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Abstract: The Dunas-Barreiras Aquifer system is in the NE region of Brazil, near the eastern coast of Rio Grande do Norte, and in it, one finds 

the Bonfim Lake System. Such aquifer is used for the supply of about 300,000 people, is characterized as free and is composed of a single 

system, although the dunes and the Barreiras Formation have specific characteristics. From a Multicriterion Analysis, involving maps algebra 

and Weighted Linear Combination of physical, biotic and anthropic attributes, in Geographic Information Systems (GIS) environment, the 

present work proposes to identify, in 1:100.000 scale, areas with higher potential risks of groundwater contamination in the area covered by the 

Bonfim System. The results point that 46.14% of the spring presented contamination potentials Medium, Strong and Very Strong. On the other 

hand, areas with despicable potential covered 39,73% represented by semi-natural areas, without the presence of anthropic activities. The 

spatialization of the potential risk of contamination of the underground water of this spring aims to help in the decision making, public and 

private, contributing for the territorial planning of the municipalities of São José de Mipibu and Nísia Floresta, presenting areas in which the 

anthropic use should be delayed, prioritizing the conservation. 

Keywords: Groundwater Contamination; Land use and land cover; Anthropic activities; Environmental modeling; GIS; Multicriteria analysis. 

 

Resumo: O sistema Aquífero Dunas-Barreiras está localizado na região NE do Brasil, próximo ao litoral oriental do Rio Grande do Norte, e 

nele, encontra-se o Sistema Lacustre do Bonfim. Tal aquífero é utilizado para o abastecimento de cerca de 300.000 pessoas, é caracterizado 

como livre e é composto por um sistema único, embora as dunas e a Formação Barreiras possuam características específicas. A partir de uma 

Análise Multicritério, envolvendo álgebra de mapas e Combinação Linear Ponderada de atributos do meio físico, biótico e antrópico, em 

ambiente de Sistemas de Informação Geográfica (SIG), o presente trabalho se propõe a identificar, em escala 1:100.000, áreas com maiores 

potenciais riscos de contaminação das águas subterrâneas na área abrangida pelo Sistema Bonfim. Os resultados apontam que 46,14% do 

manancial apresentou potenciais de contaminação Médio, Forte e Muito Forte. Por outro lado, áreas com potencial Desprezível abrangeram 

39,73% representadas por áreas seminaturais, sem a presença de atividades antrópicas. A espacialização do potencial risco à contaminação das 

águas subterrâneas desse manancial visa auxiliar tomadas de decisão, pública e privada, contribuindo para o planejamento territorial dos 

municípios de São José de Mipibu e Nísia Floresta, apresentando áreas em que uso antrópico deveria ser retardado, priorizando a conservação. 

Palavras-chave: Contaminação de Águas Subterrâneas; Uso e cobertura da terra; Atividades antrópicas; Modelagem Ambiental; SIG; Análise 

multicritério 
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1. Introduction 

Groundwater accounts for 99% of all liquid and fresh water on planet Earth, providing half of the volume abstracted 

for domestic use by the global population, estimated at 7.8 billion (WWAP, 2022). In addition, groundwater is of 

fundamental importance in water and food security and may be affected by changes in the hydrological cycle resulting 

from changes in the climate pattern (IPCC, 2021). 

On a global scale, in regions of scarcity, such as arid and semi-arid climate zones, groundwater is the main source 

responsible for freshwater supply (GLEESON, 2020). In these regions, especially those located in developing countries, 

groundwater plays a strategic role for economic and social progress, as, in addition to supply, it is a primary input for the 

progress of human activities (WWAP, 2022) and for the implementation of sustainable development, as well as (for the 

supply of) water for long periods, even during a period of intense drought (CHENINI; ZGHIBI; KOUZANA, 2015; 

PARKINSON; HUNT, 2020; BUSICO et al., 2020). However, seasonalities, which are related to natural cycling rates and 

are exacerbated by intense uses and climate change, have increasingly influenced the availability of this resource to meet 

regional demands (IPCC, 2021). 

The need to increase groundwater exploitation to meet growing demand (COSTA et al., 2015; BONSOR et al., 2018; 

VANN et al., 2020) has increased concern about the quality of this resource (RAZANDI et al., 2015; FILIPPIS et al, 2020). 

Successive evidence points to the degradation of groundwater reserves caused by increasing environmental pollution from 

anthropogenic activities, putting the quantity and quality of this resource at risk (RAZANDI et al., 2015). 

Worldwide, anthropogenic activities have drastically altered the natural conditions of soil cover, reduced the natural 

area and increased the area of impervious cover, mainly in the form of urbanized and industrialized areas, bringing negative 

environmental consequences (TUNDISI et al., 2008; DELINOM et al., 2009; ZHAO et al., 2015; MARTÍNEZ et al., 2014; 

ZHAI et al., 2021). These areas, when occupied without the adoption of technical criteria and sanitary infrastructure, end 

up being marked by the presence of septic and black tanks, leaks from the sanitary sewage network, insertion of effluents 

in rainwater galleries, infiltration of industrial effluents into the soil, leaks from service stations and dumps (SÃO PAULO, 

2019). Consequently, pollutants such as nitrate (NO3-), chloride (Cl-), sulfate (SO42-) and pathogens, among others, are 

released and can reach the saturated zone, contributing to the decline in the quality of groundwater reserves (DEVIC; 

DJORDJEVIC; SAKAN 2014; DANIELA et al., 2017, MARIJIć et al., 2017). 

In rural areas, the sources of contamination are mainly from the large number of agrochemicals used in agriculture, so 

the indiscriminate use of fertilized nitrogen has emerged as a diffuse source of pollutants worldwide (FARJAD et al., 2012; 

RUFINO et al. 2019; MACHATE et al., 2021). In both urbanized and rural areas, nitrate and sulfate concentrations have 

been an indicator of groundwater contamination (POWELL et al., 2003; DEVIC; DJORDJEVIC; SAKAN, 2014; 

CETESB, 2018; VIGLIOTTI; BUSICO; RUBERTI, 2020). In the study area, Castro et al. (2014) found an advance of the 

urbanized area of the municipality of Nísia Floresta over the Bonfim System (SB), more precisely over the area surrounding 

the wells of the first battery of the Monsenhor Expedito Pipeline. In fact, one of these wells reached, at the time, the 

concentration of Nitrate (NO3-) of 9.21 mg/L, being close to the maximum permissible limit for human consumption of 

10 mg/L (BRASIL, 2017). 

The need to protect groundwater resources combined with land use planning has led to the mapping of areas that 

represent a greater potential for groundwater contamination (MARANGON, et al., 2017; COSTA, et al., 2019). Such 

zoning is an important tool to support decision-making for territorial and water planning (COSTA, et al., 2015; PIGA, et 

al., 2017; COSTA, et al., 2020). 

Different approaches have been proposed to map groundwater vulnerability, such as: statistical models that express 

vulnerability in terms of impacts of human activities (WANG et al., 2010; MALAKOOTIAN; NOZARI, 2020; 

MACHATE, et al, 2021), impacts of agriculture (VIRGLIOTTI; BUSICO; RUBERTI, 2020), simulations with numerical 

and statistical modeling (LA TORRE et al., 2020; SUN et al., 2020) and overlay techniques in a GIS environment 

(RAZANDI, 2015; OROJI, 2019; COSTA, et al., 2020; EASWER et al., 2022). Multicriteria analysis is a tool used in 

large areas of knowledge, such as health, engineering, environment, process management, technology, being interesting 

for small and large decision making favoring the crossing of simultaneous information; in addition to making the decisions 

of the specialists more assertive, this tool allows several adjustments in the model depending on the scale of work 

considered (JAHAN; EDWARDS, 2013; REN et al 2020). Thus, Multicriteria Analysis in a GIS environment, among the 

overlapping techniques, is advantageous in the acquisition and computational processing of geo-environmental data in the 

form of georeferenced information plans. The results have been shown to be balanced and reliable when applied to the 

potential for aquifer contamination (PIGA, et al., 2017; COSTA, et al., 2019). 

Globally, the DRASTIC (ALLER et al., 1987), GOD (FOSTER, 1987), SINTACS (CIVITA, 1994) and COP (VÍAS 

et al., 2002; 2006) methods are used in the prediction of aquifer contamination. DRASTIC is represented by indices that 

make up the methodology, such as: Depth to water table (D), Net recharge (R), Aquifer type (A), Soil medium (S), 
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Topography (T), Impact of vadose zone (I) and Hydraulic conductivity (C) (ALLER et al., 1987). The indices are classified 

based on the superposition of factors, from a linear combination, considering the hydrogeological characteristics, however 

this configuration demonstrates the intrinsic sensitivity of the system, not considering the characteristics exogenous to it 

(SAIDI; BOURI; DHIA, 2009; RAMA et al., 2022;). The GOD methodology aims to assess aquifer vulnerability. This 

model has the characteristics of using the combination of only three variables: Aquifer Type (G); Lithology and Degree of 

Consolidation of the Vadose Zone or Confining Layers (O) and Depth of the water level or the confining base of the aquifer 

(D) (FOSTER, 1987; FOSTER; HIRATA, 1988). Thus, the GOD presents some deficiencies from the activities that are 

not intrinsic to the systems, directly presenting the vulnerability closer to natural conditions, not considering anthropic 

variables (GOMES; MENDONÇA; CAVALCANTE, 2018; PEIXOTO; CAVALCANTE, 2022). 

In the studied area, groundwater supplies about 300,000 people and its quality and quantity are directly linked to land 

use and land cover. In view of this, the present work aims to evaluate the intrinsic and extrinsic vulnerability, generating 

the potential risk of contamination of the Dunas/Barreiras Aquifer System, through a multicriteria approach in the Bonfim 

System (SB).  

2. Study Area 

The Bonfim System (SB) is located on the eastern coast of the state of Rio Grande do Norte (RN), 25 km south of 

Natal, the state capital, covering part of the municipalities of Nísia Floresta and São José do Mipibu (Figure 1). The SB is 

positioned in the hydrographic basins of the Trairi and Potengi rivers, in an area of diffuse flow over sedimentary terrain 

of the Barreiras Formation and dune fields, comprising an area of 72.19 km². The SB stands out for its high-water potential 

and for comprising one of the most relevant water supply systems in the state of Rio Grande do Norte, in terms of 

groundwater and surface water collection. The Monsenhor Expedito adductor system is responsible for capturing 

approximately 1750 m³/h and for supplying 285 to 300 thousand inhabitants in 30 municipal seats and 240 rural 

communities (ASSEMBLEIA RN, 2021). 

 

 
Figure. 1 – Location of the study area. 

Source: Author (2022). 

2.1 Climate 

Rio Grande do Norte has its geographical position in the northern east. RN is directly influenced by two Disturbed 

Current Systems: to the north and to the east. In winter, the state can be hit by some repercussions of Cold Fronts when 

they manage to overlap the lower latitudes, causing frontal and post-frontal rains along the coast, while the hinterland of 

the state is under the action of the South Atlantic Tropical High, with stable weather (NIMER, 1979). According to Feitosa 
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& Melo (1997), the SB is in the humid valley region of RN and these characteristics justify a rainfall (annual average of 

1,721mm between 1984 and 2019) (MELO; FIGUEIREDO, 1990; CASTRO et. al., 2014). 

 

2.2 Lithological units and hydrogeology 

In addition to the landscape, environmental and tourist importance, the SB also has social and economic importance, 

both for the region in which it is inserted and for all RN, serving as a source for the Monsenhor Expedito water main, 

which is 315 km long. The adductor system was designed in the early 1990s to supply 1,627.2 m³/h, from the water 

catchment in Lagoa do Bonfim and through seven deep wells surrounding the lagoon. However, aiming at a higher flow, 

new complementary studies were carried out, such as the studies carried out by SEMARH (2008), in order to define new 

conditions of exploitation for human supply; thus, twelve more deep tube wells were installed in 2011 in the Boa Cica 

stream, downstream of the lagoons, from which another 750 m³/h are captured.  

This water potential can be related to the lithohydrological characterization of the SB, in which four geological units 

are found, all from the Quaternary period, namely: Recent continental eolian deposits (Q2ec), Vegetated coastal eolian 

deposits (Q2elv), Sandy and sandy-clay deposits (Q2da) and old marine and continental deposits (Q1mc). In common, 

they are unconsolidated covers composed of sediments ranging from sandy to sandy-clayey with grain size ranging from 

fine to very coarse sand, sometimes with conglomeratic fraction (CRPM, 2014) (Figure 2). 

Accordingly, the hydrogeology is composed of a single system, the Dunas-Barreiras aquifer, in which each has its 

specific characteristics. The Dunas aquifer consists of unconsolidated aeolian deposits formed by fine to medium sandy 

sediments and sometimes silty-clayey (CPRM, 2012; CPRM, 2014). Although these sediments serve as conductors of 

infiltrated water to the Dunas/Barreiras, they have a small, saturated thickness, making productivity generally very low, 

with a capture flow rate of 1≤ Q (m³/h) < 10. It is characterized as a typically free aquifer with high porosity and hydraulic 

conductivity (K (m/s) ≅ 10-4), and the wells have an average depth of 5 m (SERHID, 1998ª; CPRM, 2014; ALVES, 2020). 

The Barreiras aquifer consists of sandy-clayey to silty-clayey unconsolidated to semi-consolidated sediments, locally with 

conglomerate fractions. Of continental origin, it has an average thickness of around 80 m. It is located throughout the 

central, northwest and southeast portions, has a free character with hydraulic conductivity (10-4≤ K (m/s) < 10-2) and high-

water potential (50 ≤ Q m³/h < 100). Corroborating the hydraulic conductivity values, when it determined that, in the 

vicinity of the coastline, the hydraulic conductivity (K) is of the order of 10-4 m. 
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Figure. 2 – Spatial information used in the studies. 

Source: Author (2022). 
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2.3 Relief 

The SB is divided into two geomorphological domains: the coastal trays, located to the west, presenting a flat relief 

derived from sedimentary rocks, and the wind plains, which are characterized by undulations and low altitude, in which 

the erosion process is overcome by sedimentation (PEREIRA et al., 2003; IBGE, 2009). In general terms, almost all the 

study area has low slopes, favoring infiltration, with values ranging between 2% and 20%.  

2.4 Pedological units 

The region is predominantly composed of Quartzarenic Orthic Neosols (RQo), corresponding to 50.89% of the total 

area (36.74 km²). Comprising mainly the central region of the SB, it is composed of dystrophic quartz sands and low clay 

contents, less than 15%, originating from the Barreiras Formation (RADAMBRASIL, 1981; EMBRAPA, 2006). The 

neosols, due to their sandy texture, have higher rates of percolation of water in the soil, in order to enhance the infiltration 

of precipitated water in these areas (SUDENE, 1971; EMBRAPA, 2006). 

To the east predominates the Neossolo Quartzarênico dunes (Dn), composed of dystrophic marine quartz sands, 

occupying 21.32% of the total area of the SB (15.39 km²). The physical characteristics of this group correspond to 

unconsolidated soils, also from the Barreiras Formation, aggregating low clay contents, having high draining power and 

with greater depths (RADAMBRASIL, 1981; EMBRAPA, 2006). 

The Dystrophic Yellow Latosol (LAd) originating from the Barreiras Formation is located west of the SB, with 11.45% 

of the total area (8.27 km). This soil has a deeper profile, being more weathered than the Quartzarenic neosols, having a 

moderate to high permeability (SUDENE. 1971; RADAMBRASIL, 1981; EMBRAPA, 2006). 

The Dystrophic Red Yellow Argisol (PVAd) occupies a smaller area of the SB, located to the south/southeast, is non-

hydromorphic, dominantly clayey, deep and moderately draining, corresponding to 2.33% of the total area (1.69 km²) 

(SUDENE. 1971; RADAMBRASIL, 1981; EMBRAPA, 2006). 

2.5 Land Use and Cover 

The largest proportions were mapped as Dense and Sparse Atlantic Forests of Coastal Tableland, Riparian Forest and 

Water Bodies with 38.99 km² (54%). Following, agricultural uses are found, occupying 30.61 km² (43%). The other uses 

were classified as anthropic activities, involving industrial areas, condominiums, gas stations, dirt roads, highways and 

others with 2.8 km² (3%) 

3. Methodology 

Figure 3 presents a flowchart that summarizes the methodology employed in the work. 

 
Figure. 3 – Flowchart of the methodology employed in the work. 

Source: Author (2022). 
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To assemble the digital and georeferenced geographic database, primary matrix data were used, such as satellite images 

and secondary (vector), such as geological, geomorphological, pedological, land use and land cover maps and the Digital 

Elevation Model (DEM). The information plans were georeferenced in the 25S zone, and the SIRGAS2000 geodetic 

reference and UTM projection system were adopted. The data were manipulated and integrated in ArcGIS 10.5 and ArcGIS 

Pro software (Table 1). 

Table 1 –. Geographical information used to assemble the database. 

Information plans Description Source 
Spatial 

resolution/scale 

Land use and land cover Use classes Satélite Sentinel 2A (ESA, 2019), 

Paiva et al. 2021 
10 x 10 m 

Digital Elevation Model Hypsometry/Declivity ALOS – PALSAR JAXA/METI 

(2011) 
12,5 x 12,5 m 

Pedological Units Soil types IBGE (2017) 1:250.000* 

Hydrogeology 
Well Density SERHID (1999), Pereira (2000), 

SEMARH (2012) 
- 

Unsaturated area 

Lithological units Geological Formation 
Folhas geológicas SB-25-V-C-V: 

CPRM (2012) e SB.25-Y-A-II E 

III: CPRM (2014) 

1:100.000 

* Although printed at a scale of 1:1,000,000, these mappings were carried out at a level of detail of 1:250,000.  

Source: Author (2022). 

The land cover and land use map were prepared from Sentinel-2A satellite images, acquired on 10/25/2019, MSI 

(Multispectral Instrument) sensor, used by Lobo de Paiva et al (2022). From the RGB color compositions (4,3,2 and 8,4,3), 

the author performed the visual interpretation and vectorization on canvas of the objects on the earth's surface. 

To generate the maps of unsaturated thickness and density of tube wells, data from SERHID (1999), PEREIRA (2000) 

and SEMARH (2012) were used, and the spatialization of 122 tube wells was performed, including producing wells and 

monitoring wells. The interpolation of groundwater level data for the preparation of the unsaturated thickness map was 

performed using the Inverse Distance Weighted (IDW) tool (MITAS, MITASOVA; 1999). For the well density map, the 

calculation of the number of recurrence of wells per units of radius of influence was used, weighted by distance, 

constituting the Kernel index (OLIVEIRA, OLIVEIRA; 2017). 

3.1 Map algebra and multicriteria analysis in a GIS environment 

Map algebra consists of a pixel-by-pixel association of each location on a map (EASTMAN, 2003; TOMLIN, 1990). 

For the algebra to be performed, all information plans must be georeferenced and with the same pixel size (TOMLIN, 

1990; MALCZEWSKI, 2004), in this case, 26.5 x 26.5 meters were used taking as reference the adopted working scale 

(1:100,000). The vector information plans were transformed into the matrix format (raster) reclassifying them for assigning 

the weights, weights defined by a multicriteria analysis.  

According to Valente, Petean and Vettorazzi (2017), from the incorporation of geospatial information on the physical, 

biotic and anthropic environments, multicriteria evaluation in a GIS environment has been efficient to define priority areas 

as a subsidy to territorial planning. Thus, the methodology used to identify areas with the greatest potential for groundwater 

contamination was based on multicriteria analysis. According to Costa et al. (2019) and Valente (2005), the judgment of 

weights can be made using a numerical scale of reference through literature review, consultation with experts and/or based 

on experiences already developed in the area of interest.  

Land use directly affects the risk of groundwater contamination to a greater or lesser extent. According to Nanni et al. 

(2005), the risk is caused not by the intrinsic characteristics of the aquifer, but by specific characteristics, such as the 

existence of polluting activities, a dynamic factor, which can be controlled. Therefore, a scaling in values was elaborated 

from the anthropization of land use, so that for areas that still preserve semi-natural vegetation (Dense Atlantic 

Forest/Sparse Coastal Tableland), the weighting value was considered negligible, considering that the impact of the 

presence of vegetation is positive. Regarding the areas of diversified agricultural uses, highways, gas stations, urban areas, 
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among other uses that reflect negative impacts, weights were assigned according to the negative impact of the activities 

developed, as well as chemicals used (Table 2).  

As for geological characteristics, vulnerability is directly related to the type of lithological units, with sandstones, 

siltstones and claystones being graded. In this case, the sandier sedimentary geological units, such as recent continental 

eolian deposits and vegetated coastal eolian deposits, have greater intrinsic vulnerabilities. On the other hand, sandy-clay 

deposits and old marine and continental deposits have more clayey characteristics, having a capacity to retain more 

leaching in their environment. Therefore, higher weights were assigned to sedimentary deposits with lower pollutant 

attenuation capacity.  

The unsaturated thickness is directly related to the depth of the groundwater level. Therefore, the lower the thickness 

of the unsaturated zone of the terrain, the higher the intrinsic vulnerability of the aquifer system.  

The fact that the density of tube wells was considered is justified by the fact that some wells may be outside the 

construction standards, which implies porous and permeable sedimentary geological materials connected with other 

sources of pollution, such as septic tanks and sewers. It is worth mentioning that, according to the National Sanitation 

Information System (SNIS) (2019), only 0.63% of the population of the municipality of São José do Mipibu and 4.76% of 

the population of Nísia Floresta were contemplated with a sewage collection network. 

The relief was represented by hypsometry, thus, hypsometric classes with lower altitudes were considered with greater 

potential for contamination, as they represent places of greater accumulation and infiltration of surface runoff.  

The degree of slope of the relief is related to the higher or lower speed of surface runoff, favoring the water to flow 

through the surface or infiltrate, respectively. Thus, in steeper slopes, where greater surface runoff prevails, the lowest 

weights were provided. On the other hand, flat regions, with slopes ranging from 0 to 2% or up to 5%, which directly favor 

the infiltration of water into the terrain, received higher weights of greater valuations. 

The properties of soils and sediments interfere with the retardation and percolation of pollutants into aquifer units. This 

behavior can be conditioned by granulometry and hydraulic conductivity. These intrinsic properties define how potentially 

contaminating solutions can reach the saturated zone. Thus, the weights were established based on the texture and 

permeability attributes of the soils, where sandy texture represents the highest contamination potentials. 

According to Costa et al. (2019), the multicriteria analysis must be carried out by a multidisciplinary team of specialists, 

which will assign weights and restrictions to each evaluated attribute. After the hierarchization of each evaluated attribute, 

the Weighted Linear Combination (PLC) was performed (VOOGD, 1983). The execution of the weighted sum was 

performed from the information plans: land cover and use, lithological classes, unsaturated thickness, density of wells, 

hypsometry, slope and pedology. The attributes were compared individually, on a gradual scale considering a variation 

from 0 to 5, according to the peculiarities of each attribute regarding intrinsic vulnerability or specific vulnerability. In this 

perspective, the following weightings were defined: Negligible = 0, Very Low = 1, Low = 2, Medium = 3, Strong = 4 and 

Very Strong = 5, as can be seen in Table 2.  
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Table 2 –. Weights assigned to the information planes for the realization of the map algebra. 

Weighting Land cover and land use classes Attribute weight (0 

and 1) 

Negligible (0) 

Dense Atlantic Forest of the Coastal Tableland Sparse Atlantic 

Forest of the Coastal Tableland 

Riparian Forest, Hydric Body 

(0,20) 
Very Low (1) Natural exposed soil 

Low (2) 

 

Dirt Road, Allotments 

Medium (3) Diversified agricultural use, Exposed soil in preparation, Coconut 

cultivation 

High (4) Chacarás, Sugar Cane, Industries, Paved Areas 
Very High (5) Gas Station, Highways, Urban Area, Condominiums 

 Lithological units  
Low (2) 

 

Old marine and continental deposits 

(0,20) Medium (3) Sandy and sandy-clay deposits 

 
High (4) Vegetated coastal eolian deposits 

Very High (5) Recent continental aeolian deposits 

 Unsaturated thickness classes (m)  

Very Low (1) 

 

42,05 – 33,89 

 (0,20) 
Low (2) 

 

33,89 – 25,72 

 

 

Medium (3) 

 

25,72 – 17,56 

 
High (4) 

 

17,56 – 09,39 
Very High (5) 09,39 – 01,23 

 Well density class (Qnt/radius)  

Very Low (1) 

 

0,001 – 1,201 

 (0,13) 
Low (2) 

 

1,202 – 2,405 

 
Medium (3) 

 

2,406 – 3,607 

 
High (4) 

 

3,608 – 4,810 

 
 Very High (5) 4,811 – 6,012 

 Hypsometry classes (m)  

Very Low (1) 

 

99 – 80 

(0,06) 
Low (2) 

 

80 – 60 

 

 

Medium (3) 

 

60 – 40 

 
 High (4) 

 

40 – 20 
Very High (5) 20 – 1 

 Slope classes (%)  

Very Low (1) 

 

> 20 

 (0,06) 
Low (2) 

 

10 – 20 

 
Medium (3) 

 

5 – 10 

 
High (4) 

 

2 – 5 

 
Very High (5) < 2 

 Pedological units  

Low (2) 

 

Dystrophic Red-Yellow Argisol 

(0,15) Mediun (3) 

 

Yellow Latossolo Distrófico 

 
High (4) 

 

Quartzarenic Neosol Ortico 

Very High (5) Quartzarenic Neosol Dunes 

Source: Author (2022). 
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4. Results and discussion 

4.1 Unsaturated Thickness and Well Density 

Figure 4 shows the maps depicting the unsaturated thickness of the Dunas-Barreiras aquifer system and the density of 

wells. The unsaturated thickness, as being the distance between the ground surface and the top of the saturated zone, was 

verified through measurements of the depths of static groundwater levels from tube wells and piezometers obtained in 

SERHID (1999), PEREIRA (2000) and SEMARH (2012). The density of wells is understood as the recurrence rate of tube 

wells found per radius of influence.  

 

 
Figure 4a – Unsaturated Thickness, Figure 4b –  Bonfim System Well Density. 

Source: Author (2022). 

Manoel Filho and Castro (2002) highlight infiltration as one of the factors influencing the relevant saturated thicknesses 

favoring aquifer recharge and groundwater renewal. This condition associated with the ease of groundwater abstraction 

and the excellent quality in its natural condition has enabled the water supply capacity for various sectors of the state, 

especially for supply. However, it is necessary to pay special attention to the density of wells in the region in view of the 

sustainability of the aquifer in terms of its quantitative and qualitative aspects. 

4.2 Potential Risk of Contamination 

From the crossings of the georeferenced and weighted information plans (Land use and cover, lithological classes, 

unsaturated thickness, well density, altimetry, slopes and pedological classes), it was possible to recognize the areas with 

greater or lesser potential risk of contamination, as presented in the Bonfim System Potential Risk of Contamination Chart 

(Figure 5). 
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Figure 5 – Potential Contamination Risk Chart for the Bonfim System. 

Source: Author (2022). 

The greatest potential risks of groundwater contamination are represented by the classes called very high, high and 

medium, which total 33.32 km² in terms of territorial area. The potential risks classified as negligible cover an area of 

28.67 km² (39.73%), which are associated with the areas of forest and the water mirror, where there is no anthropic activity 

mapped. 

The very high risk potential involves an area of 9.68 km² (13.41%) covering the northwest, central and southeast 

portions of the SB. The lithologies are presented in this portion as recent continental eolian deposits and vegetated coastal 

eolian deposits with high porosity and hydraulic conductivity (K (m/s) ≅ 10-4) (ALVES, 2020). Geologically, they are 

represented by fine to medium sands, well rounded and selected. This sandy texture gave rise to the oritic quartzarenic 

neosols (<15% clay) of high permeability (between 10-3 and 10-1 cm/s), where unsaturated thickness ranging from 1.23 to 

17.56 meters predominates. In these regions, agricultural uses such as sugarcane and coconut cultivation and the presence 

of farms, with the use of septic tanks, constitute the main sources of contamination. 

The potential risk classified as high involved the largest territorial area, with predominance to the west of the Bonfim 

Lagoon and in regions of transition from Atlantic Forest to areas with anthropic activities and comprises 12.92 km² or 

17.88%. The western portion of the SB presented, for the most part, the potential risk of contamination Medium involving 

an area of 10.72 km² equivalent to 14.85% of the analyzed area. The presence of gas stations, industrial facilities, sugarcane 

and coconut cultivation, diversified agricultural use and the presence of farms contribute to this potential risk.  In the 

specific case of the presence of farms, these have the disposal of domestic effluents, through septic tanks and tanks. 

The class of Potential risk of contamination Medium is predominantly presented in the western portion of the SB, 

corresponding to anthropic activities such as industrial areas, paved areas, farms, allotments, sugarcane and coconut 

cultivation, exposed soil in preparation, and diversified agricultural use. Considering the attributes evaluated, this potential 

class is associated with the presence of sediments with a sandy-clay matrix, the type of soil (Dystrophic Yellow Latosol 

with sandy-clay texture and with a permeability coefficient between 10-6 and 10-4 cm/s), in addition to the expressive 

thickness of the unsaturated layer (between 33.89 and 42.05 m) in much of the area and the low density of wells (<4 per 
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km²).  However, attention should be paid to the low degree of slope of the relief, where slopes below 10% predominate, 

which consequently favors higher water infiltration rates, as well as the infiltration of possible contaminants derived from 

human activities and leaching from the land itself.  

The regions of the SB that presented the potential risk very low and low were almost negligible, thus, it was present in 

only 0.10 km², involving 0.12%. The areas classified as very low and low potential risk of contamination are associated 

with uncovered areas, which manifest themselves naturally in interdunal regions, on the banks of the system's lagoons and 

in transition zones of dense / sparse Atlantic forests of coastal tabuleiro and small areas with diversified agricultural use. 

Physically, these areas are positioned at higher altimetric levels (between 61 and 80 m), where the yellow latosol of sandy-

clay texture predominates (between 15 and 35% clay), with a permeability coefficient between 10-6 and 10-4 cm/s, 

superimposed on sandstones interspersed with siltstones and claystones of the Barreiras Formation. The unsaturated 

thickness is mostly in the range of 17.56 m to 42.05 and the area has a medium density of wells (<4 per km²). 

The potential risk classified as Negligible represents the areas of Sparse and Dense Atlantic Forest of Tabuleiro 

Litorâneo, dominantly; this region remains as semi-natural areas, without the presence of anthropic activities and water 

bodies.   

According to the map of land use and land cover (Figure 2) and the chart of the potential risk of contamination of the 

Bonfim System (Figure 5), the impacts on the water system, surface or underground, are mainly related to the presence of 

many residences, whose main device for collecting effluents is the septic tank, and to agricultural crop areas. The other 

situation that deserves to be highlighted, even though it constitutes a low percentage of land use and occupation, is the gas 

stations. 

As for the impacts arising from the presence of septic tanks, these comprise one of the most deflagrating sources of 

groundwater pollution, since they potentiate the concentrations of nitrate, which can be mobilized from the upper layers 

of the soil to the water and represents the final stage of the oxidation of organic matter (APOITIA, 2003; FEITOSA et al., 

2008). Thus, since nitrate ion is a persistent contaminant, especially in oxidizing environments such as groundwater, where 

it is strongly stabilized and difficult to dilute or remove by simple water treatment processes, it is an indicator that needs 

to be monitored, especially in tube wells of the public supply network. Castro et al. (2014) found nitrate concentrations 

close to the maximum permissible limit, which is 10 mg/L, as established in Consolidation Ordinance No. 5, of September 

28, 2017. The occurrences of these concentrations were mainly in well PT 07, located southwest of the study area, where 

there are more houses.  

The other source of water contamination by nitrate is agricultural cultivation areas, which, depending on the 

management, may cause drastic effects. In this case, there is the practice of monoculture in the area, related to the 

cultivation of sugar cane and coconut, so that the practice of monoculture leads to a nutritional imbalance of the soil plant 

and, therefore, the number of pests and diseases increases over the years (ALTIERI; PONTI; NICHOLLS, 2012; 

RAMJEGATHESH et al., 2012). In view of the situation, it becomes essential to apply pesticides, fertilizers and fertilizers 

so that there is no loss of product/productivity. 

Pesticides appear as an effective and economical way to improve yield, from a productive point of view, but, on the 

other hand, they can have serious consequences for the environment, directly and indirectly contaminating the air, water, 

soil and the general ecosystem, causing serious risks to the health of living beings (RIMAL et al., 2019). One of the 

alternative measures for the control of pests and diseases in coconut cultivation is by the conventional method of 

spraying/micro-spraying or by fertigation, which can be performed mechanically or manually with a dose of pesticides and 

fertilizers already diluted in water (LAMICHHANE et al., 2016). Thus, this culture ends up becoming a source of diffuse 

pollution, which presents harmful compounds, such as captan, chlorothalonil, carbendazim, lafenurom, among other 

inorganic compounds, in addition to organic compounds used to increase soil fertility (BRITO et al., 2002). Consequently, 

all this load of organic and inorganic compounds that are dispersed/inserted in various ways in sandy soils of coconut crops 

directly increases the potential risk of groundwater contamination, which can generate irreparable damage to the source if 

these pollutants manage to be leached throughout the pedological profile in the SB. 

In relation to sugarcane cultivation, its by-product - vinasse - has concentrations of potassium, calcium, magnesium, 

sulfur and micronutrients, being reused as fertilizer for the cultivation itself, however, it has a polluting power up to one 

hundred times greater than domestic sewage (SILVA et al. 2007).  Thus, the cultivation of sugarcane in sandy soils of high 

permeability and lower unsaturated thickness (1.23 to 9.39 meters) directly favors the leaching of these contaminants into 

the underground water reserve. 

As for the sources of contamination that fuel stations comprise, these can increase the risk of contamination if they are 

not in compliance with the regulations in force. For a long time, gas stations used iron tanks buried in the ground. Over 

the years, these tanks have become susceptible to corrosion, causing leaks and consequent contamination of soil and 

groundwater (COSTA et al. 2019). Currently, gas stations are subject to their own regulations regarding safety and 

environmental standards, however, the activity still handles contaminants such as: Benzene, Toluene, Ethylbenzene and 
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Total Xylenes (BTEX) and Polycyclic Aromatic Hydrocarbons (PAHs). These compounds have denser physical 

characteristics than water, have low solubility and are highly toxic and persistent on the surface, which can cause 

irremediable damage to the aquifer (TEIXEIRA et al., 2009). Thus, although small, the area that includes gas stations may 

represent a potential risk of contamination due to inorganic substances derived from petroleum if the minimum guidelines 

for fuel storage and supply areas are not met. 

Considering the current mapping of land use and occupation and the map of the potential risk of contamination of the 

Bonfim System, together with the natural characteristics and the intrinsic vulnerability of the Dunas/Barreiras Aquifer 

System in the Bonfim Lake Complex, it is necessary to highlight some points related to recharge and surface runoff. 

According to Manoel Filho and Castro (2002), the Bonfim lake region develops on a Tertiary-age tableland with 

extensive coverage of homogeneous and unconsolidated eolian sands with high infiltration capacity, thus being responsible 

for the absence of a surface drainage network and possibly for the formation of lagoons on these tableland sediments. The 

predominance in the area is of a free type of aquifer system, locally presenting semi-confined sectors, so this predominance 

of the free aquifer allows a situation of interaction with the lagoons of the region. The authors also point out that, in a 

situation where the intensity of rainfall is greater than the infiltration capacity of the soil, this behavior can generate 

recharge of maximum intensity and "run-off", a situation that can cause runoff to interior depressions at isolated points, 

creating infiltration basins from which groundwater domes are formed. Manoel Filho and Castro (2002) complement the 

interpretation of this behavior by pointing out that, if the water table is shallow, the basins can reach it quickly and originate 

permanent ponds, connected with groundwater. Otherwise, the basins form temporary ponds with suspended water, which 

disappears after the deep percolation process to the water table is completed. This same study considered the surface runoff 

negligible for the water balance, elaborated by the Thornthwaite method (Thornthwaite & Matter 1957), which indicated 

an average recharge estimate of 485.0 mm/year. 

In view of the above, it can be seen that, in the same way that there is a favorability for the aquifer to be recharged with 

precipitation waters, there is also the favoring of a feeding of the underground water system from these waters with 

concentrations of pollutants related to the sources of contaminations discussed and consequent potential risk of 

contamination.  

4. Final considerations 

A large portion of the SB, portraying 46.14% of the area, presented considerable levels of potential risk of groundwater 

contamination (Medium, Strong and Very Strong), only 0.14% of the area presented Very Low and Low potential. On the 

other hand, 39.73% of the area presented negligible contamination potential, as it is covered by Dense/Sparse Atlantic 

Forest of Tabuleiro Litorâneo that remains as semi-natural areas, without the presence of anthropic activities, not offering 

great risks to groundwater contamination and 13.99% occupied by surface water bodies. 

The potential sources of contamination risks are related to the presence of anthropic interventions, such as gas station, 

highway, industrial areas, paved areas, condominiums, farms, allotments, sugarcane cultivation areas, exposed soil in 

preparation and areas with coconut cultivation. In addition to these, there is a process of urban expansion characterized by 

the presence of farms and condominiums, which dominantly have individualized sanitation systems, being crucial to raise 

the potential risk level of groundwater contamination. The gas station has its possible contaminants linked to hydrocarbons, 

petroleum derivatives, which easily extrapolate the support capacity of the system raising the potential risk of 

contamination by inorganic compounds. So little different, the highways, in addition to waterproofing large areas and 

affecting the entire region inserted, whether the physical environment or the biotic, carry a large load of metals and heavy 

metals. This discharge, due to the low degradation capacity of these metals, increases the risk of contamination. The activity 

of coconut farming is related to the use of pesticides, fungicides and herbicides. The cultivation of sugarcane includes the 

use of fertigation with vinasse, which is rich in potassium, calcium, magnesium, sulphur and micronutrients. In this type 

of activity, the use of agrochemicals is common and represents a great potential risk of contamination of aquifers. 

In this context, we highlight the seven wells of the first catchment battery of the Monsenhor Expedito Pipeline, which 

are in areas with Medium to Strong potential, which may compromise the potability standard of these waters, used by 

about 300 thousand people who use this water daily. 

At the state/national level, the National Environmental Policy, Law n 6.938, of August 31, 1981, has in its instruments 

the Zoning and Environmental Licensing. Thus, this work serves as a parameter and instrument for land use management 

to be used by environmental agencies, such as the Institute for Sustainable Development (IDEMA/RN) and IBAMA. 

Regarding surface and groundwater, RN has a State Water Resources Policy, established by State Law No. 6908, of July 

1, 1996, which brought, in Article 2 of Chapter I, the granting of the right to use water as an essential instrument for the 

management of water resources. Accordingly, Decree No. 13.283 of March 22, 1997, deals with the regulation of the 
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granting of the right to use water resources and the licensing of water supply works provided for in Law No. 6908/96. The 

body responsible for groundwater concessions is the Water Management Institute (IGARN). 

For the private sector, an integrated view between anthropic activities and the physical/ biotic environments favors the 

understanding of the implications that the enterprises may cause considering the current situation of potential risk of 

contamination of some areas in the SB, or even understand the level of implication that they may face in an environmental 

licensing or in a grant of the right to use water in that region. 
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