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CONTAMINANTS IN SUSPENDED AQUIFER IN LEME CITY (BRAZIL)

Cesar Augusto Moreira1, Alan Carrara2, Lı́via Portes Innocenti Helene3, Marco Antônio Fontoura Hansen4,
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ABSTRACT. The assessment of contamination caused by improper disposal of solid waste involves integrated analysis of the physical environment, which shall

range from the location of the pollutant source, flow paths and accumulation zones. The environmental diagnosis in complex aquifer systems shall clearly define the

dimensions of the contaminated area by means of technical options that allow the adequate location of wells for quantification of contaminants. This work presents the
results of Electrical Resistivity Tomography (ERT) to map the leachate originated from the decomposition of organic matter contained in clandestinely buried residues.

Eight parallel lines were carried out in addition to one reference line, in an area defined from a satellite image history. The local geology consists of alternating centimetric
layers of siltstones and argillites, with lenses of fine carbonate sandstones, deposited in a shallow marine environment under the influence of fluvial sedimentation. The

analysis of the 2D inversion models based on the physicochemical characteristics of the leachate allowed the identification of individualized zones of electrical resistivity

values lower than the natural minimum for the area, which shall reflect the origin, flow and accumulation of leachate. 3D models and multilevel electrical resistivity maps
generated from the inversion models allowed for the detailing of low resistivity zones, which reveal leachate accumulation, disconnected and at various depths, located

in suspended aquifers composed by levels of fine cemented sandstones.

Keywords: contamination, leachate, electrical resistivity, suspended aquifer, 3D modeling.

RESUMO. A avaliação de contaminações provocadas pela disposição indevida de resı́duos sólidos envolve a análise integrada do meio f́ısico, que deve abranger
desde a localização da fonte poluidora, caminhos de fluxo e zonas de acumulação. O diagnóstico ambiental em sistemas aquı́feros complexos deve claramente definir

as dimensões da área contaminada por meio de opções técnicas que possibilitem a locação adequada de poços para quantificação de teores. Este trabalho apre-
senta os resultados de uso da tomografia elétrica no mapeamento de chorume proveniente da decomposição de matéria orgânica contida em resı́duos enterrados

de forma clandestina. Foram realizadas oito linhas paralelas além de uma linha de referência, em área definida a partir de um histórico de imagens de satélite.
A geologia local é constituı́da por camadas centimétricas alternadas de siltitos e argilitos, com lentes de arenito fino cimentado por carbonatos depositados em

ambiente marinho raso com influência de sedimentação fluvial. A análise dos modelos de inversão 2D baseada nas caracteŕısticas f́ısico-quı́micas do chorume,

permitiu a identificação de zonas individualizadas de resistividade elétrica inferiores ao mı́nimo natural para a região, que devem refletir origem, fluxo e acúmulo
de chorume. Modelos 3D e mapas multinı́veis de resistividade elétrica gerados a partir dos modelos de inversão, possibilitaram o detalhamento das áreas de baixa

resistividade, que revelam zonas de acúmulo de chorume independentes, desconexas e em diversas profundidades, situadas em aquı́feros suspensos constituı́dos
por nı́veis de arenito fino cimentado.

Palavras-chave: contaminação, chorume, resistividade elétrica, aquı́fero suspenso, modelamento 3D.
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INTRODUCTION

The generation of domestic residues with high contents of or-
ganic matter is something intrinsic to the present way of life of
populations of urban centers in countries under development such
as Brazil. Tropical conditions with heat and rain distributed along
the year enable the high quantities of fruit, leguminous and veg-
etables, set of foods that make up the basis of the eating habits of
the country (Christensen et al., 1994).

The abundance of food available to the poorest layers of the
population together with a wide net of logistics and distribu-
tion stimulated a culture of waste and discard of a substantial
part of the volume of produced food. This kind of discarded or-
ganic matter represents over 50% of the total waste generated in
households, with maximum exploitation of 3% of such material in
composting (Cempre, 2013; ABRELPE, 2014).

The main form of final destination of solid residues in Brazil
are the sanitary landfills (59%), controlled landfills or dumps
(41%), where the collection and final destination are responsi-
bility of the municipalities (IPEA, 2012; SNIS, 2013).

The dumps consist of a form of waste packaging character-
ized by their location in distant areas from the urban centers, the
absence of any collection systems for gas or liquids produced
by the decomposition of organic materials, absence of surface
cover devices or soil sealing or control on the proliferation of in-
sects, rodents or birds. On the other hand, the sanitary landfills
are designed for final housing of waste with the smallest pos-
sible environmental impact, through installation of basal water-
sealing system, launch and conformation of the materials based
on geotechnical criteria, collection of liquids and gases, atmo-
spheric insulation by soil covering and conformation for struc-
tural stability (Tchobanoglous & Kreith, 2002; Christensen, 2011;
Reddy, 2011).

The planning and operation of sanitary landfills are dependent
on a number of continuous licenses and supervision by State and
federal environmental agencies, with costs managed by the city
halls due to the absence of fees or taxes related to garbage. Like all
civil works, the sanitary landfill has a lifetime for use based on the
daily volume of waste stored and the usable area planned, which in
Brazil is on average 20 years (IPEA, 2012; SNIS, 2013). This sce-
nario, coupled with bureaucratic aspects that require some years
between the initial planning and the full operation of a sanitary
landfill requires long-term coordinated actions by the municipal
public managers in waste management (ABRELPE, 2014).

The negligence of the city halls in waste management, in some
cases, encourages the disposal of waste in inappropriate areas

without any planning, as in public areas for relief conformation or
fill of erosive features such as gullies. Such actions cause impacts
to the environment, such as soil and groundwater contamination
by products derived from the decomposition of organic matter
such as leachate (Lehr et al., 2001; Sara, 2003; Twardowska et
al., 2006).

The evaluation of contamination caused by improper disposal
of solid waste involves the integrated analysis of the physical
environment. The fundamental aspects necessary for the charac-
terization of such areas suggest geological and hydrogeological
studies (Hernández-Soriano, 2014; Yung-Tse et al., 2014).

The monitoring of contamination eventually present requires
the detection, characterization, monitoring and prognoses about
the flow of the contamination plumes generated on the ground
and their possible effects to ecosystems. Chemical analyses on
samples of soil and groundwater, characterized as direct forms of
research, are tools traditionally employed in the study of contam-
ination and necessary for the proposition of remediation tech-
niques. However, this kind of analysis presents timely character
and its evaluation is complex due to the discontinuities intrinsic
to the geological environment (Rubin & Hubbard, 2005; Knödel
et al., 2007).

The application of geophysical methods in environmental
studies, primarily in the characterization and monitoring of areas
impacted by contaminants, is ascending in face of the demand
for new techniques of environmental investigation, with empha-
sis on applications of Electrical and Electromagnetic methods in
several case studies (Meju, 2000; Chambers et al., 2006; Ab-
dullahi & Osazuwa, 2010; Dena et al., 2012; Belmonte-Jiménez
et al., 2012; Ramalho et al., 2012; Moreira et al., 2013, 2015,
2016; Ochoa-González et al., 2015; Arango-Galván et al., 2016;
Gómez-Puentes et al., 2016).

The possibility of large-scale data acquisition at a relatively
low cost allows a more accurate assessment of the environment,
especially when integrated with direct results of investigation,
although the geophysics is particularly relevant in the previous
diagnosis of potentially contaminated areas, for the definition of
targets for drilling, sampling and quantification of eventual pollu-
tant levels (Knödel et al., 2007; Milsom & Eriksen, 2011).

In this work, the DC Resistivity geophysical method was ap-
plied, through the technique of electrical resistivity tomography
(ERT), with the purpose of assessing the existence of zones of
flow or accumulation of leachate in hybrid aquifer (fractured and
suspended), resulting from the degradation of organic matter con-
tained in solid waste thrown erratically in public area in the mu-
nicipality of Leme, southeastern Brazil.
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LOCATION AND HISTORY

The study area is located in the extreme north of Leme (SP), North
Central region of the State of São Paulo, about 200 km far from the
capital São Paulo (Fig. 1) a town with an estimated population of
around 100,000 inhabitants and economy based on industry and
agriculture.

The city currently generates 35t/day of solid household waste,
collected and discarded by city hall agents. A temporary landfill
was opened in 1997 in Leme in face of requirements of the En-
vironmental Agency of the State of São Paulo (CETESB), through
a series of actions for conversion of dumps into sanitary landfills
in all municipalities in the State. The CETESB authorized the op-
eration of the area by a city’s commitment in the construction of a
definitive sanitary landfill, with all the technical specifications for
the minimization of impacts to the environment.

This area was used until it reached full capacity in 2009,
when the occupation of a nearby area was started until 2015,
when there was the definitive ban on use of the area by CETESB
due to the recurrent violation of several agreements of estab-
lishment of a technically suitable area for the installation of a
sanitary landfill.

Despite the availability of provisional areas during this pe-
riod, the improper disposal of household and construction waste
was a common practice in vacant lots located in the boundaries
of the municipality.

The study area was initially used for extraction of clay for a
nearby brick factory, through withdrawal by backhoe and load-
ing onto conventional trucks. The resulting cave became into use
after 2009 for illegal disposal of household solid waste and con-
struction materials such as bricks and tiles (Fig. 2).

In face of environmental preservation actions on the part of
municipal public managers, the same was completely filled with
waste in 2010. In an attempt to reduce the environmental impact of
the direct exposure of the waste and reduce the spread of insects
and rodents, the area was covered with soil and earth worked in
2011 (Fig. 2).

This procedure was part of a set of initiatives for elimination of
illegal waste disposal practices in the municipality, with definition
of fines and recovery of areas previously used in irregular ways.
One of the initiatives taken to the final disposal of construction
waste residues was the reuse and recycling of these materials in
the own municipality.

In the scope of these actions, the area of studies in this work
was assigned to private use and installation of a recycling com-
pany of civil construction waste, which started receiving materials

for crushing and direct sale of aggregates for use in concrete, in
addition to the manufacturing of bricks and cement floors (Fig. 2).

In 2016 the company operates in fully and search for the
technical and environmental certification of their activities and
produced materials, an initiative that justified the establishment
of a set of technical procedures for environmental diagnosis of
the area.

GEOLOGICAL CONTEXT

In the São Paulo State, the sedimentary and fractured aquifers
dominate, besides aquicludes (Iritani & Ezaki, 2009). The sedi-
mentary aquifers are composed by materials deposited by the ac-
tion of rivers, wind and sea, with circulation of fluids in pores
between mineral grains and high water production capacity and
are represented by the Guarani, Bauru, São Paulo, Taubaté and
Coastal aquifers. The fractured aquifers are formed by igneous
rocks and metamorphic rocks such as granites, gneisses, schists
and metalimestones, characterized by compact rocks and absent
of pores between minerals, with fluid circulation in cooling frac-
tures or structural discontinuities derived from tectonic stresses.
They are represented by the Serra Geral and Crystalline aquifers.
The Passa Dois aquiclude encompasses siltites, argillites, marls
and limestones rocks of the Irati and Corumbatáı formations, typ-
ically waterproof or with very low local transmissivity (Fig. 3).

The geological context of the place of studies is represented
by rocks of the Corumbatáı Formation, belonging to the Group
Passa Dois. This geological unit is characterized by argillites,
shales and reddish and purple siltites with intercalation of car-
bonate banks and layers of very thin sandstones dated from the
Permian/Triassic limit (Almeida et al., 1981; Rohn, 1994). In the
upper portion of this unit, there is a succession of siltite layers,
rhythmically alternating with thin laminates, with variable grain
between argillaceous and thin sandy in horizons and layers.

The most common sedimentary features are plain-parallel
stratification and crossed of low angle, corrugated marks and
bedding of the flaser type (Ramos & Formoso, 1975). Cracks
from dryness, cross-lamination, wavy marks and stromatolite
structures associated with oolitic limestones occur in a sub-
ordinate manner (Schneider et al., 1974). The mineral assem-
bly is primarily composed of quartz, illite, montmorillonite and
hematite, in addition to albite levels located and with genesis as-
sociated with diagenetic processes (Masson, 1997).

The sedimentary, faciological and fossiliferous structures
indicate that the Corumbatáı Formation is resulting from sed-
imentation in marine to epicontinental transitional environment
(Schneider et al., 1974). The sedimentation would have occurred

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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Figure 1 – Location of the study area (Adapted from Google Earth, 2016).

initially in relatively deep waters in the high seas, preferably in
the area of transition between the high seas and the beach line.
Marine regression events were alternated by frequent sea level
fluctuations that resulted in short regressive-transgressive cycles,
with recurrence of high sea deposits, transition zone and tidal
plains, primarily in sub-aqueous environment.

The seasonality between periods of rainy and dry climate is
the main hypothesis that justifies this alternation between silt and
clay layers. During periods of rainy weather there should occur
a great income of continental sediments in the intracratonic ma-
rine environment, with turbulence and sufficient energy for the
scattering of silt particles. The periods of dry climate should re-
sult in calm marine waters and decanting of particles of clay in
suspension.

As it is composed of predominantly fine sediments, its abil-
ity to supply water is quite low and with insufficient productivity
for the supply of large communities. In this way, it is regionally
called an aquiclude, although ranked locally as aquitard, due to
presenting fractures with certain water productivity (DAEE, 1982;
Iritani & Ezaki, 2009).

In the area of studies there is a rhythmic succession of siltites
and argillites of centimetric thickness and extensive lateral con-

tinuity. Clay levels feature intense vertical fracturing, relatively
limited at silt levels, with flow in fractured system. Locally thin
sandstone lenses occur impregnated by carbonatic cement which
makes this rock extremely massive and compact, with limited
lateral continuity between 8 to 15 m and forming suspended
multilevel aquifers (Fig. 3).

The alteration soil of the Corumbatáı Formation presents high
clay content and very low transmissivity, with average hydraulic
conductivity of 6.5×10–7 cm/s (Cottas, 1984).

MATERIALS AND METHODS

The DC Resistivity method is based on generating an electric field
by injecting an electric current (I) through metal rods, called the
transmitter circuit. The electric potential (ΔV ) produced by this
field is captured by a receiver circuit, which can also be repre-
sented by metallic rods or non-polarizable electrodes. Applying
Ohm’s Law the electrode spacing, represented by K factor, en-
ables measuring the apparent resistivity parameter (ρa) for vari-
ous depth levels (Milsom & Eriksen, 2011).

The electrical resistivity is an intrinsic property in soil and
rock, defined by current density over gradient of electrical poten-

Revista Brasileira de Geof́ısica, Vol. 35(3), 2017
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Figure 2 – History of use and occupation of the study area: public area without use in 2004, release of solid waste in 2010, ground coverage and earthwork of the
residues in 2011, cession of the area for the installation of civil construction residues crushing industry and situation in 2016.

tial. Resistivity changes an earth material, either vertically or later-
ally, produce changes in the relations between the applied current
and the potential distribution as measured at the surface, and re-
flect changes in composition, extent, and physical properties of
the subsurface materials. Properties that affect resistivity of a soil
or rock include porosity, water content, composition (clay mineral
and metal content), salinity of pore water, and grain size distribu-
tion (Milsom & Eriksen, 2011).

The works consisted of 9 lines of electric resistivity tomog-
raphy with 80 m in length each, for electrical resistivity readings
at various depths. It was adopted the Schlumberger array, with
spacing between electrodes of 2 m and 10 m and 13 m of spacing
between lines (Fig. 4).

The selection of this research method is based on the con-
trast of electrical properties between natural soil and a poten-
tial soil with leachate. The natural soil presents high resistivity

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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Figure 3 – Main aquifers in the State of São Paulo, highlighting the Passa Dois aquiclude, outcropping in the study area (Adapted from Iritani & Ezaki, 2009).

values, due to its quartz and other minerals. The definition of
the natural pattern of local resistivity was done from a reference
line on the access road to the area, positioned upstream of the
groundwater flow.

The geophysical equipment used was the Terrameter LS re-
sistivity meter, manufactured by ABEM Instrument (Sweden),
which consists in a single module of transmission and reception
of signals, automated from previous programming, with 250 W,
resolution of 1μV and maximum current of 2,5 A. It enables the
performance of spontaneous potential essays (SP), electro resis-
tivity (ER) and induced polarization (IP) by means of periodic cy-
cles of transmission and reception of signals, automated calcu-
lation of the contact resistivity and standard deviation from the
measurement set (ABEM, 2012). The equipment was calibrated
for injection in the soil of 100 mA current and 1s of transmis-
sion time.

The electrical tomography data were tabulated in a spread-
sheet editor, along with geographic coordinates and altitude in
each point, subsequently processed in the program RES2DINV
(Geotomo-Malaysia). The sections are presented in terms of dis-
tance × depth, with logarithmic graphic scale and intervals of
interpolation of color values.

The method of inversion by smoothing uses the mathemat-
ical method of least squares, and through it, the software rec-
ognizes the terrestrial subsurface as rectangular blocks that have
constant values for the investigated parameter (Loke, 2003). This
optimization aims to reduce the difference between the appar-
ent resistivity values, calculated and measured in the field, by
adjusting the resistivity of the block model, which difference
is expressed by the RMS error (Root Mean Squared) (Loke &
Barker, 1996).

The 2D inversion considered the basic procedures recom-
mended in the program manual, without using algorithms or spe-
cific filtrations. The individual analysis of 2D inversion models
allowed the definition of a range of logarithmic and representative
values of the set, which was adopted as a single scale to contribute
to a comparative analysis between 2D and 3D modeling.

The numeric product of a two-dimensional inversion of data
of each section was gathered in a single spreadsheet, which
unites the position of the readings along the lines (variable “x”),
spacing among lines (variable “y”), depth modeled by the inver-
sion (variable “z”) and the value of electrical resistivity (variable
“R”). This spreadsheet was used for the generation of 3D viewing
models, in a routine of basic steps adopted in mineral research.

Revista Brasileira de Geof́ısica, Vol. 35(3), 2017
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Figure 4 – Electrical resistivity tomography lines in the study area, highlighting the drainage located in the southern.

In this case, the sampling plan is frequently defined from statistic,
structural criteria, spatial placement of a mineral accumulation,
among others (Moon et al., 2006).

Thus, the 2D model sections were then exported from
RES2DINV and re-imported into the Oasis Montaj Platform
(Geosoft), in order to create a 3D visualization model for the
chargeability, without adjustment of topographic data. 3D visual-
ization models generated from geophysical data are of great help
in the understanding of complex geological structures in mineral
exploration and environmental studies (Aizebeokhai et al., 2011;
Houlding, 2012; Côrtez et al., 2016; Moreira et al., 2016; Vieira
et al., 2016).

RESULTS AND DISCUSSIONS
The analysis and interpretation of geophysical data must nec-
essarily be based on the temporal behavior of waste buried in
the area of studies. Inert waste such as plastics, paper or rubber
presents no risk of eminent or short term contamination. However,
the fraction of organic wastes contained in these materials goes
through physical and chemical changes under anaerobic condi-
tions, i.e. after the soil coverage and isolation from any atmo-
spheric contact (Themelis & Ulloa, 2007; Reddy, 2011).

This process occurs in three main phases (Christensen et al.,
1994; Vesilind et al., 2002; Tchobanoglous & Kreith, 2002). The
first stage occurs in oxidizing conditions, with degradation of the
organic matter by infiltration of rain water and generation of car-
bon dioxide, water, acids and release of mineral salts. The fall
in the rate of available oxygen provides the installation of reduc-
ing conditions that predominate in the later stages of degradation.
The action of fermentative bacteria results from the hydrolysis of
complex organic matter conversion in soluble molecules, sub-
sequently converted into simple organic acids, ethanol, carbon
dioxide and hydrogen. In the most advanced stage predominates
the generation of methane, organic acids and release of mineral
salts dissolved in water.

The main products of degradation of organic matter are
gaseous and liquid compounds. The biogas consists of methane,
carbon dioxide, sulphidric gas and water vapor, which tend to mi-
grate to shallower positions and escape to the atmosphere. The
leachate represents the liquid fraction, consisting of organic acids
(humic, fulvic, fatty), inorganic elements (Ca, Mg, Na, K, Fe, Mn,
Cl, NH+4 , SO2+4 , HCO−3 ), metals (Cd, Cr, Cu, Pb, Ni and Zn)
besides organic compounds derived from petroleum (Farquhar,
1989; Mara, 2003).

Brazilian Journal of Geophysics, Vol. 35(3), 2017
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The saline solution is fully miscible in water and initially
reaches the aquifer by gravity flow, subsequently conditioned
to the gradient of underground flow. In this sense, the possible
presence of leachate in the aquifer can be recognized due to in-
creased electrical conductivity (Meju, 2000; Knödel et al., 2007).

In this sense, zones of flow or accumulation of leachate in
the soil and groundwater should result in the fall of the resistiv-
ity values in relation to the natural pattern for the area. There-
fore, data analysis and data interpretation is based on the com-
parison between natural resistivity values obtained upstream of
the area investigated, and data obtained in the area suspected of
contamination.

The study area began receiving waste in 2010 and after 6
years of coverage and isolation from atmospheric contact by an
extremely clay soil, possibly predominate highly reducing condi-
tions, and the duration of anaerobic biodegradation.

The proximity of a drain on the southern edge of the area im-
plies in shallow groundwater level and conditions of partial sat-
uration of waste. In this sense, the local topographic boundary
clearly indicates a water flow from the aquifer free to the South,
with vertical migration in unsaturated zone of contaminants even-
tually generated in the waste, dissolution in the aquifer and flow to
the South. This hypothesis justified the planning of the electrical
resistivity tomography lines, programmed in order to intercept the
flow of contaminants in the area of studies to the drainage.

The field data were processed and generated inversion mod-
els in terms of electrical resistivity, consisting of sections with
distance and depth, with values between 1 Ohm.m (cool colors)
and 300 Ohm.m (warm colors).

The electrical resistivity inversion models resulted in sec-
tions with investigation depth of 15 m, grouped into sets that en-
able comparisons with the reference section, made upstream the
groundwater flow. This section allowed defining the minimum re-
sistivity standard natural to the free aquifer existent in the area,
value taken in comparisons with the other sections. The minimum
value described in the reference section was 11.5 Ohm.m.

A preliminary analysis of the results allows the recognition
of zones with electrical resistivity values below the minimum
recognized in the area (11.5 Ohm.m), up to the minimum of
1 Ohm.m. The saline character of the leachate is the main re-
sponsible for this pattern of resistivity, i.e., anomalous values to
the natural standard to materials in the area. These areas were
highlighted in the sections for higher clarity, along with the main
sources of generation of leachate and main lines of vertical flow
(Fig. 4).

The horizontal accumulation zones shall match the placement
of saline contaminants at the base of the free aquifer, which for the
sections obtained near the drainage (lines 1 and 2), correspond
to a maximum –7 m of deep.

In the sections of lines 3 to 7 vertical anomalous zones are
recognized connected with shallow sources and that reach the
base of the sections, indicating flow in vertical fractures system,
with clear continuity under –15 m of maximum depth of research
in this study. These areas shall represent area of slow flow and
accumulation of leachate in fractures (Fig. 4).

In order to demonstrate the lateral continuity of the anoma-
lous resistivity zones between rows, the inversion models were
interpolated in 3D visualization models and later allowed the gen-
eration of electrical resistivity maps for the depths of –1 m, –5 m,
–9 m and –15 m. Integrated to the models, 3D isosurface models
were also generated with the resistivity value of 5Ω.m (Fig. 5).

In –1 m of depth, high resistivity values predominate, only
with exception of one elongated track with lower value to the nat-
ural minimum for the area (11.5Ω.m). In the map for –5 m depth
low resistivity values predominate, with emphasis on two areas
with values below 11Ω.m. This trend is recurring on the maps
for the depths –9 m and –15 m, where areas of resistivity values
below 11.5Ω.m also occur.

Analysis of isosurface 3D models indicates that the bodies
of low resistivity are unrelated and are seated at different depths.
The shallower body features the base situated –2 m deep, while
the bodies outcropping at –5 m and –9 m feature the base lo-
cated –10 m deep. The maximum depth of investigation was lim-
ited to –15 m, but the zones of low resistivity initiated at this level
should continue in greater depths (Fig. 5).

The analysis of geophysical data in face of the local hydro-
geological context allows affirming that the leachate generated by
the degradation of organic matter buried in the area, presents ver-
tical migration in fractured aquifer system. However, the apparent
accumulation of leachate in pockets or contamination plumes at
–2 m and –10 m of depth shall be indicative of the existence of
thin sandstone lenses cemented and waterproof. The existence of
individual contamination plumes is another indicative of lenses of
small lateral continuity.

In exhibitions of surface outcrop it is possible to recognize
that such lenses have between 5 m and 10 m in length. Corum-
batáı Formation is a geological unit formed by the accumulation
of fine sediment in shallow and coastal marine environment.
In the extent where there was the gradual installation of desert
climatic conditions, occurs the increasing regression of the shore
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Figure 5 – Models of resistivity inversion of lines 1 to 8, highlighting anomalous areas in comparison to the standard reference.
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Figure 6 – Electrical resistivity maps for various depths (indicated in the top left corner), position of the electrical tomography lines and highlight of
anomalous zones (contaminated zones).
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line towards central portions of the marine environment. The ad-
vancement of meander drainage channels in the plain of tide al-
lowed for the random distribution of thin sandstone lenses in dry
beds, later submitted to carbonate cementation during diagene-
sis. The gradual evaporation of marine waters is succeeded by a
fluvial deltaic depositional environment, which originated a geo-
logical unit named Pirambóia Formation.

The genetic context and descriptive indications in rock out-
crops, combined with analysis of 3D visualization models and
associations with areas of accumulation of leachate from the de-
composition of organic matter contained in the buried waste, al-
low concluding the existence of fractured and suspended aquifer.
The vertical fractures in the alternating layers of mudstone and
siltstone allow the gravitational flow of fluids of superficial ori-
gin, while the fine sandstone cemented layers act as impermeable
layers and with depositional architecture of lenticular shape, re-
sponsible for the support of individually suspended aquifers.

CONCLUSIONS

The absence of minimum technical criteria in the final disposal
of household solid waste often causes damage to the environ-
ment and to nearby populations. The grounding and earthwork of
landfills for urban expansion is a recurring alternative in many
Brazilian municipalities, but that simply hides problems with
harmful consequences. By-products of the degradation of organic
matter accumulated in the buried residues and in the geological
environment significantly increase the risk of explosion and con-
tamination of groundwater.

The availability of a history of satellite imagery for the area
of studies provided an analysis of use and occupation of the
area. Subsequent earthworks have resulted in the current shaping
of the local relief and in the complete concealment of evidence of
buried waste. In this sense, the history of satellite images is an
efficient resource and of low cost in identifying priority areas for
detailed studies.

Geophysical surveys planned from this history of use and
occupation, geological criteria and behavior of contaminants in
the geological environment, allowed a glimpse of areas of flow
and accumulation of contaminants derived from the degradation
of organic matter contained in the buried waste. Analysis of
physicochemical properties of leachate and the review of works
on the application of geophysics in the study of contaminated ar-
eas, made it possible to define the most appropriate geophysical
method in terms of sensitivity in the definition of contrasts be-
tween the natural environment and potentially contaminated areas.

The acquisition of electrical resistivity tomography data in
regular mesh, 2D inversion processing and subsequent interpo-
lation in 3D visualization models enabled the generation of high-
resolution products. The use of geochemical data interpolation
techniques in 3D modeling of mineral deposits adapted to geo-
physical data modeling of 2D inversion, made possible the elab-
oration of multilevel maps of electrical resistivity and adjustment
of 3D isosurface models with anomalous value to the natural
pattern of the area.

The local topography is characterized by a slight slope in the
SW direction, with drainage in the lower portion of the area, a
condition that justified the orientation of the electrical tomogra-
phy lines. This topographic gradient on a sedimentary substrate
suggests at first a flow direction of contaminants from the highest
source areas for local drainage. However, evidence indicated by
3D geophysical modeling points to multilevel and restricted ar-
eas of flow in some points, contained in highly clayey geological
materials. It is possible to affirm the predominance of flow in a
fractured system, with a tendency of vertical movement limited to
the continuity and connectivity of the fractures.

The presence of lenses of massive cemented sandstone be-
tween layers of fractured argillite and silt characterizes the ex-
istence of a hybrid aquifer system, predominantly fractured but
with suspended aquifer in localized levels. This setting justifies
the gravitational flow of leachate through fractures and the accu-
mulation of discontinuous multi-level horizons. The definition of
this type of system only by means of monitoring wells would re-
quire a detailed and costly network.

The alternative of geophysical detailing by electrical tomog-
raphy enabled the definition of specific targets for installation of
sampling points and quantification of levels, in addition to serving
the planning of optimized remediation system with high probabil-
ity for the recovery of contaminated areas in the short term.
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USP Série Cient́ıfica, 13: 2–34.

MOREIRA CA, MUNHOZ T, CAVALLARI F & HELENE LPI. 2015. Electrical
resisitivity to detect zones of biogas accumulation in a landfill. Geof́ısica
Internacional, 54: 353–362.

Revista Brasileira de Geof́ısica, Vol. 35(3), 2017



�

�

“main” — 2018/8/30 — 15:49 — page 225 — #13
�

�

�

�

�

�

MOREIRA CA, CARRARA A, HELENE LPI, HANSEN MAF, MALAGUTTI FILHO W & DOURADO JC 225

MOREIRA CA, LAPOLA MM & CARRARA A. 2016. Comparative analyzes
among electrical resistivity tomography arrays in the characterization of
flow structure in free aquifer. Geof́ısica Internacional, 552: 119–129.
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In: Congresso Brasileiro de Geologia, 28., 1974, Porto Alegre. Anais...
São Paulo, Brazil. Sociedade Brasileira de Geologia, 1: 41–65.

SNIS – SISTEMA NACIONAL DE INFORMAÇÕES SOBRE SANEA-
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