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ABSTRACT

The methodologies for determining aquifer vulnerabilities are currently used as tools to support proposals for the groundwater 
protection, associated to water management resources and planning and territorial ordination activities. In this context, the objective 
of  this present work is the vulnerability assessment of  an aquifer system of  interest located in the municipality of  Ananindeua, the 
state of  Pará. To this end, the following activities were executed: survey and systematization of  pertinent information to existing wells 
in the municipality of  Ananindeua-PA; determination of  the constituent parameters of  the GOD method and the hydrogeological 
values of  hydraulic conductivity and hydraulic transmissivity; extrapolating the pertinent information for all the interest area aiming 
the spatialization of  homogeneous zones by degree of  vulnerability e, finally, the hierarchization of  locations for the implementation 
of  water supply systems. With the completion of  this present work, it was verified that most part of  the area of  interest has an aquifer 
system classified as unconfined, mixed lithological extracts and distance from the top to the water table less than 20 meters. These 
information, associated with the pattern of  land use and occupation, based on the study of  hydrogeologic values, enables the subsidy 
for decision-making regarding the most appropriate allocation of  preventive investments with basic sanitation infrastructure, in order 
to minimize or nullify the associated risks of  contamination in the referred area. However, to a better support for an efficient decision-
making from the public managers and the actions of  other social actors involved in the use and management of  groundwater in the 
locality, it must be provided other information and complementary studies.

Keywords: Water resources planning and management; Natural vulnerability of  aquifer systems; Land use and occupation; 
Investments in basic sanitation.

RESUMO

As metodologias de determinação da vulnerabilidade de aquíferos são atualmente utilizadas como ferramentas de auxílio às propostas 
de proteção das águas subterrâneas, associadas às atividades de gestão de recursos hídricos e de planejamento e ordenamento territorial. 
Nesse contexto, este estudo teve como objetivo a avaliação da vulnerabilidade natural de sistema aquífero subterrâneo de interesse 
localizado no município de Ananindeua, estado do Pará. Para tal, foram executadas as seguintes atividades: levantamento e sistematização 
de informações pertinentes aos poços existentes no município de Ananindeua/PA; determinação dos parâmetros constituintes do 
método GOD e das grandezas hidrogeológicas condutividade hidráulica e transmissividade; extrapolação das informações pontuais 
para toda a área de interesse visando à espacialização de zonas homogêneas por grau de vulnerabilidade e, por fim, a hierarquização 
de áreas de interesse para implantação de sistemas de saneamento básico. Com a realização do presente estudo, verificou-se que a 
maior parte da área de interesse possui sistema aquífero enquadrado como não confinado, extratos litológicos mistos e distância do 
topo ao nível freático menor do que 20 metros. Essas informações, associadas ao padrão de uso e ocupação do solo na localidade, 
embasado pelo estudo das grandezas hidrogeológicas, permite o subsídio à tomada de decisão quanto à alocação mais adequada de 
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INTRODUCTION

Water is an indispensable component for life and is a widely 
discussed element in its different aspects. Groundwater, in particular, 
is an important source for agricultural, industrial, and domestic 
uses and is considered the largest liquid freshwater reservoir on 
the planet (Denizman, 2018). Therefore, the study of  groundwater 
is essential to identify the natural vulnerability of  aquifer systems.

The vulnerability of  an aquifer system depends on its 
physical properties, as well as its sensibility to natural impacts and 
those caused by human beings. The idea of  vulnerability is based 
on the fact that the physical context of  the aquifers offers a certain 
degree of  protection to groundwater against contaminations from 
different sources and, therefore, some areas are more vulnerable 
to contamination than others.

Thus, groundwater vulnerability is the tendency or likelihood of  
contaminants to reach the groundwater system after their introduction 
at the surface (Fannakh & Farsang, 2022). The American Society for 
Testing Materials (1996), defines the vulnerability of  groundwater as 
the ease in which a given contaminant can reach the water located 
underground or an aquifer under certain conditions related to the 
aquifer characteristics (lithology, porosity, etc.), to the area (land 
use, topography, etc.) and the contaminant (viscosity, density, etc.).

According to Li et al. (2021) groundwater pollution has 
dire consequences, as it can negatively affect human health, 
environmental quality, and socioeconomic development. About 
this, Lisbôa et al. (2016) emphasizes that the contamination of  
aquifers has been monitored and studied in order to obtain better 
knowledge aimed at communicating to the user and, especially, to 
decision makers, as a management tool, with a view to protecting 
groundwater resources.

Within the concept of  contamination risk, it should be 
noted that there is a difference between vulnerability and risk, 
considering that the vulnerability exists regardless of  the presence 
of  the contaminant. Thus, it is possible to exist an aquifer with a 
high vulnerability index, but without risk of  contamination in case 
there is no significant contaminant load, despite the vulnerability 
index being low (Leitão et al., 2003; Milek et al., 2014).

According to Madroñero et al. (2022), to face the increasing 
contamination of  aquifers by anthropic activities, vulnerability 
assessment is one of  the fundamental requirements to generate 
guidelines, strategies and policies to prevent and minimize groundwater 
contamination. Thus, the methodologies for determining aquifer 
vulnerability are currently used as tools to support proposals for 
groundwater protection, associated to water resources management 
and territorial ordination.

Among the known methodologies is DRASTIC (Aller et al., 
1987), a useful tool for assessing groundwater vulnerability 
because its application is integrated with GIS and uses available 

or estimated data. Another method is SI (Ribeiro, 2000), an 
adaptation of  DRASTIC, developed to assess aquifer vulnerability 
at large and medium scales. However, the use of  some methods 
becomes unfeasible due to the lack of  necessary data, obtaining, 
only the type of  underground contaminant, the depth, the degree 
of  consolidation and the lithological characteristics of  the aquifer 
(Foster & Hirata, 1988).

For this reason, in the present work, the use of  the GOD 
Method is proposed to assess the aquifer natural vulnerability in the 
region of  interest due to its easy application and to the fact that the 
hydrogeological data which are required by other systems were not 
directly available, similar conclusion to that of  Lisbôa et al. (2016), 
which enables the use of  the methodology even in situations where 
there is no wealth of  hydrogeological information.

Therefore, from the application of  the GOD Method and 
the study of  complementary physical parameters, it is possible 
to characterize the natural vulnerability of  any aquifer systems 
of  interest, providing good management and better use of  
underground water resources, as well as the most appropriate 
allocation of  potentially polluting undertakings (Ferreira et al., 
2017) and priority areas for investments in basic sanitation projects 
and works (Barros et al., 2021), in order to minimize or eliminate 
the risks of  contamination.

Groundwater pollution is mainly attributed to human 
activities, such as the discharge of  untreated effluents and chemicals 
from industries and the excessive use of  fertilizers and pesticides 
in agricultural activities (Akhtar et al., 2020). For ANA (Agência 
Nacional de Águas e Saneamento Básico, 2018), the greatest 
concern is concentrated in free aquifers, especially in areas where 
the freshwater zone is thin and the water level is shallow, as is 
the case of  the city of  Ananindeua, where the Barreiras aquifer 
is located, which points out a high natural vulnerability.

Studies prove the fragility of  this aquifer, especially when 
related to problems in the sanitation system. Ribeiro (2019) found 
that the exploitation of  the aquifer is not adequate, since it presents 
strong evidence of  contamination by septic tanks, indicating that 
the consumption of  these waters could lead to health problems 
for the population. While, Freddo Filho (2018) identified that 
the presence of  areas with high and extreme vulnerability has a 
positive correlation with areas that present higher nitrate indices.

In this context, the present work aims to map and evaluate 
the natural vulnerability of  the aquifer system of  interest located 
in the municipality of  Ananindeua, Pará state. This mapping is 
fundamental to support actions to ordering the use and occupation 
of  land in the aquifer area, serving as reference for decision-making 
by the environmental agencies of  the states and municipalities, 
as well as to guide the planning of  sanitation agencies (Agência 
Nacional de Águas e Saneamento Básico, 2014).

investimentos preventivos com infraestrutura de saneamento básico, a fim de minimizar ou anular os riscos associados de contaminação 
na referida área. Entretanto, para melhor subsídio à eficiente tomada de decisão dos gestores públicos e das ações dos demais atores 
sociais envolvidos no uso e no gerenciamento das águas subterrâneas na localidade, deve-se ter o aporte de outras informações e 
estudos complementares.

Palavras-chave: Planejamento e gestão de recursos hídricos; Vulnerabilidade natural de sistemas aquíferos; Uso e ocupação do 
solo; Investimentos em saneamento básico.
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MATERIAL AND METHODS

The methodological strategy used to achieve the 
objectives of  the study involves the following steps: (1) Survey 
and systematization of  relevant information to existing wells in 
the municipality of  Ananindeua/PA; (2) Determination of  the 
GOD Method constituent parameters and the magnitudes of  
hydraulic conductivity and transmissivity; (3) Extrapolation of  
specific information for the entire area of  interest in order to 
spatialize homogeneous zones by degree of  vulnerability; and 
(4) Hierarchization of  areas of  interest for the implementation 
of  basic sanitation systems.

Study area

As the study area of  this research, a neighborhood belonging 
to Ananindeua, which is a Brazilian municipality in the state of  
Pará, was selected. Located in the Metropolitan Region of  Belém, 
it is the second most populated municipality in the Pará State 
and the third in the Amazon Forest Region. Its population is 
estimated at 540.410 inhabitants (Instituto Brasileiro de Geografia 
e Estatística, 2021).

Initially considered a dormitory city, it has shown 
considerable development in recent decades due to the urban 
expansion of  the municipality of  Belém. Its emancipation to the 
status of  municipality took place in the 1940s, and in the 1970s the 
construction of  the first housing complex called New City began, 
part of  the federal housing program under the responsibility of  
the Housing Company of  the State of  Pará (Companhia de Habitação 

do Estado do Pará – COHAB), being completed with nine housing 
developments.

The insular area of  Ananindeua is located north of  the city, 
and is composed of  nine (09) islands. It is formed by numerous 
rivers, especially the Maguari, and boreholes, especially the Bela 
Vista and Marinhas, as well as streams.

According to the Trata Brasil Institute, which periodically 
conducts surveys on the conditions of  basic sanitation in the 
100 most populous municipalities in the country, Ananindeua 
occupies the 95th position in the ranking, covering only 33.80% 
of  the population with a public system for drinking water supply 
and 30.18% with a public system of  collection and treatment of  
sewage (Instituto Trata Brasil, 2022).

According to the Trata Brasil Institute, which periodically 
carries out surveys on basic sanitation conditions in the 100 most 
populous municipalities in the country, Ananindeua occupies the 
95th position in the ranking, covering only 33.80% of  the population 
with a public drinking water supply system and 30.18% with a public 
sewage collection and treatment system (Instituto Trata Brasil, 2022).

Thus, due to the low coverage of  water supply and sewage 
services, most of  the households in Ananindeua have shallow wells 
and septic tanks as alternative solutions, and sometimes they are 
relatively close. Therefore, there is a risk of  compromising the quality 
of  the water used by these households by the waste that percolates 
from these pits, posing a threat to public health in the locality.

In this context, the adopted study area was the Cidade 
Nova neighborhood due to the high concentration of  water wells 
present in the neighborhood and registered in the Groundwater 
Information System (SIAGAS), as illustrated in Figure 1.

Figure 1. Geographical location of  the Cidade Nova neighborhood, municipality of  Ananindeua/PA, study area adopted in the research.
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Research stages

Because of  its simplicity and low technical data requirements, 
the GOD method is the most suitable method for assessing the 
natural vulnerability to contamination of  surface aquifers (Barriers, 
Post-Barriers and Recent Cover) (Agência Nacional de Águas e 
Saneamento Básico, 2018). Its three constituent parameters are:

a) Groundwater occurrence, where values are obtained within 
a range of  0 to 1;

b) Overall aquifer class, in terms of  consolidation degree 
and lithological features, leading to a second point on the 
scale of  0.4 to 1.0;

c) Depth to groundwater table, which will define the third 
point on the scale of  0.6 to 1.0.
After the survey and the systematization of  the information, 

the parameters “Groundwater Occurrence” (free, confined or 
semi-confined), “Litology of  the Flooded Zone and Confining 
Layers” and the “Depth of  the Groundwater” (thickness of  the 
flooded zone) were crossed simultaneously for each well registered 
in the System, in order to then, according to the GOD Method, 
classify the degree of  vulnerability of  the aquifer in the study. 
All the parameters have the same level of  importance. Therefore, 
the vulnerability index is determined as the multiplication of  the 
values obtained in each factor.

To determine the Degree of  Aquifer Confinement (Parameter 
“G”), it is necessary to describe in which type of  aquifer the well 
is in, according to Table 1:

In addition, to measure the influence of  lithology on the 
natural vulnerability of  the aquifer (Parameter “O”), it must be 
added the values of  layer thickness for their respective soil types 
(Table 2):

Finally, to determine the depth from the top to the water 
table (Parameter “D”), it is necessary to pay attention to the 
corresponding column; according to Table 3.

Next, in Figure 2, all the constituent parameters of  the 
GOD Method are gathered.

In addition, other physical parameters that might be 
determined using as complement the application of  the GOD 
Method are the hydraulic conductivity and hydraulic transmissivity.

The hydraulic conductivity is defined as the measure of  
the water resistance to movement through a porous medium 
(Poehls & Smith, 2009) or as the measure of  the ease with which 

an environment transmits water (Fitts, 2002). Its physical meaning 
is defined by the volume of  liquid that flows perpendicularly to 
an amount of  area of  a porous medium under the influence of  
a unitary hydraulic gradient (Delleur, 1999). It is a function of  
both characteristics of  the environment, such as porosity, size, 
distribution, shape and arrangement of  particles (Feitosa & Manoel 
Filho, 2000), as the characteristics of  the fluid, such as specific 
gravity and kinematic viscosity (Fetter, 2001).

At the same time, transmissivity is a hydrogeological 
parameter that corresponds to the ability of  an environment 
to transmit water. It can be defined as the amount of  water 
that flows through the vertical section of  the aquifer when the 
hydraulic loading from one unit is reduced and represented in 
square meters per day (m2/day) or square centimeters per second 
(cm2/s). The transmissivity is calculated through the product of  
the hydraulic conductivity by the thickness of  the aquifer.

From the vulnerability determination for exactly each 
surveyed well, information will be extrapolated to the entire area 
of  the aquifer of  interest system by the use of  the Inverse Distance 
Weighted (IDW) complement from the ArcGIS geoprocessing 
software and statistically, in a representative way, enabling the 
spatialization of  homogenic zones by vulnerability degree.

According to Cordeiro et al. (2016), this complement enables 
the construction of  a raster layer which every value of  each cell 
is determined by the weight of  the linear combination of  a set 
of  points, assuming that the variable value loses its importance 
as it moves away from a point. With this method the interpolated 
values do not result from a simple linear variation between two 
points with distinct values, but from a variation dependent of  the 
influence that it is intended to give to the points.

Finally, from this spatialization, in a platform which uses 
geographical information systems (GIS), the areas of  interest 
from the Ananindeua-PA municipality will be hierarchized for 
the implantation of  Water Supply and Sanitary Sewage Systems, 

Table 1. Determination of  “Occurrence of  Groundwater “ (Parameter “G”).
Confinement 

Degree None Ascending 
Flow Confined Semi-confined Non-confines 

(Covered) Non-confined

Code 0 1 2 3 4 5
Score 0 0 0.20 0.40 0.60 1.00

Table 2. Determination of  “Lithology of  Vadose Zone and Confining Layers” (Parameter “O”).

Well Clay Sandy 
Soil

Sandy  
Soil

Thin  
Sand

Very Thin 
Sand

Medium 
Sand

Thick  
Sand

Clayey  
Sand

Thickness (meters)
Score 0.525 0.625 0.60 0.55 0.65 0.70 0.525

Table 3. Determination of  “Groundwater Depth” (Parameter “D”).
Depth to Groundwater Score

> 50m 0.60
50 Ⱶ 20m 0.70
20 Ⱶ 5m 0.80
5 Ⱶ 0m 0.90

Special Case 1.00
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aiming at improving the local environmental quality and ensuring 
efficient decision-making by public managers and actions from other 
social actors involved in the use and management of  groundwater.

RESULTS AND DISCUSSIONS

The hydrogeological study of  the region identified the 
qualitative impairment of  practically all waterways and the most 
superficial aquifers, where the main potential sources of  groundwater 
pollution correspond to gas stations, cesspools, cemeteries, and 
garbage dumps (Serviço Geológico Brasileiro, 2002).

According to ANA (Agência Nacional de Águas e 
Saneamento Básico, 2018), the aquifer systems identified in the 
region are formed by Tertiary-Qaternary sedimentary rocks that 
lie on a substrate of  probably Cretaceous age. These systems are 
individualized in aquifers that comprise recent covers (alluvium, 
colluvium and eluvium), unconsolidated deposits identified as 
post-Barreiras and sedimentary rocks of  the Barreiras and Pirabas 
formations.

The Barreiras System is made up of  less thick aquifer layers 
that are interspersed with impermeable to semi-permeable layers, 
with sandy reservoirs in certain places. The Pirabas System, in 
turn, comprises thick aquifer layers enclosed by impermeable to 
semi-permeable layers. Well and logging data indicate succession 
with frequent recurrence of  sandy and clay layers.

According to the Groundwater Information System (SIAGAS) 
database, a total of  132 wells are registered. However, due to the 
minimum data required for the use of  the GOD Method, it was 
possible the application for 128 of  these wells.

Furthermore, it is observed a concentration of  the surveyed 
wells in the center-south portion of  the study area. Then, in the 
extrapolation of  the hydrogeological information, it will be more 
representative in the referred areas with a larger cluster of  points 
of  interest. Figure 3 presents the map referring the Degree of  
Aquifer Confinement (G).

Based on the G-parameter, three different categories were 
obtained regarding the degree of  confinement of  the analyzed 
aquifers, namely: Unconfined, Semiconfined and Confined. Ducci et al. 
(2023) states that unconfined aquifers, where only the lower 
boundary is an impermeable layer while the upper boundary 
is characterized by high permeability, are more vulnerable to 
anthropogenic pollution than confined aquifers.

Considering the wells surveyed, 123 wells are classified as 
Unconfined, 04 (four) wells are classified as Confined and only 
01 (one) well is classified as Semiconfined. Thus, it can be observed 
in Figure 4 that the area classified between 0.601-0.700 refers 
to the wells in greater quantity, i.e., those whose aquifer is of  
the Unconfined type. Moreover, the vadose zone can act as an 
efficient filter against urban storm water runoff  bacteria during 
the infiltration of  storm water runoff  (Voisin et al., 2018).

Figure 2. The GOD Method for vulnerability assessment.  
Source: Foster & Hirata (1988).
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As shown in Figure 4, the areas between 0.525-0.600 are 
representative of  the lithology types “clayey soil, clayey sand and 
very fine sand”, and the remaining areas represent the lithology type 
“coarse sand”. According to Rodrigues (2015) in sandy soils there 
is a high permeability which facilitates the flow of  water, while in 
clayey soils the opposite occurs, because in clay the water flow is 
much more complex. Therefore, this type of  soil is more subject 
to infiltration of  contaminants, making the water table vulnerable.

The parameter D is shown in Figure 5. In the quantitative 
and qualitative analysis it is observed a small variation regarding the 
distance from the top to the water table in the study area: 86 wells 
were classified between 5 to 20 meters (score 0,80, according to 

Table 3), while 41 wells presented depth under 5 meters according 
to the method classification (score 0,90, according to Table 3).

As per the vulnerability map (Figure 6), it was possible 
observed that the areas in which the wells characterized as confined 
and semiconfined are found, and lithology of  the types of  clay and 
clayey sand are also the places where the deepest wells are located, 
and they are characterized as Insignificant and Low vulnerability areas. 
However, Diniz Filho et al. (2015) note that the semi-confined aquifer 
and the low vulnerability of  the aquifer will not guarantee its total 
protection, because very persistent and mobile contaminants may 
percolate vertically and reach the deeper semi-confined portions, 
and a diffuse contamination process may be created.

Figure 3. Degree of  Aquifer Confinement (G) in the study area.

Figure 4. Lithology of  the Aquifer Vadose Zone (O) in the study area.
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Meanwhile, areas characterized as Medium vulnerability, in 
general, presented aquifers of  the type of  free, lithology of  types 
of  medium sand, thin and very sand (preponderantly) and clayey 
sand soil (to a lesser extent), as well as the distance from the top 
to the water table between 5 and 20 meters. In fact, pollutants 
can more easily pass through permeable rock and contaminate 
groundwater (Mester et al., 2021).

Furthermore, it is observed that the High vulnerability areas 
present the same features of  confinement degree and lithology 
as the Medium vulnerability areas, being distinguished from the 
last ones due to the parameter D; where the distance from the 
top to the water table in these areas was a maximum of  5 meters.

From the hydraulic conductivity map (Figure 7), it can be 
seen that this parameter varies from 0.45 to 43.63 meters/day, with 
the high score showing the largest volume of  water able to flow 
through the porous medium and, low score, the volume decreases.

The results found for hydraulic conductivity can be 
compared with lithology map (Figure 4). Thus, it is observed 
that the areas where it is possible to find lithological extracts 
predominantly of  the sandy type (medium, thin and very thin) 
are also the areas that present some of  the highest values of  
hydraulic conductivity – between 20 and 26 meters/day, the which 
is justified by the greater capacity for greater percolation in this 
extract than in clayey extracts.

Figure 5. Distance from the top to the Water Table (D) in the study area.

Figure 6. Vulnerability Map according to the GOD Method in the study area.
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Aquifer transmissivity (Figure 8) was characterized, with 
variations from 1.40 to 260 m3/day. Aquifers with higher water 
transmission capacity in porous media are identified by the value of  
110-260 m3/day, while lower values (1.4-100 m3/day) represented 
lower water transmission, a result similar to that of  hydraulic 
conductivity, since these parameters are related.

Finally, after the individual study of  the parameters of  
the GOD method, in order to infer the danger of  contamination 
associated with the use and occupation of  the soil in the study area, 
the Map was generated if  Figure 9. This activity was carried out 
considering the statement by Mimi & Assi (2009), who point out 
that the land use and occupation is the main factor for defining 
the danger of  contamination of  an aquifer system.

According to Ahmad et al. (2021) the quality and quantity 
of  groundwater resources are affected by land use/land cover 
dynamics, particularly the increasing urbanization coupled with 
high household wastewater discharge and decreasing open lands. 
Analyzing Figure 9, it is possible to verify that the existing uses 
on the site are Residential (preponderant), Commercial/Services, 
Institutional, and, in addition, the existence of  green areas.

It is noticeable that the residential use, in areas classified as to 
natural vulnerability in the Insignificant or Low categories, presents a 
small risk of  associated contamination considering that, as previously 
discussed, these areas have, in a preponderant way, confined or 
semi-confined aquifer, lithological extracts of  types of  clay and 
sandy clay and greater distances from the top to the water table. 

Figure 7. Hydraulic Conductivity in the study area.

Figure 8. Transmissivity in the study area.
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However, in locations with majoritarian residential use which 
presents natural vulnerability of  aquifers classified as Medium or 
High and/or with commercial, services and institutional uses, it is 
found an increased risk of  associated contamination. Also, direct 
discharge of  domestic wastes, industrial discharge, leakage from 
the septic tank, and poor farm waste management is the intrusive 
groundwater contamination source (Chen et al., 2018).

Thus, it is of  great importance that these areas, aiming the 
decrease of  contact of  polluting charges with aquifers, must be 
prioritized on the planning for Water Supply and Sanitary Sewage 
Systems; focusing on minimizing the risk of  contamination by 
improving coverage indicators and effective service with basic 
sanitation infrastructure.

The main measure to control contamination is the regularization 
of  the sewage treatment system, ensuring that this effluent does 
not make its way into the storm drain system. In addition, Talabi 
& Kayode (2019) consider that an effective prevention plan should 
take into consideration the following points: waste disposal, 
hazardous materials, stormwater, management practices, storage 
tanks and pipes, small- and medium-scale businesses, monitoring 
wells, and water policy formulation.

It should be noted that the location of  these developments 
in areas of  low or insignificant vulnerability does not imply the 
absence of  associated risk of  contamination, just as their presence 
in areas of  medium or high vulnerability does not necessarily imply 
the occurrence of  contamination. In this way, preventive measures 
must be taken for its protection, associated with pollution control 
as a whole, defining quality criteria starting with the establishment 
of  Guiding Values (Companhia Ambiental do Estado de São 
Paulo, 2023).

CONCLUSIONS

The application of  the GOD method and the use of  the 
ArcGIS software geoprocessing tool to extrapolate the specific 
hydrogeological information to the whole study area aimed at the 
subsidy decision-making regarding the planning and management 
of  water resources in the locality.

In this sense, it was found that most of  the Cidade Nova 
neighborhood, located in the municipality of  Ananindeua, state 
of  Pará, has an aquifer system classified as Not Confined, mixed 
lithological extracts - ranging from predominantly clayey to 
mostly sandy - and distance from the top to the water table less 
than 20 meters.

This information, associated with the pattern of  land 
use and occupation in the area, also based by the study of  the 
hydrogeological quantities of  Hydraulic Conductivity and Transmissivity, 
are applicable for a better management and use of  underground 
water resources, as well as for the most appropriate allocation 
of  preventive investments with basic sanitation infrastructure in 
order to minimize or nullify the associated risks of  contamination 
in that neighborhood.

However, it must be provided other information and studies 
to ensure efficient decision-making by public managers and the 
actions of  other social actors involved in the use and management 
of  groundwater in the locality.

REFERENCES

Agência Nacional de Águas e Saneamento Básico - ANA. (2014). 
Estudo de vulnerabilidade natural à contaminação e estratégias de proteção 
do sistema Aquífero Guarani nas áreas de afloramento: Relatório Final. 

Figure 9. Land use and occupation in the study area.



RBRH, Porto Alegre, v. 28, e23, 202310/11

Assessment of  the natural vulnerability of  underground aquifer aiming at the hierarchization of  locations for the implementation of  
water supply and sanitary sewage systems in the municipality of  Ananindeua/PA

Brasília: ANA. Recuperado em 23 de maio de 2023, de https://
metadados.snirh.gov.br/geonetwork/srv/api/records/6ad6ac57-
cb5a-42b0-8070-cb70db9864a3/attachments/1204-ANA-03-GL-
RT-0001-R8_TomoIII.pdf

Agência Nacional de Águas e Saneamento Básico - ANA. (2018). 
Estudos Hidrogeológicos para a Gestão das Águas Subterrâneas da Região 
de Belém/PA (160 p.). Brasília: ANA. Relatório Final / Agência 
Nacional de Águas; Elaboração e Execução: Profill Engenharia e 
Ambiente S.A. Recuperado em 23 de maio de 2023, de https://
metadados.snirh.gov.br/geonetwork/srv/api/records/4e560d0e-
9534-44e2-8e19-31ba5fb3596a

Ahmad, W., Iqbal, J., Nasir, M. J., Ahmad, B., Khan, M. T., Khan, 
S. N., & Adnan, S. (2021). Impact of  land use/land cover changes 
on water quality and human health in district Peshawar Pakistan. 
Scientific Reports, 11, 16526. http://dx.doi.org/10.1038/s41598-
021-96075-3.

Akhtar, N., Syakir, M. I., Rai, S. P., Saini, R., Pant, N., Anees, M. 
T., Qadir, A., & Khan, U. (2020). Multivariate investigation of  
heavy metals in the groundwater for irrigation and drinking in 
Garautha Tehsil, Jhansi District, India. Analytical Letters, 53(5), 
774-794. http://dx.doi.org/10.1080/00032719.2019.1676766.

Aller, L., Bennett, T., Lehr, J. H., Petty, R. J., & Hackett, G. (1987). 
DRASTIC: a standardized system for evaluating ground water pollution 
potential using hydrogeologic settings (Doc. EPA/600/2-87/035). 
Washington: USEPA.

American Society for Testing Materials - ASTM. (1996). Standard 
Guide for Selection of  Methods for Assessing Ground Water or Aquifer 
Sensitivity and Vulnerability. West Conshohocken: ASTM.

Barros, L. M. M. G., Lima, A. M. M., & Barros, A. J. A. A. 
(2021). Vulnerabilidade natural e antrópica subterrânea como 
fator importante na localização da implantação de sistemas de 
abastecimento de água e de esgotamento sanitário. In Anais do I 
Webinário do Programa de Pós-Graduação em Gestão de Riscos e Desastres 
Naturais na Amazônia. Belém/PA: PPGGRD/UFPA.

Chen, J., Wu, H., Qian, H., & Li, X. (2018). Challenges and prospects 
of  sustainable groundwater management in an agricultural plain 
along the Silk Road Economic Belt, north-west China. International 
Journal of  Water Resources Development, 34, 354-368. http://dx.doi.
org/10.1080/07900627.2016.1238348.

Companhia Ambiental do Estado de São Paulo - CETESB. (2023). 
Poluição das águas subterrâneas. Recuperado em 23 de maio de 2023, 
de https://cetesb.sp.gov.br/aguas-subterraneas/informacoes-
basicas/poluicao-das-aguas-subterraneas/

Cordeiro, A. M., Gama, R., & Barros, C. (2016). Os contextos 
socioculturais de um território no (in) sucesso e no abandono 
escolar: um caso de estudo no Portugal Central. In Atas do IX 
Congresso Português de Sociologia. Lisboa.

Delleur, J. W. (1999). The handbook of  groundwater engineering. Boca 
Raton: CRC Press LLC.

Denizman, C. (2018). Land use changes and groundwater quality 
in Florida. Applied Water Science, 8, 134. http://dx.doi.org/10.1007/
s13201-018-0776-9.

Diniz Filho, J. B., Macedo, L. G. M., & Melo, J. G. (2015). Aspectos 
sobre a hidrogeologia e vulnerabilidade do aquífero barreiras semi-
confinado, a oeste da Lagoa do Bonfim – Nísia Floresta/RN. Águas 
Subterrâneas, 1-19. Recuperado em 25 de maio de 2023, de https://
aguassubterraneas.abas.org/asubterraneas/article/view/28249

Ducci, L., Rizzo, P., Pinardi, R., Solfrini, A., Maggiali, A., Pizzati, 
M., Balsamo, F., & Celico, F. (2023). What is the impact of  leaky 
sewers on groundwater contamination in urban semi-confined 
aquifers? A test study related to fecal matter and Personal Care 
Products (PCPs). Hydrology, 10(1), 3. http://dx.doi.org/10.3390/
hydrology10010003.

Fannakh, A., & Farsang, A. (2022). DRASTIC, GOD, and SI 
approaches for assessing groundwater vulnerability to pollution: 
a review. Environmental Sciences Europe, 34, 77. http://dx.doi.
org/10.1186/s12302-022-00646-8.

Feitosa, F. A. C., & Manoel Filho, J. (2000). Hidrogeologia: conceitos 
e aplicações. Fortaleza/CE: CPRM/LABHID-UFPE.

Ferreira, G. B., Barros, A. J. A., Coelho, P. D. B., Ferro, B. S., & 
Conceição, J. R. S. (2017). Análise da Vulnerabilidade Natural do 
Aquífero no bairro da Cidade Nova, município de Ananindeua/
PA, com Aplicação do Método GOD. In Anais do I Congresso 
Internacional de Engenharia de Saúde Pública e de Saúde Ambiental. 
Brasília/DF: FUNASA.

Fetter, C. W. (2001). Applied hydrogeology. New Jersey: Prentice-Hall Inc.

Fitts, C. R. (2002). Groundwater science. London: Academic Press.

Foster, S., & Hirata, R. (1988). Groundwater pollution risk assessment: 
a methodology using available data. Lima, Peru: WHO-PAHO/HPE-
CEPIS Technical Manual.

Freddo Filho, V. J. (2018). Qualidade das águas subterrâneas rasas do 
Aquífero Barreiras: estudo de caso em Benevides (PA) (Dissertação de 
mestrado). Instituto de Geociências, Universidade Federal do Pará, 
Belém. Recuperado em 23 de maio de 2023, de https://rigeo.cprm.
gov.br/bitstream/doc/19641/1/dissertacao_freddo_filho.pdf

Instituto Brasileiro de Geografia e Estatística – IBGE. (2021). 
Brasil. Pará. Ananindeua. Recuperado em 21 de outubro de 2022, 
de https://cidades.ibge.gov.br/brasil/pa/ananindeua/panorama

Instituto Trata Brasil. (2022). Ranking do Saneamento 2022. Recuperado 
em 21 de outubro de 2022, de https://tratabrasil.org.br/ranking-
do-saneamento-2022



RBRH, Porto Alegre, v. 28, e23, 2023

Barros et al.

11/11

Leitão, T. E., Ferreira, J. P. L., Oliveira, M. M., & Moinante, M. 
J. (2003). Poluição de águas subterrâneas: principais problemas, 
processo de prevenção e reabilitação. In Anais do 6º Simpósio de 
Hidráulica e Recursos Hídricos dos Países de Língua Oficial Portuguesa. 
Cabo Verde.

Li, P., Karunanidhi, D., Subramani, T., & Srinivasamoorthy, K. 
(2021). Sources and consequences of  groundwater contamination. 
Archives of  Environmental Contamination and Toxicology, 80(1), 1-10. 
http://dx.doi.org/10.1007/s00244-020-00805-z.

Lisbôa, E. G., Carvalho, J. M. C. M., & Mendes, R. L. R. (2016). O 
uso da geoestatística na avaliação dos parâmetros hidrogeológicos 
para compor o mapa de vulnerabilidade intrínseca de aquíferos. 
Revista Brasileira de Recursos Hídricos, 21(1), 188-199. http://dx.doi.
org/10.21168/rbrh.v21n1.p188-199.

Madroñero, F. D. R., Oliveira, F. S., Souza, R. F., & Navoni, J. 
A. (2022). Vulnerabilidade à poluição antropogênica no sistema 
aquífero dunas/barreiras da região metropolitana de Natal. 
Sociedade & Natureza, 34, e63867. http://dx.doi.org/10.14393/
SN-v34-2022-63867.

Mester, T., Szabó, G., & Balla, D. (2021). Assessment of  Shallow 
Groundwater Purification Processes after the Construction of  a 
Municipal Sewerage Network. Water (Basel), 13(14), 1946. http://
dx.doi.org/10.3390/w13141946.

Milek, C. B., Kishi, R. T., & Gomes, J. (2014). Avaliação do 
Risco de Contaminação da Água Subterrânea do Aquífero 
Cárstico no Município de Almirante Tamandaré/PR com o 
Uso de Mapa de Índices de Risco. Revista Brasileira de Recursos 
Hídricos, 19(2), 89-100. http://dx.doi.org/10.21168/rbrh.
v19n2.p89-100.

Mimi, Z. A., & Assi, A. A. (2009). Intrinsic vulnerability, hazard 
and risk mapping for karst aquifers: a case study. Journal of  
Hydrology (Amsterdam), 364, 298-310. http://dx.doi.org/10.1016/j.
jhydrol.2008.11.008.

Poehls, D., & Smith, G. (2009). Encyclopedic dictionary of  hydrogeology. 
Boston: Academic Press/Elsevier.

Ribeiro, L, (2000). SI: a new index of  aquifer susceptibility to agricultural 
pollution (Internal report, ER- SHA/CVRM, p. 12). Lisbon, Portugal: 
Instituto Superior Técnico.

Ribeiro, Y. R. (2019). Padrões hidroquímicos de potabilidade e fatores de 
contaminação das águas subterrâneas de poços nas adjacências do Campus 

UFPA – Ananindeua (Icuí-Guajará) (Trabalho de Conclusão de 
Curso). Universidade Federal do Pará, Ananindeua. Recuperado 
em 23 de maio de 2023, de http://bdm.ufpa.br/jspui/handle/
prefix/1567

Rodrigues, N. G. L. (2015). Estudos sobre o ângulo de atrito em solos graníticos 
residuais (Dissertação de mestrado). Universidade da Beira Interior, 
Corvilhã, Portugal. Recuperado em 24 de maio de 2023, de https://
ubibliorum.ubi.pt/bitstream/10400.6/5018/1/4187_8009.pdf

Serviço Geológico Brasileiro - CPRM. (2002). Projeto estudos 
hidrogeológicos da Região Metropolitana de Belém e Adjacências. Recuperado 
em 23 de maio de 2023, de http://dspace.cprm.gov.br/jspui/
bitstream/doc/10744/1/rel_hidro_belem_adj2002.pdf

Talabi, A., & Kayode, T. (2019). Groundwater pollution and 
remediation. Journal of  Water Resource and Protection, 11, 1-19. http://
dx.doi.org/10.4236/jwarp.2019.111001.

Voisin, J., Cournoyer, B., Vienney, A., & Mermillod-Blondin, F. 
(2018). Aquifer recharge with stormwater runoff  in urban areas: 
influence of  vadose zone thickness on nutrient and bacterial 
transfers from the surface of  infiltration basins to groundwater. 
The Science of  the Total Environment, 637-638, 1496-1507. http://
dx.doi.org/10.1016/j.scitotenv.2018.05.094.

Authors contributions 

Arthur Julio Arrais Barros: Conceptualization, methodology, 
validation, formal analysis, investigation, data curation, writing – 
original draft, writing – review and editing.

Lorena Conceição Paiva de Ataíde: Validation, formal analysis, 
investigation, writing – review.

Francisco Carlos Lira Pessoa: Conceptualization, methodology, 
validation, formal analysis, investigation, writing – revision and 
editing, supervision, project administration.

Editor in-Chief: Adilson Pinheiro

Associated Editor: Edson Cezar Wendland


