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RESUMO

O presente trabalho, intitulado “Hidrogeofisica e residuos sélidos urbanos: estudos de casos
em aterros sanitarios na porcao sul do sistema aquifero Sdo Sebastido, RMS/BA” apresenta 0s
resultados da pesquisa de doutoramento do discente Rogério de Jesus Porcilncula, em
atendimento aos requisitos do Programa de Pds-Graduacdo em Geologia, da Universidade
Federal da Bahia, sob orientacdo do prof. Dr. Luiz Rogério Bastos Leal. Foram produzidos
dois artigos cientificos publicados na Brazilian Journal of Geophysics, a saber: (i) o primeiro,
intitulado “Caracterizag¢do geoelétrica para implantagdo de aterro sanitario, em Simdes Filho,
Bahia, Brasil”, foi constituido de 12 sondagens elétricas verticais, 02 sondagens SPTs e 01
sondagem geoldgica. As inversdes unidimensionais apresentaram erro médio de 4,1%, e as
bidimensionais, de 5,7%. Os facies geo-elétricos de menores valores foram atribuidos a
ocorréncia entre a fracdo siltica a argilosa, e de maiores valores, a ocorréncia entre a fragdo
siltica a arenosa. O modelo hidro-estratigrafico alcancado leva a interpretacdo de que o
aquifero local é do tipo confinado, representado por uma sucessdo de camadas arenosas e
argilosas intercaladas em contato subhorizontal. A &gua subterrdnea ocorre em camadas
permoporosas, a partir da cota entre 40 a 50 m, aproximadamente. Nos primeiros 10 m de
profundidade, os solos séo classificados como médio a rijo; e (ii) o segundo artigo, intitulado
“Caracterizacdo hidrogeofisica do sistema aquifero Marizal — Sdo Sebastido, no entorno do
aterro sanitario LIMPEC, municipio de Camagari, Bahia, Brasil”, revelou a ocorréncia de uma
anomalia condutiva, possivelmente atribuida a pluma de contaminacgdo, dispersa na zona
saturada, apresentando sentido de conveccdo na direcdo SSE. As inversdes unidimensionais
permitiu interpretar o padrdo estratigrafico. As inversdes bidimensionais tiveram erro médio
inferior a 2%, e confirmaram a ocorréncia de possiveis plumas de contaminacdo disseminadas
na zona ndo saturada e dispersas na zona saturada. Os facies geoelétricos de maiores valores
de resistividade foram atribuidos a Formacdo Séo Sebastido, os de valores intermediarios, a
Formacdo Marizal, e menores valores, a plumas de contaminacdo e/ou eventuais ocorréncias
de silte/argila. Os pardmetros porosidade, condutividade hidraulica e transmissividade foram
estimados serem entre 19,2 a 34,2%, 0,11 a 3,37 x10° cm/s e 4,7 a 1456 m2/d,
respectivamente; e a vulnerabilidade do aquifero livre local foi classificada como alta.

Palavras-chave: Método geoelétrico, Hidrogeologia, Caracterizacdo geoambiental



ABSTRACT

The present work, entitled “Hydrogeophysics and solid urban waste: case studies in landfills
in the southern portion of the S&o Sebastido aquifer system, RMS / BA” presents the results of
the doctoral research of student Rogério de Jesus Porciuncula, in compliance with the
requirements of the Pos-graduate Program in Geology, Federal University of Bahia, under the
academic guidance of prof. Dr. Luiz Rogério Bastos Leal. There were two scientific articles
published in Brazilian Journal of Geophysics: (i) the first, entitled “Geoelectric
characterization for landfill implantation, in Simdes Filho, Bahia, Brazil”, was made up of
twelve vertical electrical soundings, two SPT soundings and one geological sounding
composed the quantitative surveys and techniques used. Unidimensional inversions presented
mean error of 4.1%. Bidimensional inversions presented 5.7% mean error. Lower-value
geoelectrical facies were attributed to occurrences between the silt and clay fraction, while
higher-value facies corresponded to occurrence between the silt and sand fraction. The
hydrostratigraphic model included a confined aquifer, represented by a succession of
alternating sandy and clay-rich layers with subhorizontal contact. Moreover, water occurred in
permeable porous layers, between depths of 40 and 50 m, approximately. Regarding the
degree of compactness, soils were classified as medium to hard; and (ii) the second article,
entitled “Hydrogeophysical characterization of the Marizal - S&o Sebastido aquifer system in
the surrounding of the LIMPEC sanitary landfill, municipality of Camagari, Bahia, Brazil”,
revealed the occurrence of a conductivity anomaly, possibly attributed to the contamination
plume, dispersed within the saturated zone, and presenting a SSE convection direction. The
one-dimensional inversions allowed to interpret the stratigraphic model. The two-dimensional
inversions produced inverted geoelectrical profiles, with a mean error below 2%, and
confirmed the occurrence of possible contamination plumes disseminated within the
unsaturated zone and dispersed within the saturated one. The geoelectrical facies with the
highest resistivity values were related to the Sdo Sebastido Formation, with intermediate
values to the Marizal Formation, and the lowest values to contamination plumes and/or
eventual occurrences of silt/clay. The porosity, hydraulic conductivity and transmissivity
parameters were estimated to be between 19.2 to 34.2%, 0.11 to 3.37 x10-3 cm /s and 4.7 to
145.6 m? / d, respectively; and the vulnerability of the local free aquifer was classified as
high.

Keywords: Geoelectrical method, Hidrogeology, Geoenvironmental caracterization
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CAPITULO 1

INTRODUCAO GERAL

Hidrogeofisica € um campo de pesquisa multidisciplinar o qual utiliza a Geofisica no
estudo de processos e parametros hidrogeolégicos (NWAKWOALA & UDOM, 2008; BINLEY
et al., 2010). A sua aplicabilidade ascendeu nos anos 90 e, cada vez mais, vem se tornando
relevante em estudos de caracterizacao qualitativa e quantitativa de aquiferos. Uma variedade
de métodos geofisicos pode ser utilizada para fins hidrogeoldgicos, porém, os métodos
geoelétricos possuem destaque. Além de serem néo invasivos, oferecem reducgéo de custos
operacionais, maior volume de obtencéo de dados e informagdes em espaco e tempo.

No tocante aos residuos solidos - substancias ou materiais descartados resultantes de
atividades humanas em sociedade (BRASIL, 2010), o maior problema pode surgir a partir de
como esses residuos sao destinados, podendo vir a contaminar o subsolo e aguas
subterraneas. Dessa forma, a Hidrogeofisica pode contribuir na busca de informactes
essenciais para o0 auxilio da gestdo e de tomadas de decisdo referente ao meio
hidrogeoldgico.

Para a maioria dos centros urbanos, a questéo da disposicao final de residuos sélidos
€ um problema recorrente. Conforme a Lei Federal 12.306 de 2010, que instituiu a Politica
Nacional dos Residuos Sélidos, e que estabelece que os municipios adotem a modelos mais
sustentaveis em substituicdo aos lixdes e/ou aterros controlados, é de responsabilidade e
atribuicdo dos mesmos destinarem os residuos solidos gerados de maneira adequada e em
local apropriado.

Dentre as técnicas de destinacdo de residuos, a de destinacdo em aterros sanitarios
€ uma das mais seguras e eficazes, a mais adotada nos paises do mundo, e a que apresenta
melhor custo-beneficio. Tais estruturas — aterros sanitarios, configuram-se, de modo geral,
como uma obra de engenharia projetada sob critérios técnicos, de forma a garantir a
destinacgédo final dos residuos sem danos a saude publica e ao meio ambiente (ABNT NBR
8419).

Se por um lado os aterros sanitarios podem servir para mitigar alguns dos problemas
ambientais relacionados a disposi¢ado inadequada de residuos soélidos, por outro lado, podem
se configurar como potenciais fontes de poluicao do ar, solo, subsolo e de aguas superficiais
e subterraneas, além do meio bibtico, exigindo assim estudos de avaliacdo e bom
gerenciamento, além de monitoramento ambiental e geotécnico do meio ao qual este tipo de

empreendimento esta instalado. Nesse sentido, alguns métodos geofisicos, a exemplo os
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elétricos e eletromagnéticos, podem se configurar como excelentes ferramentas para
avaliacdo e caracterizacdo dessas areas.

Cavalcanti et al (2001) realizaram um estudo geofisico elétrico prévio, na regido do
Aterro Metropolitano Centro, de Salvador/BA, para caracterizacao hidrogeoldgica do terreno;
Elis e Zuquette (2002) apresentaram e discutiram resultados de estudos de ensaios
geoelétricos realizados em uma area de disposi¢cdo inadequada de residuos sdlidos, na
cidade de Ribeirdo Preto/SP; Grellier et al. (2007) realizaram um estudo no aterro sanitario de
Orchard Hills, llinGis, USA, no qual correlacionaram medidas de resistividade elétrica a
umidade da mistura de residuos; Moreira et al. (2011) a partir de monitoramento geoelétrico
anual sobre valas de residuos, constataram que 0s residuos apresentam aumento progressivo
da resistividade em funcdo do seu tempo de residéncia; Bortolin e Malagutii (2012) realizaram
um monitoramento temporal da pluma de contaminagédo no aterro de residuos urbanos da
cidade de Rio Claro/SP; Porcitncula e Lima (2012) caracterizaram o meio hidrogeoldgico e
dimensionaram uma pluma de contaminacdo proveniente das atividades de um posto de
combustiveis e servicos, no municipio de Alagoinhas/BA; Foti (2013) exemplificou uma
variedade de aplicacdes que integram métodos geofisicos para reconstrucdo do modelo
geoambiental e geotécnico de sitios diversos; Farhana et al (2016) constataram que a
resistividade elétrica dos residuos é inversamente proporcional a heterogeneidade do
conteudo da mistura. Outros estimaram parametros hidrodindmicos de aquiferos: NIWAS e
SINGHAL (1981 e 1985); Mazac et al (1985); Yadav (1995); Soupios et al (2007); Massoud et
al (2010); Niwas et al (2011); ljeh e Onu (2012); Okiongbo e Akpofure (2012); Utom et al
(2012); Arulprakasam et al (2013); Anomohanran (2015). Porcitncula e Leal (2019), a partir
de sondagens elétricas verticais, geotécnicas e geoldgicas, caracterizaram geoldgico-
geotecnicamente uma éarea planejada para implantacdo de células de destinacdo final de
residuos sélidos urbanos, no municipio de Simdes Filho, Bahia, sobre o sistema aquifero Sao
Sebastido, nas imediacbes da borda leste da Bacia do Recdncavo. Também sobre o sistema
aquifero Sao Sebastido, Porcitncula e Leal (2020) realizaram um estudo geoelétrico no
entorno de um aterro sanitario em operagédo no municipio de Camacari, Bahia. Os resultados
permitiram identificar plumas de contaminagdo na zona néo-saturada e saturada , inferir o
sentido do fluxo hidrico subterraneo, avaliar a vulnerabilidade do aquifero e estimar
parametros hidrodindmicos do mesmao.

Este trabalho teve o intuito de apresentar algumas aplicacdes da Hidrogeofisica em
estudos referentes a questdo dos residuos solidos urbanos, além de fomentar seu uso na
abordagem hidrogeolégica, de modo a contribuir no planejamento e gestdo do meio ambiente.
Dessa forma, dois estudos de casos foram realizados respectivamente nos municipios de
Simdes Filho e Camacari, que apresentam os maiores numeros de habitantes dentro da

Regido Metropolitana de Salvador (RMS) sobre o sistema aquifero Sdo Sebastido, e que
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teoricamente produzem os maiores volumes de residuos. O primeiro estudo de caso tratou
caracterizar o meio geoldgico-geotécnico a partir da integracdo de sondagens geoelétricas,
sondagens geotécnicas (SPT) e geoldgica, numa area projetada para implantacéo de células
de disposicdo de residuos soélidos urbanos. O segundo, de realizar o diagnostico e
monitoramento geoambiental, avaliar a vulnerabilidade e estimar parametros hidrodinamicos
do sistema aquifero Marizal-Sdo Sebastido, no entorno do aterro sanitario LIMPEC, a partir
da utilizacdo do método geoelétrico, associado a dados de pocos de monitoramento e
informacg0des geoldgicas de superficie.

O objetivo geral deste trabalho foi caracterizar o ambiente geoldgico-geotécnico e
hidrogeoldgico a partir da integracdo do método geofisico geoelétrico a métodos diretos, de
modo a contribuir com o incremento do conhecimento sobre o aquifero Sdo Sebastido e
fomentar alternativas ndo convencionais para estimativa de parametros hidrodinamicos. Ja os
objetivos especificos consistiram em estabelecer a espessura e profundidade de camadas; a
profundidade do nivel freatico; a configuracéo do fluxo hidrico subterraneo; a identificacéo e
mapeamento de falhas/fraturas geoldgicas; a distin¢ao relativa entre litologias; o imageamento
de plumas de contaminacdo e estimativa da porosidade, condutividade hidraulica e

transmissividade.

Dessa forma, tentou-se responder a algumas perguntas:

¢ Onde e de que forma a Hidrogeofisica pode contribuir na questdo dos residuos sélidos
urbanos?

e Como se da o modelo hidroestratigrafico do sistema aquifero S&o Sebastido nas
regides de estudo?

e A area planejada para implantacdo de células de destinagdo final de residuos é
hidrogeologicamente favoravel?

e O aterro sanitario em operacao exerce impactos ao subsolo e aquifero local?

e Como forma alternativa, € possivel estimar parametros de aquiferos de modo nao

convencional, utilizando a Hidrogeofisica?
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CAPITULO 2

ARTIGO 1 - GEOELETRIC CARACTERIZATION FOR
IMPLANTATION A LANDFILL, IN SIMOES FILHO, BAHIA,
BRAZIL

ABSTRACT

The present study brings the results from the integration of applying a geoelectrical method
and direct investigation methods in the qualitative and quantitative characterization of the
geological-geotechnical environment. The purpose was to establish a local hydrostratigraphic
model, in order to survey information that would aid in the implementation of cells for the final
destination of urban solid waste over the sediments of the S&do Sebastido Formation, in Simdes
Filho, Bahia, Brazil. Twelve vertical electrical soundings, two SPT soundings and one
geological sounding composed the quantitative surveys and techniques used. Unidimensional
inversions presented mean error of 4.1%. Bidimensional inversions presented 5.7% mean
error. Lower-value geoelectrical facies (<1,000 Ohm.m) were attributed to occurrences
between the silt and clay fraction, while higher-value facies (> 1,000 Ohm.m) corresponded to
occurrence between the silt and sand fraction. The hydrostratigraphic model included a
confined aquifer, represented by a succession of alternating sandy and clay-rich layers with
subhorizontal contact, often laterally truncated, with at least two thick layers of clay occupying
the first 100 m in depth. Moreover, water occurred in permeable porous layers, between depths
of 40 and 50 m, approximately. Regarding the degree of compactness, soils were classified as

medium to hard.

Keywords: final waste disposal cells, geoelectrical method, hydrostratigraphic model.
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RESUMO

O presente estudo traz os resultados da integracdo do método geo-elétrico a métodos diretos
de investigacdo, utilizados para caracterizagcdo qualitativa e quantitativa do ambiente
geoldgico-geotécnico. O propasito foi estabelecer o modelo hidro-estratigréfico local, de modo
a levantar informacdes que auxiliem na implantacédo de células de destinacéao final de residuos
sélidos urbanos sobre os sedimentos da Formacao S&o Sebastido, no municipio de Simdes
Filho, Bahia. 12 sondagens elétricas verticais, 02 sondagens SPTs e 01 sondagem geolégica
compuseram 0 quantitativo de ensaios e técnicas utilizados. As inversdes unidimensionais
apresentaram erro médio de 4,1%. As inversfes bidimensionais, de 5,7%. Os facies geo-
elétricos de menores valores (<1000 Ohm.m) esté@o atribuidos a ocorréncia entre a fragédo
siltica a argilosa, e de maiores valores (>1000 Ohm.m), a ocorréncia entre a fracéo siltica a
arenosa. O modelo hidro-estratigrafico inclui um aquifero do tipo confinado, representado por
uma sucessao de camadas arenosas e argilosas intercaladas em contato subhorizontal, por
vezes truncadas lateralmente, com no minimo duas camadas espessas de argila nos
primeiros 100 m de profundidade, e ocorréncia de 4gua, quando em camadas permoporosas,
entre as cotas de 40 a 50 m, aproximadamente. Quanto ao estado de compacidade, nos

primeiros 10 m de profundidade, os solos sao classificados como médio a rijo.

Palavras-chave: células de disposicdo final de residuos, método geoelétrico, modelo

hidroestratigrafico.



INTRODUCTION

The issue of final disposal of solid
waste is a recurring problem in most urban
centers. It is a matter of concern because
of the way in which this waste is disposed
and how the places that receive them are
managed. Landfills are a type of solid waste
management system still adopted in many
countries. In Brazil, Federal Law No.
12,306 of 2010, which implemented the
National Policy on Solid Waste, established
that Brazilian municipalities should use
more sustainable models for the final
disposal of their waste, replacing dumps
and/or controlled landfills as a measure for
environmental protection. If on the one
hand, landfills partly solve some of the
environmental  problems related to
inadequate disposal of solid waste, on the
other, they can represent potential sources
of pollution, affecting the air, soil, subsail,
surface water, groundwater and biota.
Thus, this system requires studies that
evaluate and characterize the
environmental conditions in which this type

of enterprise will be implemented.

Cavalcanti et al. (2001) conducted a
previous electrical geophysical study in the
region of the Aterro Metropolitano Centro
landfill, located in Salvador/BA, for the
hydrogeological characterization of the
terrain; Elis and Zuquette (2002) presented
and discussed the results of geoelectrical
surveys conducted in an area of inadequate
disposal of solid waste in the municipality of
Ribeirdo Preto/SP; Grellier et al. (2007), in
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turn, conducted a study on the Orchard
Hills landfill, Illinois, USA, in which they
correlated measurements of electrical
resistivity to moisture in the waste mixture;
Moreira et al. (2011), based on an annual
geoelectrical monitoring survey regarding
waste ditches, found that this residue
presented a progressive increase in
resistivity due to its residence time;
Porcitncula and Lima (2012) characterized
the hydrogeological environment and
measured the contamination plume from
activities of fuel and service stations in the
municipality of Alagoinhas/BA; Foti (2013)
exemplified several applications that
integrate geophysical methods for the
reconstruction of geoenvironmental and
geotechnical models of different sites;
Farhana et al. (2016) observed that the
electrical resistivity of waste is inversely
proportional to the heterogeneity of the

content of the mixture.

The objective of the present study
was to characterize the geological-
geotechnical environment based on the
integration of a geoelectrical method and
direct investigation methods, in an area
projected for the implementation of urban

waste disposal cells.
STUDY AREA

The study site, the municipality of
Simdes Filho, is located in the Recdoncavo
Basin, state of Bahia, between UTM
coordinates (WGS-84S) 561800 to 564000
(longitude) and 8592400 to 8593800



(latitude). Figure 01 shows the location and
general setting of the study site. The cell
polygons, main accesses and position of
the survey points are also illustrated in this

figure.

Geologically, the study area is
situated over the sediments of the S&o
Sebastido Formation (Lower Cretaceous,
Barremian-Aptian). These  sediments
consist of quartzose sandstones that are
poorly selected, yellow-reddish in color,
friable, feldspathic, and interleaved with
variegate clays rich in silt (Ghignone,
1979). The area hosts the largest reservoir
of groundwater in the Recéncavo Basin, the

S&o Sebastido aquifer.

Outcrops of the S&o Sebastido
Formation are locally observable from road
cuts. Some of these outcrops are presented
in Figure 02. They indicate that the
sandy/silt-rich and clay-rich/silt-rich layers
(centimetric to metric) are alternated in
subhorizontal contact (Figures 02A, B, C
and D), presenting lateral (Figure 02 D)
and tilted variations, occasionally, as noted
by the altimetric difference of the interfaces
between layers A and B identified in
Figures 02C and D. Both photographs
were taken from the same spot, in

diametrically opposite directions.
THE GEOELECTRICAL METHOD

Geophysical surveys were
conducted using the geoelectrical method,
which aims to investigate variations in

subsurface resistivity (Koefoed, 1979). This
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method can be broadly applied: in
hydrogeology and  geoenvironmental
studies for investigations on the depth of
the saturated zone, mapping of
contamination plumes, placement of wells,
determination of underground flow,
monitoring of saline wedge; in geotechnical
studies for mapping faults, fractures,
cavities, fresh rock, thickness of the
weathering mantle, to assist in the
implementation of enterprises and utilities
such as landfills, fuel stations, tunnels and
bridges; in geology for the identification of a
stratigraphic model, width of layers,
mapping of lithologic contacts and

geological structures.

The procedure basically consists on
introducing by means of an artificial source
and electrodes an electrical current in the
terrain, followed by the measurement of the
difference in electrical potential obtained
(Telford, 1990). After the data collected are
treated and processed, it is possible to
determine subsurface resistivity. Results
are expressed in the form of curves, maps,
profiles and/or sections that, through their
interpretation, supply information on

subsurface geoelectrical behavior.
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Figure 01 — Location and setting of the study area. The cell polygons and position of the survey points considered in the present study are

highlighted.



Figure 02 — Photographic records of outcrops of the Sdo Sebastido Formation adjacent to the study area. Sandy strata are generally
interleaved with clay-rich strata, in subhorizontal contact.
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METHODOLOGIES

Direct geological methods (surface
geologic mapping and geotechnical and
geological soundings) and indirect
investigation through the geoelectrical
method were integrated in the present

study.

Geologic mapping was conducted
previously and comprised field visits to
observe lithologic, structural and
geomorphological elements. Visual-tactile
analyses, photographic records,
measurements of direction and structural
attitudes, and survey of hydrogeological
attributes were the main procedures

adopted during this stage of the study.

Soundings were conducted based
on the Braziian norm ABNT/NBR
15,492/2007, using mechanized auger and
probe. The material excavated underwent

tactile and visual analysis for geologic

description, following ABNT/NBR
6,502/1995.
The geoelectrical acquisition

campaign was conducted over the course
of the month of November 2017, using
vertical electrical sounding (VES) with
Schlumberger electrode configuration. The
instruments used in the field encompassed
basically: a transmitting unit, which allows
the supply of output tensions of the order of
up to 1,000 V, associated with a
milliammeter, where the injected electrical
current is read, fed by a 12 V battery; and a

receptor unit, millivoltmeter; as well as
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cables, reels and non-oxidizable
electrodes that are interconnected and
arranged over the surface of the terrain

investigated.

The VES centers and the position of
the electrodes in the geoelectrical profiles
were taken using UTM coordinates with a
geodesic GPS.

The data surveyed were registered
in tables, treated in spreadsheets,
interpolated and submitted to
unidimensional and bidimensional
inversion, generating apparent resistivity
profiles and maps and inverted sections of
true resistivity, which model the geological-
assessed

geotechnical environment

qualitatively and quantitatively.

Unidimensional inversions were
conducted using the program RESIST
successively, creating an initial model with
estimates on the number, width and
resistivity of layers obtained per automatic
inversion carried out in RES1D. In this
option, the program conducts the inversion
generating an equal number of layers to the
number of points measured that compose
the VES. An initial model for the final
inversion in RESIST was constructed by
grouping layers of resistivity that were close
to each other, considering a lower number
of layers. Bidimensional inversions were
conducted using the program RES2DINV
applying the least squares method and
considering the altimetric heights of the

geoelectrical sounding centers.



RESULTS OBTAINED

Figure 03 illustrates an example of
an SPT sounding profile, which was carried
out before the geoelectrical surveys. Note
that the profile is located within the polygon
of the future cells, in lower terrains of the
study area. Moreover, it contains
information on the type of material and rate
of resistance to penetration, obtained by
inserting a sampler through successive
strikes with a hammer weighing 65 kg, in
free-fall from a height of 75 cm. The graph
showing resistance to penetration in
function of the depth marked by the blue
line corresponds to the sum of strikes
needed to insert the sampler into the initial
30 cm, while the red line represents the

amount for the final 30 cm.
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Figure 03 — Percussion sounding (SPT
02).

The sounding demonstrated that,
over the first 10 m in depth, the soil is
predominantly rich in clay and silt, reaching
an impenetrable substrate at approximately
11 m in depth, no reaching the water level.
The mean rates of initial (Ni) and final (Nf)
resistance to penetration were 12.2 and
16.4, respectively. The classification for the

soil, considering state of compactness and
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consistency, according to ABNT
6,484/2001, was that of soils predominantly
composed of clay and silt, varying between
medium and hard.

The inflexion and concavity of VES
01 (Figure 04), conducted in the upper
quotas, were turned upwards. This
configuration is attributed to the possible
occurrence of a clay-rich/silt-rich layer, at 8
m in depth, measuring at least 25 m in
thickness. This layer was mapped in SPT,
being impenetrable at 10 m in depth. In
turn, VES 04 (Figure 05), located in
topographically lower portions, presented
two inflexion points, which suggests the
occurrence of two possible clay-rich/silt-
rich layers interleaved with sandy/silt-rich
layers. The occurrence of the clay-rich
layer, at times silt-rich in nature, identified
in the SPT soundings until approximately
10 min depth, is marked by a curve descent
due to the decrease in resistivity that it
promotes. Moreover, it presents ascendant
terminality,

indicating  proximity  to

electrically more resistant horizons,
suggesting basal sandy substrate. The
mean error, considering the 12
unidimensional inversions was  of
approximately 4.1%. The interval varied
between 2.3 and 6.8%. Only one VES

exceeded the error of 5%.
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Figure 05 — Vertical electrical sounding (VES
04).
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Figure 07 — Vertical electrical sounding (VES
09).

Generally, geoelectrical facies with
greater values, signaled in warm colors (red
to orange; > 1,000 Q.m), correspond to
materials with greater predominance of silt
and sand fractions. In turn, the geoelectrical
facies with lower resistivity values (signaled
in colors from green to blue; < 1,000 Gm)
correspond to materials that are relatively
richer in dry silt and clay. These can be
shales and silt-rich clays.

01, with SSW-NNE

orientation, taken from the slope direction,

Profile

crossing the region of Cell 01, allowed the
imaging of a thick layer of clay, which
occurs from near the surface to depths
beyond those presently investigated. This
layer was confirmed through SPT sounding
profile 01 until 11 m in depth, which was the
point when depth became impenetrable.
Moreover, the layer is associated with silt
and presented a mean rate of resistance to
penetration of 14 strikes, considering the
first 10 m.
Moreover, higher terrains were
shown to have a relatively more resistive

(Profile 03) geoelectrical signature, while
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terrains in lower altitudes presented a more

conductive signature (Profile 04).
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Figure 08 — Bidimensionally inverted profiles and interpretative geological section based on the aligned VES profiles, corresponding to cells 01

(A and C) and 02 (B and D).



Two schematic sections were
constructed based on the results of the uni
and bidimensional inversions integrated to
information from the geotechnical and
geological soundings (Figures 08C and
08D), which characterize the study area
regarding interpretation. Section 01,
composed of VES 03, 01, 02 and 04, cuts
across approximately the center of the area
of Cell 01 in the slope direction. In turn,
section 02, also in the slope direction,
partially cuts the polygonal area of Cell 02.
Both sections indicate a confined aquifer
model, with sandy to silt-rich layers
interleaved with clay-rich/silt-rich layers, in
subhorizontal  contact, with lateral
variations and discontinuities of these

layers.
CONCLUSIONS

The integration of a geological-
geotechnical characterization, conducted
with geoelectrical geophysical surveys, and
direct soundings, yielded relevant
information for the planning of urban solid
waste disposal cells in a landfill. Moreover,
the investigation served as a background
survey of the geoelectrical behavior of the
area before the implementation and
operation of this enterprise in the
municipality of Simdes Filho, metropolitan
region of Salvador, Bahia. The SPT
soundings indicated that the first 10 m of
soil is predominantly composed of silt and
clay and characterized as having medium
to hard

compactness, becoming

impenetrable at approximately 11 m. The
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unidimensional  inversions of VES
presented mean error of 4.1% and
indicated that the clay-rich layer in the SPT
soundings extends to depths of the order of
20 to 30 m in the area of the cell polygons.
The inversions also showed that the
stratigraphic pattern in the first 100 m is of
alternated clay-rich and sandy to silt-rich
layers, with at least two thick layers of
clay/shale. The bidimensional inversions
reached approximately 35 m and presented
mean error of 5.7%. They presented
contrasting electrical resistivity values, of
the order of tens to thousands of Ohm.m,
varying laterally and vertically. Lower
electrical resistivity values predominated
the lower terrains, while relatively higher
terrains showed predominance of higher
values. The facies of lower values (< 1,000
Ohm.m) were attributed to the occurrence
of a silt to clay fraction, while higher values
(> 1,000 Ohm.m) were attributed to a silt to
sand fraction. The piezometer profile of 95
m installed confirmed and optimized the
model of interleaved sandy to clay-rich
layers. Thus, the integration of the data and
results indicate a confined aquifer model,
composed of successive sandy to clay-rich
layers, with occasional occurrence of silt,
interleaved in subhorizontal contact, with
lateral variation and occurrence of water
between quotas of 40 to 50 m in height,
when in sandy fractions. Expansive
properties of the clay layer subjacent to the

cell polygons should be analyzed.
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CAPITULO 3

ARTIGO 2 - HYDROGEOPHYSICAL CHARACTERIZATION
OF THE MARIZAL-SAO SEBASTIAO AQUIFER SYSTEM IN
THE SURROUNDINGS OF THE LIMPEC SANITARY
LANDFILL, MUNICIPALITY OF CAMACARI, BAHIA,
BRAZIL

ABSTRACT

A detailed hydrogeophysical survey was conducted using the geoelectrical method in the
surroundings of the LIMPEC sanitary landfill, municipality of Camagari, Bahia, Brazil. Twenty-
six vertical electrical soundings (VESs) were done, configured according to the Schlumberger
electrode array and spaced up to 400 m between current electrodes. Hydrogeological quali-
guantitative information was obtained by integrating geoelectrical results to data from wells
and local geology information, namely: (i) an apparent resistivity map showed the occurrence
of a conductivity anomaly, possibly attributed to the contamination plume, dispersed within the
saturated zone, and presenting a SSE convection direction; (ii) one-dimensional inversions
allowed to interpret the stratigraphic pattern, identify static level depth and the occurrence of
possible contamination plumes, and indicate the direction of groundwater flow, which was also
towards SSE; (iii) two-dimensional inversions produced inverted geoelectrical profiles, with a
mean error below 2%, and confirmed the occurrence of possible contamination plumes
disseminated within the unsaturated zone and dispersed within the saturated one. The
geoelectrical facies with the highest resistivity values (> 600 ohm.m) were related to the Sdo
Sebastido Formation. Facies with intermediate values (100 to 800 ohm.m) regarded the
Marizal Formation. In turn, those with the lowest values (< 100 ohm.m) were related to
contamination plumes and/or eventual occurrences of silt/clay; (iv) the parameters of porosity,
hydraulic conductivity, and transmissivity were estimated between 19.2 and 34.2%, 0.11 and
3.37 x103 cm/s, and 4.7 and 145.6 m2/d, respectively; and (v) local free aquifer vulnerability

was classified as high, according to the evaluation using the GOD method.

Keywords: geoelectrical method, urban solid waste, hydrodynamic parameters.
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RESUMO

Um estudo hidrogeofisico de detalhe, utilizando o método geoelétrico, foi conduzido no
entorno do aterro sanitario LIMPEC, municipio de Camagari, Bahia, Brasil. Vinte e seis
sondagens elétricas verticais (SEVS), sob configuracdo do arranjo Schlumberger de eletrodos,
com espacamento de até 400 m entre os eletrodos de corrente foram executadas.
InformagBes quali-quantitativas de ambito hidrogeoldgico foram alcancadas a partir da
integracdo dos resultados geoelétricos a dados de pocos e informacgdes da geologia local, a
saber: (i) o mapa de resistividade aparente revelou a ocorréncia de uma anomalia condutiva,
possivelmente atribuida a pluma de contaminacao, dispersa na zona saturada, apresentando
sentido de conveccdo na diregdo SSE; (ii) as inversdes unidimensionais possibilitaram
interpretar o padrao estratigréafico, identificar a profundidade do nivel estatico, a ocorréncia de
possiveis plumas de contaminag&o e apontar o sentido do fluxo hidrico subterraneo também
para SSE; (iii) as inversées bidimensionais geraram perfis geoelétricos invertidos, com erro
médio inferior a 2%, e confirmaram a ocorréncia de possiveis plumas de contaminacao
disseminadas na zona nao saturada e dispersas na zona saturada. Os facies geoelétricos de
maiores valores de resitividade (>600 Ohm.m) estéo atribuidos a Formacao S&o Sebastido.
Os facies de valores intermediarios (100 a 800 Ohm.m), referem-se a Formacgéo Marizal. Ja
os de menores valores (<100 Ohm.m), a plumas de contaminacdo e/ou eventuais ocorréncias
de silte/argila; (iv) os parametros porosidade, condutividade hidraulica e transmissividade
foram estimados serem entre 19,2 a 34,2%, 0,11 a 3,37 x103 cm/s e 4,7 a 145,6 m2/d,
respectivamente; e (v) a vulnerabilidade do aquifero livre local foi classificada como alta,

segundo avaliacao realizada utilizando o método GOD.

Palavras-chave: método geoelétrico, residuos sdlidos urbanos, parametros hidrodindmicos.



INTRODUCTION

Brazilian municipalities are
responsible for disposing of their solid
waste correctly in an adequate area, as
determined by Federal Law No. 12,306 of
2010. This piece of legislation instituted the
National Policy on Solid Waste, which
determines that municipalities must adopt
more  sustainable models, replacing
wastelands and/or controlled landfills, as an

environmental protection measure.

Among the various techniques for
solid waste disposal, the use of sanitation
landfills is one of the safest and most
effective. It is also the most adopted
technique around the world and presents
the best cost-benefit ratio. These structures
— sanitation landfils — are generally
projected as a work of engineering
designed under technical criteria in order to
guarantee that the final disposal of waste
does not harm public health and the
environment (ABNT NBR 8419).

If on the one hand sanitary landfills
can be used to partly solve some of the
environmental  problems related to
inadequate solid waste disposal, on the
other they can be potential sources of air,
soil, underground, surface water and
groundwater pollution, and can
contaminate the biota. This therefore
demands good studies on management,
environmental and geotechnical
evaluations and monitoring. In this sense,

some geophysical approaches, such as the
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electrical and electromagnetic methods, for
example, can be excellent tools for

evaluating and characterizing these areas.

In the literature, there are authors
who have shown the effectiveness of the
geoelectrical method in studies on
geoenvironmental characterization,
diagnoses and monitoring in urban solid
waste disposal areas: Cardarelli and
Bernabini (1997); Meju (2000); Cavalcanti
et al (2001); Elis and Zuquette (2002);
Moreira et al (2011); Bortolin and Malagutti
(2012); Porciuncula and Leal (2019).
Grellier et al (2007) and Farhana et al.
(2016) showed the applicability of this
method in studies on moisture and content
of waste mass. Others have estimated
hydrodynamic parameters of aquifers:
Niwas and Singhal (1981 and 1985); Mazac
et al (1985); Yadav (1995); Soupios et al
(2007); Massoud et al (2010); Niwas et al
(2011); ljeh and Onu (2012); Okiongbo and
Akpofure (2012); Utom et al (2012);
Arulprakasam et al (2013); and
Anomohanran (2015).

The objective  of the present
hydrogeophysical study was to conduct a
geoenvironmental diagnosis and
characterization, evaluate vulnerability, and
estimate hydrodynamic parameters of the
Marizal-S&o0 Sebastido aquifer system in
the surroundings of the LIMPEC sanitary
landfill, Camacari, Bahia, Brazil, using the
geoelectrical method associated with
monitoring well data and surface geology

information.



STUDY AREA

The study area is located in the
municipality of Camagcari, within the
Salvador Metropolitan Area, state of Bahia,
Brazil, between UTM coordinates (WGS-
84S) 579800 to 581300 (longitude) and
8596700 to 8597700 (latitude). Figure 1
shows a satellte image and overall
situation of the study area, indicating the
location of the Vertical Electric Soundings
(VES), Profiles and wells monitored (WM).

In the geological context, the study
area is located in the Recdncavo
Sedimentary Basin. This basin is part of a
rift system related to the fragmentation of
Gondwana (Eocretaceous) and the
opening of the Atlantic Ocean (late Jurassic
through early Cretaceous). This system
consists of an elongated N-S-oriented
crustal depression, over an area that
encompasses part of the states of Bahia,
Sergipe and Pernambuco (Silva et al,
2007).

The study area is locally situated
upon the Marizal-S8o Sebastido aquifer
system (Lower Cretaceous, Barremian -
Aptian) and consists of poorly sorted,
reddish-yellow, friable, feldspar-rich quartz
sandstones alternated with variegated silty
clays (Ghignone, 1979). It is characterized
for presenting the largest groundwater
reserve in the Reconcavo Basin, the Séo

Sebastido aquifer.
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Figure 2 shows examples of aerial
images of the study area and occurrences
of outcrops in its surroundings: A) bird’s-
eye-view of the LIMPEC sanitary landfill
and the Via Atlantica highway located
northwards from it. Sedimentary cover
outcrops can be seen in road cuts in the
detail; B) example of lateral discontinuity
next to VES 14, characterized by the
lithological contact between predominantly
sandy and silty/clay-rich materials; C)
example of cross-bedding occurring near
VES 15 found in sandy, medium-grained,
poorly-sorted, brown to yellow material —
Marizal facies; and D) area southwards
from the landfill, showing a slightly wavy
relief, pasture vegetation, and occurrence
of white to grayish, moderately sorted, and
friable sands of the S&o Sebastido

Formation.

THE GEOELECTRICAL METHOD

The geoelectrical method is a
geophysical technique that allows the
investigation of subsurface regions based
on the contrast of electrical resistivity found
in various geological and/or geotechnical
material. This method consists basically on
introducing, through an artificial source and
electrodes, an electrical current in the
terrain and measuring the difference of
electrical potential provided (KOEFOED
1979; TELFORD et al 1990; BRAGA 2016).
After data is treated and processed,
subsurface resistivity and geoelectrical
behavior can be determined. Results are

expressed as contours, maps, profiles



and/or sections, which interpretatively
provide information of  geological,

geotechnical, and hydrogeological interest.

A Syscal Pro resistivity imaging
system was used in the field. Regarding
technique, the VES method was applied,
with maximum spacing of 400 m between
current electrodes. In total, 26 geoelectrical
soundings, using the Schlumberger array,
were obtained along the main access
routes and roads of the study area, as

shown in Figure 1.

Examples of the use of the
geoelectrical method in studies on the
Marizal-S8o Sebastido aquifer system are
available in the literature. Lima (1999)
characterized the hydraulic and qualitative

pattern of the Recéncavo aquifer, in the
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region of Camacari and Dias D’Avila,
Bahia. Porcitncula (2007), in a regional
study conducted in the municipality of
Alagoinhas/BA, Brazil, classified the
Marizal-S8o Sebastido aquifer system as
being free in its upper portion and semi-
confined from 100 m and deeper,
approximately. Pereira and Lima (2007),
Porciincula and Lima (2012) and Amarante
and Lima (2015) studied the geoelectrical
behavior of disperse contamination plumes
within the aquifer. Porciincula and Leal
(2019), in a geoelectrical detailed study,
classified this aquifer as semi-confined,
presenting alternated sandy and clay-rich
layers close to the eastern border of the
basin, in the region of the municipality of
Simoes Filho/BA, Brazil.
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Figure 1 — Study area and location of VESs (modified from Google Earth).
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| PHOTOGRAPHS OF THE STUDY AREA
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e
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Figure 2 — Photographs of the study area. A) overview of the study area; B) lithological

contact; C) cross-bedding (Marizal Formation); and D) sands of the Sdo Sebastido

Formation.

RESULTS
Apparent resistivity map

Maps of apparent electrical resistivity
for various depths were constructed
through

interpolation. Qualitative

information on local subsurface
geoelectrical behavior were obtained

through these maps.

Figure 3 shows an example of an
apparent resistivity map (into the aquifer)
for an approximate depth of 30 m,
considering a depth theory about AB/4. An
ellipsoidal conductive anomaly can be
observed in the surroundings of VESs 08
and 11. The anomaly is slightly elongated

towards SSE, indicating the possible
direction of local groundwater flow. This
feature, represented in blue, persists at
other depths and may be related to possible
occurrences of contamination plumes. In
turn, these plumes could have been caused
by subsurface leachate leaking or due to
the ineffectiveness of retention cells and/or
operational errors and/or possible leakage
from groundwater pipes that carry leachate,
by gravity, to the CETREL water treatment
station located approximately 3 km east-
northeastwards from the LIMPEC sanitary
landfill.

One-dimensional inversions



All 26 VESs obtained underwent one-
dimensional inversion, presenting an error
ranging between 2.0 and 7.0%, with a
mean value of 3.7%. These soundings
reached survey depths of approximately
100 m.

Figure 4 shows examples of inverted
VESs (VESs 01, 04, 08, and 11). Two
monitoring well profiles (MW 01 and MW
02) were correlated with VESs 01 and 04,
respectively. Hydrostratigraphic
correspondence could be observed
between MWs and their respective VESSs,
especially when identifying the phreatic
level, which was interpreted as being
located approximately at 10 m of depth.
This correspondence between
geoelectrical results and well data should
be considered when Vvalidating the
hydrogeophysical model interpreted in the

area.
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In addition, VESs 08 and 11, located
near the conductive geoelectrical anomaly
(identified in the apparent iso-resistivity
map), more precisely upstream and
downstream from this feature, respectively,
presented a low range of electrical
resistivity values, varying between tens to
hundreds of ohm.m. On the other hand,
VESs 01 and 04, located upstream and
more distant from the anomaly, presented
relatively higher values, ranging between
hundreds and thousands of ohm.m.
Moreover, the existence of a possible
contamination plume in the surroundings of
VESs 08 and 11, which caused a reduction
in local electrical resistivity values, could be
inferred by comparing these VESs. This
interpretation reiterate the previously
obtained results in the qualitative
evaluation of the apparent resistivity map in

the earlier section.
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Two-dimensional inversions

Two-dimensional  inversions  were
conducted by integrating aligned VESS,
which provided qualitative and quantitative
information of the subsurface region.
Figure 5 presents two examples of two-
dimensional inversion profiles (profiles 01

and 02), which showed an error below 2%.

Profile 01 is located northwards from
the landfill, along the side of the Via
Atlantica highway. It was built by integrating
VESs 23, 19, 18, 17, 16, 22 and 15. This
profile confirms the occurrence of a
conductive anomaly close to VESs 18 and
19, between the 270 and 330-m positioning
interval of the profile. The conductive
anomaly to its right is possibly related to the
occurrence of a layer/lens of clay/silt,
identified from chargeability data results
(induced polarization — IP) of VES 15. This
anomaly was noted due to an increase in
the contour at a depth of approximately 10
m, as clearly observed in the figure.
Chargeability data, which were gathered
along with electrical resistivity data, were
not among the objectives of the present
study and, therefore, have not been

discussed herein.

Profile 02, located southwards from the
landfill and built using VESs 13, 11, 12, and
21, also presented possible disseminated
plumes, centered near VESs 11 and 12,
between the 150 to 200-m and 300 to 350-

m positioning intervals, respectively.
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In general, the geoelectrical facies with
the highest resistivity values (> 400 chm.m)
were attributed to the S&o Sebastido
Formation. Facies with intermediate values
(100 to 600 ohm.m), to the Marizal
Formation. In turn, those with the lowest
values (< 100 ohm.m), were attributed to
contamination plumes and/or eventual

occurrences of silt/clay.

Hydrodynamic parameters

The results of VESs oferred
information about tickness and resistivity of
aquifer. These informations can be used to
calculate the transversal resistence (R=ph)
and longitudinal condutance (C=ch),
knowed as Dar-Zarrouk parameters, that
can be use to estimate the aquifer
parameters, for example hydraulic
contuctivity and transmissivity (NIWAS and

SINGHAL, 1981 and 1985).

In the upper free portion of the local
aquifer, the parameters of porosity,
hydraulic conductivity and transmissivity
could be estimated using VES 01,
groundwater conductivity measurements of

MW 01 and empirical relationship results.

Archie (1942) established an

empirical  relationship  between the

formation factor (F) and porosity (9):

F=ap™m =t (1)

Winsauer et al. (1952), based on
several experiments using sandstones,

determined with a better error adjustment



the value 0.62 for the formation constant
(a). Several authors consider the
cementation exponent value between 1.3
(more friable) and 2.5 (more cemented).
Considering that the first few meters of the
S840 Sebastido Formation in the local
subsurface consists of a more friable
material, the interval between 1.3 and 2.0

was chosen as the cementation exponent.

With this information and using
Archie’s law, the porosity (@) of the aquifer
could be estimated as ranging
approximately between 19.2 and 34.2%,
with a median value of 26.7%. Lima (1993)
attributed the interval between 24.6 and
32.7%, and a mean value of 27.5% for the
porosity of the Massacara Group (Tucano
Basin), a correspondent of the Sé&o

Sebastido Formation (Reconcavo Basin).

Hydraulic conductivity (k) can be
calculated wusing the Kozeny-Carman
equation (KOZENY 1953; DOMENICO and
SCHWARZ, 1990):

k=365 @) @

Considering water density § = 1000 kg/

m?3 gravity g = 10m/s? water dynamic
viscosity u = 0.0014 kg/ms, porosity ¢ =
19.2 and 34.2%, and adopting the range of
mean values of grain diameter of the
Massacard Group, varying between p =
0.05 and 0.28 mm, provided by Lima
(1993), the hydraulic conductivity was
estimated between 0.11 and 3.37 x103

cm/s, with a median value of 1.74 x10°
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cm/s, approximately. The same author
considered mean permeability value as
approximately 1.8 x102 cm/s for the first
500 m. This value is very close to the
median value found in the present study
and is within the estimated order of
magnitude. Transmissivity (T=kh)
presented results ranging between 4.7 and
145.6 m?/d, with a median value of 75.2

m2/d, approximately.
Aquifer vulnerability

Local aquifer vulnerability was
evaluated using the GOD method
(FOSTER and HIRATA, 1988), which
considers the degree of confinement of
aquifers, characteristics of the unsaturated
(vadose) zone or confining layer, and either
depth of phreatic level or depth of the
confining layer bottom. Based on the
results obtained in the present study, the
local aquifer was classified as unconfined
(free), the unsaturated zone was sandy,
and the phreatic level was located at a
depth of approximately 10 m. The local
aquifer in the study area was classified as
presenting high vulnerability to

contamination.
Hydrogeophysical model

A hydrostratigraphic section that
was representative for the region was
constructed using the integrations between
1D inversions of VESs 26, 18, 08, 11, 05
and 01 and the remaining information

obtained in this study (Figure 6). The



hydrogeophysical schematic model
consists of two aquifer units within the
upper 100 m: (i) a free one, represented by
the surface cover, a layer of the Marizal
Formation, and by the upper portion of the
S&do Sebastido Formation; and (ii) a semi-
confined one, represented by the lower
portion of the S&o Sebastido Formation,
subjacent to the clay/silt layer/lens found at
depths of 50 to 65 m, approximately. The
static level occurs, on average, at a depth
of 10 m and groundwater flows towards

SSE. In the unsaturated zone, possible
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contamination plumes occur disseminated
in the surroundings of the waste mass. In
the saturated zone, a  possible
contamination plume of at least 300 m in
length and 40 m in depth was found below
the landfill area. Porosity and hydraulic
conductivity for the free aquifer component
were estimated at 26.7% and 1.74 x1073
cm/s, respectively. Transmissivity,
considering the thickness of the free aquifer
(50 m) was approximately 75.2 m#/d. This
zone presented high vulnerability to

contamination.
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Figure 5 — Profiles 01 and 02 with two-dimensional inversion.
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CONCLUSIONS

Results of the hydrogeophysical study,
the with
Schlumberger array, yielded information on

using resistivity  method
the configuration, quality and potentiality of
the Marizal-Sdo Sebastido aquifer system,
in the surroundings of the LIMPEC sanitary
landfill, municipality of Camacari, state of
Bahia, namely: (i) apparent iso-resistivity
map for the depth of approximately 40 m,
which allowed the identification of a
possible contamination plume with low-
electrical resistivity and elliptical form,
elongated towards SSE, the same direction
of local underground water flow; (ii) one-
to

dimensional inversions contributed

obtain the depth of the static level, layer

stratigraphy, and the direction of the
underground water flow; (iii) contamination
plumes and their subsurface behavior and
distribution were identified using  two-
dimensional inversions; (iv) the parameters
of porosity, hydraulic conductivity, and
transmissivity were estimated using
empirical relationships; and (v) aquifer
high,

according to the evaluation using the GOD

vulnerability was classified as

method. In general, the present study
contributes to the increase in knowledge on
the configuration and state of the Marizal-
S8o0 Sebastido It

aquifer  system.

exemplifies a potential application of
hydrogeophysics to estimate hydrodynamic
conduct

parameters, geoenvironmental

characterizations and evaluations of areas



that receive urban solid waste, which can

help to elaborate decision-making
strategies related to local land and

groundwater resource management.
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CAPITULO 4
CONCLUSOES

A Hidrogeofisica pode desempenhar papel importante para mitigacdo de alguns problemas

ambientais relacionados a questdes dos residuos solidos urbanos, mais especificamente em

estudos em aterros sanitarios, tanto na fase de implantacdo, podendo contribuir na

caracterizacdo e avaliagdo geologico-geotécnica, quanto na fase de operagéo, no diagnoéstico e

monitoramento geoambiental. Face aos resultados alcancados nos estudos apresentados,

algumas informacdes foram providas, a saber:

(i)

(ii)

(iii)

Pbéde-se caracterizar o modelo geométrico-estrutural e hidroestratigrafico do
sistema aquifero Sdo Sebastido. Na area de estudo no municipio de Simdes
Filho, a cobertura local é predominantemente argilosa a siltosa e o grau de
compacidade é médio a rijo nos primeiros 10 m de profundidade, o aquifero local
€ do tipo semi-confinado a confinado, apresentando intercala¢cdes subhorizontais
de camadas arenosas/siltosas e argilosas, com ocorréncia de agua (quando em
camadas arenosas) a cota de aproximadamente 50 m. J& na area de estudo no
municipio de Camagari, a cobertura local é predominantemente arenosa, o
aquifero é do tipo livre em sua porgéo superior e semiconfinado na inferior, o
nivel estatico € raso e ocorre a aproximadamente 10 m de profundidade e o
sentido do fluxo hidrico subterraneo é SSE;

A area planejada para a instalagéo de células de destinacao final de residuos no
municipio de Simdes Filho é favorecida devido a sua configuragéo
hidroestratigrafica e a ocorréncia de camadas argilosas na superficie do terreno
gue conferem um grau de impermeabilidade para a base das células e podem
servir de insumo para o aterramento dos residuos;

A é&rea onde estd situado o aterro sanitario no municipio de Camacari aparenta
possuir passividade ambiental promovida por vazamentos de chorume ao
subsolo e as aguas subterraneas locais. A fonte de possiveis contaminacfes
esta centrada sob o macico de residuos; as anomalias sugestivas de plumas de
contaminacédo ocorrem de forma dispersa na zona vadosa e continua e alongada
em formato elipsoidal no sentido SSE, na zona saturada. A pluma alcanca
profundidades de 40 m ou superior e seu eixo de maior elongacdo € de

aproximadamente 300 m de comprimento;
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(iv) A vulnerabilidade do aquifero a contaminacGes pdde ser avaliada utilizando o
método GOD a partir das informacbes da litologia e profundidade do nivel
estético interpretados dos resultados. No municipio de Camacari, o aquifero
superior livre possui vulnerabilidade alta. Ja considerando os resultados da area
de estudo em Simdes Filho, a vulnerabilidade a poluicdo do aquifero é baixa,
uma vez que a superficie € predominantemente argilosa e o aquifero € do tipo
semi-confinado a confinado;

(v) Parametros de aquifero como a porosidade, condutividade hidraulica e
transmissividade puderam ser estimados utilizando rela¢cdes empiricas como a
de Archie e Cozeny-Carman. Para a area de estudo no municipio de Camacari a
porosidade foi estimada entre 19,2 e 34,2%, a condutividade hidraulica entre 0,11
a 3,37 cm/s e a transmissividade em 4,7 a 145,6 m?d, para o componente
aquifero superior livre. J4 para a regido de estudo em Simdes Filho tais
parametros ndo foram estimados devido a composicdo predominantemente
argilosa;

(vi) Correlacionando os resultados das areas de estudo, pressupde-se que a regido
de estudo em Simdes Filho é predominantemente mais argilosa, composta por
sucessivas intercalagbes de camadas arenosas e argilosas se comparada a
regido de estudo no municipio de Camacari. Isso leva a suspeitar que 0s
depdsitos sedimentares da primeira regido sao relativamente de menor energia
se comparados aos depésitos da ultima.

O sucesso dos resultados hidrogeofisicos depende do conhecimento integrado da
Hidrogeologia e Geofisica e de associacdes a informacgdes e dados diretos. As vantagens séo a
natureza ndo invasiva, a versatilidade de aplicacdo, a reducdo de custos operacionais, o
aumento de volume de obtencdo de dados e informagdes em tempo e espaco.

Este trabalho contribui para o fomento do uso de metodologias alternativas aplicadas a
Hidrogeologia e aos residuos solidos urbanos. Configura-se como exemplo pratico da
potencialidade da Hidrogeofisica em apoio a tomadas de decisdes, trazendo informacdes
gualitativas e quantitativas sobre o sistema aquifero Sao Sebastido na Regidao Metropolitana de

Salvador, estado da Bahia.
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APENDICE A - JUSTIFICATIVA DE PARTICIPACAO DOS
AUTORES

A participacdo do primeiro autor justifica-se em cumprimento aos requisitos para conclusdo do
seu curso de doutorado, no Programa de P6s-Graduagdo em Geologia, da Universidade Federal da Bahia.
A formacdo bésica em Geofisica compete a este autor o desenvolvimento de projetos de pesquisa
relacionados ao tema abordado em sua tese, cujo objetivo principal foi a aplicacdo de métodos geofisicos
em estudos geoambientais e hidrogeoldgicos.

Ja a participacdo do segundo autor, justifica-se pela orientacdo académica cedida ao primeiro no
Programa supracitado, além da sua vasta experiéncia na execucdo de projetos nas areas da Geologia
Ambiental, Hidrogeologia e Recursos Hidricos.
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