lateral view of the study area compared to traditional investigation
methods, the electrical conductivity maps suggest NE-oriented percolation at depth in the study area. The ground-
water monitoring wells and soil analyses showed the presence of chemical elements above those established by
Brazilian and international environmental agencies in this direction of water flow in the area.
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