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ABSTRACT
This research aimed at evaluating groundwater vulnerability to agrochemical 
contamination. To that end, we developed an index called Hydric Vulnerability 
and Agrochemical Contamination Index (HVACI), which integrates a geographic 
information system and fuzzy logic to measure catchment vulnerability to 
agrochemical contamination. Our case study investigates two sub-basins, 
the Baixo Jaguaribe and the Médio Jaguaribe, in the state of Ceará, Brazil. 
We built a logical relationship matrix involving economic and environmental 
information as a tool to enhance public managers’ decision-making 
capabilities. Evaluation was based on four categories of vulnerability — high, 
medium-high, medium-low, and low —, and we found that the joint area of 
the Baixo Jaguaribe and Médio Jaguaribe sub-basins presented the following 
levels of risk contamination: 80.3% of the area had low vulnerability, 3.5% 
had medium-low vulnerability, 3.0% had medium-high vulnerability, and 
13.2% had high vulnerability. Geographically, the municipalities with high 
vulnerability to contamination by pesticides were Aracati, Icapuí, Limoeiro 
do Norte, Tabuleiro do Norte, and Quixeré. Therefore, HVACI is an important 
tool for directing environmental management efforts toward areas identified 
as highly vulnerable to agrochemical contamination.

Keywords: semi-arid; fuzzy logic; aquifer.

RESUMO
O objetivo deste estudo foi avaliar a vulnerabilidade das águas subterrâneas 
à contaminação por agroquímicos por meio da construção do índice de 
vulnerabilidade hídrica e contaminação agroquímica (IVHCA), utilizando 
sistema de informação geográfica acoplado à lógica fuzzy. Este estudo 
foi aplicado no Ceará, para as sub-bacias hidrográficas do Baixo e Médio 
Jaguaribe. Elaborou-se uma matriz de relacionamento lógico envolvendo 
informações econômicas e ambientais, visando munir os gestores públicos 
com uma ferramenta capaz de direcionar a tomada de decisão. A avaliação 
foi realizada por meio de quatro categorias: alta, média-alta, média-baixa 
e baixa vulnerabilidade. Verificou-se que 80,3% da área conjunta das sub-
bacias do Médio e Baixo Jaguaribe apresentou baixa vulnerabilidade hídrica 
à contaminação por agroquímicos e que 3,5% dessa área possui média-
baixa vulnerabilidade; 3% possui média-alta vulnerabilidade; e 13,2%, 
alta vulnerabilidade. Os municípios de Aracati, Icapuí, Limoeiro do Norte, 
Tabuleiro do Norte e Quixeré foram os que apresentaram áreas com alta 
vulnerabilidade. Portanto, o IVHCA é uma importante ferramenta para o 
direcionamento de esforços de gestão ambiental em áreas identificadas com 
elevada vulnerabilidade à contaminação por agroquímicos.

Palavras-chave: semiárido, lógica fuzzy; aquífero.
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INTRODUCTION
Global population growth, coupled with economic de-
velopment and better living standards, has generated 
pressures on the natural environment. This scenario 
has been causing serious environmental problems, 
such as pollution of hydrological catchment (GUNDA 
et al., 2019; USSAMI; GUILHOTO, 2018).

Unsustainable socioeconomic practices and a gov-
ernance structure that mismanages water resources 
results not only in the inequitable and inefficient dis-
tribution of water but also in the lack of both water 
spring preservation and quality control. The resilience 
of aquatic systems on a world scale becomes seriously 
jeopardized and raises the question of how a projected 
increment of three billion people by 2050 can be sus-
tainable amidst the upcoming global hydrological crisis 
(STADDON; SCOTT, 2018; NOVOA et al., 2019).

In this context, chemical contaminants produced by 
both industrial and agricultural activities (found both in 
surface water and groundwater) are some of the main 
contributors affecting water quality. Specifically, they 
comprise pesticides, fertilizers, nitrogen compounds, 
other organic volatile compounds, and metals used 
in production and storage in agriculture and livestock 
pastures. Other harmful substances and products in-
clude herbicides, desiccants, and growth stimulants/
inhibitors (FERREIRA et al., 2016; SANTOS et al., 2018; 
SORANDO et al., 2018; TIBEBE et al., 2019).

A model indicates that Brazil’s total agricultural out-
put is superior to 238 million tons a year and demands 
the intensive use of genetically modified organisms 
(GMOs) and chemical inputs, such as fertilizers and 
pesticides, to keep production levels high. Brazil’s 
economic model requires information subsidizing the 
use of these pollutants in compliance with national 
and state regulations for the protection of these re-
sources (DELLA-FLORA et al., 2019), since agricultural 
production generates serious risk and vulnerability to 
regional water resources due to agrochemical pollu-
tion of aquifers. 

Various models have been developed to reduce the 
risk of aquifer agrochemical pollution. According to 
Momejian et  al. (2019), Nistor (2020), Barreto-Ne-
to and Marchesi (2019), Secron et  al. (2017), Sakala 

et al. (2018), and Calderon et al. (2016), the high risk 
of contaminating local groundwaters near agricultural 
areas is normally associated with how climate change 
impacts the rainy season, and how rains, in turn, re-
inforce the leaching of soils contaminated with agro-
chemical products produced by agribusiness, in partic-
ular insecticides, fungicides, herbicides, and fertilizers. 
Aside from climate change, other regional characteris-
tics facilitate the transport of agrochemicals, such as: 

•	 soil use and foliage cover; 

•	 soil declivity; 

•	 soil type; 

•	 hydraulic conductivity, which may increase or re-
duce the flow of chemical products through soil 
via infiltration and leaching, even under normal 
circumstances (NADIRI et al., 2019; DAS; CHANDRA 
PAL, 2020).

A study using the Scopus database for the two-year 
period between 2018 and 2019 revealed a gap still 
present in studies on agrochemical contamination, 
given that the literature (RESHMA; SINDHU, 2019; 
KADAOUI; BOUALI; ARABI, 2019; GIMSING et  al., 
2019; HE et al., 2019; EJIOGU et al., 2019; FIDELIBUS; 
PULIDO-BOSCH, 2019; DEMIR; DILEK; YETIS, 2019; 
OKADERA et al., 2018; LIN; YAYA, 2018) has focused 
on the analysis of vulnerability to different variables, 
such as anthropic impacts, active ingredients of pes-
ticides, coal mining, water salinity, pesticide leaching 
processes, saltwater infiltration, and the presence of 
nitrates, ammonia, and phosphates.

Ismael and Rocha (2019) claim that the most com-
monly used mathematical models to evaluate the po-
tential for surface and groundwater contamination is 
the United States Environmental Protection Agency 
(EPA) method of screening, the Goss method, and the 
Groundwater Ubiquity Score (GUS) index. However, 
implementing the EPA methods demands knowledge 
of both the active ingredients and the physicochemical 
properties contained in pesticide formulas to under-
stand how these residues are transported throughout 
the environment.
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Other models, such as DRASTIC (ALLER et  al., 1987) 
and ALPRIFT (NADIRI et al., 2019), provide vulnerabil-
ity analysis of groundwaters, including analysis of hy-
drogeological and hydrochemical parameters, and can 
be incorporated into a geographic information system 
(GIS), as shown in Moustafa (2019) and Barzegar et al. 
(2019). The downside of these models is that they re-
quire extensive amounts of field data, making them 
costly for the evaluation of large geographic areas, 
especially given the lack of hydrogeological and geo-
chemical databases.

More recently, fuzzy analysis has been used to eval-
uate the degree of vulnerability of groundwaters by 
analytical and numerical data manipulation. Stud-
ies developed by Nobre et  al. (2007) and Gonçalves 
et al. (2019) point to the use of fuzzy analysis coupled 
with GIS as a tool capable of assessing the degree of 
groundwater vulnerability to contamination without 
depending on the physicochemical parameters of fer-
tilizers and pesticides.

Along these lines of research, works developed by Dix-
on (2005), Feizizadeh et  al. (2014), and Barrile et  al. 
(2016) show that fuzzy analysis combined with GIS can 
be a powerful instrument for modeling problems of 

complex ecosystems from a spatial perspective. By su-
perimposing and intersecting regional maps, indexing 
parameters with their appropriate weights can elimi-
nate imprecise or subjective inherent concepts from 
the multiple criteria evaluation necessary to assess 
groundwater vulnerability.

In this study, we developed an index to measure 
groundwater vulnerability to agrochemical contami-
nation by linking fuzzy logic to a GIS environment via 
association functions capable of dealing with a high 
degree of uncertainty and ambiguous situations, as is 
the case when evaluating groundwater vulnerability to 
agrochemical contamination.

Our method provides a more practical data treatment, 
using a computationally-friendly analysis technique. 
This method enabled the construction of a vulnerabili-
ty index that is continuous and spatially computable at 
the river sub-basin level, using ten parameters compat-
ible with the GUS, Goss, DRASTIC, and ALPRIFT models. 
It is grounded in three dimensions — hydrology, soil, 
and economy — and provides information to water 
resources and environmental policymakers that may 
assist their decision making on how to prevent ground-
water contamination.

STUDY SITE
This study was developed for the Baixo and Médio Jag-
uaribe sub-basins, located in the Jaguaribe River basin, 
geographically situated in the east quadrant of the 
state of Ceará, in Northeastern Brazil. These sub-ba-
sins occupy about 51.9% of the total area of the state, 
encompassing a drainage area of 75,669 km2, between 
4°30’ and 7°45’ latitude South and 37°30’ and 41°00’ 
longitude West.

The Baixo Jaguaribe River sub-basin drains an area of 
7,021 km² of low surfaces, with flat relief, and moder-
ately dissected between streams tabularly interspersed 
with sectors of river plains, and with a predominance 
of sedimentary rocks. Figure 1 shows the Médio Jag-
uaribe River sub-basin, which drains an area of 10,335 
km2, with river neosol soils in the Jaguaribe River allu-
vium (IPECE, 2020).

METHODOLOGY
Methodological strategy
The Hydric Vulnerability and Agrochemical Contami-
nation Index (HVACI) was constructed using Feizizadeh 
et al.’s (2014) applied methodology of spatial analysis. 
Figure 2 illustrates the procedures of coupling fuzzy 
logic with a GIS environment.

This method addresses different elements of a 
complex decision problem and organizes the vari-

ous elements in a hierarchical structure involving 
dimensions central to this study, namely: hydro-
geology, soil use, and economy. For this analysis, 
the definition of parameters was grounded in the 
works of Milhome et al. (2009), Freitas (2010), Teix-
eira (2015), Barrile et al. (2016), Nadiri et al. (2019), 
and Barzegar et al. (2019).



Groundwater vulnerability to agrochemical contamination

443
RBCIAMB | v.55 | n.4 | dez 2020 | 440-455  - ISSN 2176-9478

Figure 1 – Baixo and Médio Jaguaribe River sub-basins, Ceará.

SRTM: shuttle radar topography mission; HVACI: hydric vulnerability and agrochemical contamination index.
Figure 2 – Methodological strategy.
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Database
In this study, we used the following data: 

•	 Digital terrain elevation model (INPE, 2009); 

•	 Soil type, soil hydraulic conductivity, maximal annu-

al precipitation, potential water infiltration on soil, 

soil usage, and foliage cover (FUNCEME, 2019); 

•	 Water demand from irrigated agriculture and live-

stock production (ANA, 2019); 

•	 Slope, natural drainage, water flow direction, 
water flow, and surface runoff, which were esti-
mated herein.

Information about slope and altimetry was gathered 
from the TOPODATA/INPE project via the Shuttle Radar 
Topography Mission (SRTM). SRTM images are struc-
tured in grids that have a 1:250,000 resolution.

The digital terrain model was used to modulate the 
drainage system and the notching of regional river chan-
nels, which directly contribute to the transport of agro-
chemicals via surface runoff and soil infiltration by water.

Estimated soil surface runoff
Surface runoff was estimated using the Soil Conserva-
tion Service — Curve Number (SCS-CN) model for rain-
fall. Zhan and Huang (2004) state that this hydrological 
model is based on the concept of a surface runoff wa-
ter blade produced by a given event, which, according 
to Gobira (2017), is considered “daily maximal precipi-
tation” by the aforementioned model.

The SCS-CN model uses a “curve number” (CN) parameter 
that represents each area of influence according to the 
antecedent moisture condition (AMC), classified accord-
ing to data on soil use and occupation. Equation 1 esti-
mated the surface runoff of the sub-basins under study.

Pe =  � (1)

In which:

Pe = surface runoff per pixel (mm);

P = maximum daily precipitation per pixel (mm);

S = maximum soil retention per pixel (mm).

The maximum daily precipitation per pixel was deter-
mined in three steps. First, precipitation data were 
gathered from the hydrological network of rain gauge 
stations monitored by Fundação Cearense de Meteo-
rologia e Recursos Hídricos (FUNCEME). Second, the 

maximum precipitation of a single day was identified in 
each station, considering the time series from 1980 to 
2018. Third, the maximum daily precipitation of each 
rain gauge station was interpolated in the river sub-ba-
sins under study to estimate this information in a spe-
cialized way for the entire area, applying the inverse 
distance weighted (IDW) interpolation method, with 
the use of the ArcGis “Geostatistical Analyst” tool.

We calculated the maximal potential of soil infiltration 
(S) using Equation 2, employing the runoff curve, CN, of 
the SCS-CN rainfall model to define the adjustment co-
efficients of units based on the hydrological soil-vegeta-
tion complex. CN was calculated using the Soil Conser-
vation Service–United States Department of Agriculture 
(SCS-USDA), which considers every type of soil use and 
occupation of the Médio and Baixo Jaguaribe sub-basins.

S (cm) = � (2)

The method proposed by the SCS-USDA to determine the 
CN divides soil types into four general hydrological groups:

•	 Group A: Minimal potential of surface runoff and 
high rate of infiltration, includes deep sandy soils 
with small amounts of silt and clay that are highly 
permeable, and an infiltration rate of 8–12 mm/h;

•	 Group B: Mostly sandy soils, less deep or less com-
pact than group A soils, with an average infiltration 
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superior to and less permeable than the previous, 
presenting an infiltration rate of 4–8 mm/h;

•	 Group C: Shallow soils that generate above-average 
surface runoff and below-average infiltration, con-
taining a significant percentage of clay, and present-
ing an approximate infiltration rate of 1–4 mm/h. 

Soils in this group have moderately high runoff po-
tential when thoroughly wet;

•	 Group D: Shallow soils with very low infiltration 
rates and high surface runoff rates, containing more 
clay, which has a 2:1 lattice type.

Slope, flow direction, and accumulated water flow
The slope of the terrain was calculated using the “Spatial 
Analyst/Surface — Slope” tool of the ArcMap 10.2 software 
for each 90 × 90 m cell in “raster” format. Flow direction and 

accumulated flow were calculated using the “Spatial Ana-
lyst/Hydrology — Flow Direction” and the “Spatial Analyst/
Hydrology — Flow Accumulation” techniques, respectively.

Hydraulic conductivity
We estimated hydraulic conductivity using the qual-
itative classification method adopted by Neves et  al. 
(1998), considering the following variables: texture, 
structure, aggregate stability, and soil depth.

Based on the combination of these variables, three 
groups of hydraulic conductivity were created: low, 

medium, and high, represented by the numbers 1, 2, 
and 3, respectively. These three groups of hydraulic 
conductivity were taken as a base from the field sur-
vey of soils and their physical properties carried out by 
Fundação Cearense de Meteorologia e Recursos Hídri-
cos (FUNCEME, 2012).

Spatial data analysis
Spatial data analysis was performed in a GIS envi-
ronment, using the ArcMap 10.2 software, to struc-
ture and analyze the parameters in raster format, 
in 90 × 90 m cells, compatible with the 1:250,000 
projections, through the Universal Transverse Mer-
cator (UTM) coordinate system and the SIRGAS 2000 

Geocentric Reference System, the geodesic system 
officially adopted in Brazil. To that end, the following 
ArcMap tools were used: 

•	 Spatial Analyst: Map Algebra to estimate the sur-
face runoff and sum the fuzzified parameters; 

Table 1 – Parameters, criteria, and fuzzy functions applied to the hydric vulnerability and agrochemical contamination index.

Parameter Function Maximum 
value

Minimum 
value Mean point Spread

Slope F1 89.95 0 44.97 5
Natural drainage F1 875 4 439.50 5
Flow direction F2 255 1 128 5
Accumulated flow F2 16 0 8 5
Soil hydraulic conductivity F2 3 1 2 5
Maximal infiltration potential F2 11.43 0.6399 6.035 5
Surface Runoff F1 735.79 179.30 475.55 5
Water demand — Irrigated agriculture F2 2.3954 0 1.1977 5
Water demand — Livestock F2 0.0154 0 0.0077 5
Foliage cover and soil use F2 3 0 1.50 5
Sum of fuzzy parameters F2 11 5.9290 8.4645 5
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•	 Spatial Analyst: Surface/Slope to calculate the slope 
of the terrain; 

•	 Spatial Analyst: Hydrology to calculate the flow di-
rection, accumulated flow, and natural drainage; 

•	 Spatial Analyst: Overlay/Fuzzy Membership for pa-

rameter fuzzification and HVACI construction.

Fuzzifying the parameters
Spatial Analyst — Fuzzy Membership was used to fuzzi-
fy the decision variables in a GIS environment (Table 1). 
This tool reclassifies and standardizes input data on a 
scale of 0 to 1 based on the probability that the datum 
is a member of the specified set. A value of 0 was at-
tributed to regions that are not members of the spec-
ified set, and a value of 1 was assigned to regions that 
are members of the specified set.

Two membership functions used the Fuzzy Member-
ship technique: “MS Small” denoted by F1 (Equation 3) 
and “MS Large” by F2 (Equation 4) to capture values 
that were likely to be part of the subset that affects 
water vulnerability.

� (3)

� (4)

In which:

f1 = the expansion of the transition from an association 
value from 1 to 0 (Spread);

f2 = the midpoint that has 0.50 as the associated value.

We point out that the Fuzzy Small membership func-
tion was used for variables whose lowest input values 
were more likely to be a member of the set, and the 
Fuzzy Large membership function was used for vari-
ables whose highest input values were more likely to 
be a member of the set.

Elaboration and validation of the HVACI
HVACI was built from the algebraic sum of the stan-
dardized decision variables. This sum was performed 
using the Spatial Analyst — Map Algebra tool in a GIS 
environment. It was used to obtain a global value of 
the contribution of each variable spatially analyzed 
for the studied sub-basins.

Subsequently, risk areas were classified, according to 
four classes of vulnerability as follows:

•	 Class 1: high vulnerability, values above 0.75;

•	 Class 2: medium-high vulnerability, values between 
0.50 and 0.75;

•	 Class 3: medium-low vulnerability, values between 
0.25 and 0.50;

•	 Class 4: low vulnerability, values between 0 and 
0.25.

The index was validated by comparing results, follow-
ing the procedures developed by Weihs, Sayago and 
Tourrand (2017), França et al. (2016), Teixeira (2015), 
Franco et al. (2015), Marcon, Martins and Stein (2014), 
Oliveira (2012), Martini et al. (2012), Milhome (2011), 
Andrade et al. (2011), and Lacerda et al. (2004).

RESULTS
In this section, we present the evaluation of hy-
dric vulnerability, analyzing each decision vari-

able individually, and the assessment by the 
HVACI.

Slope and surface runoff of soils
The spatial slope distribution was obtained from the dig-
ital terrain elevation model and later standardized using 
fuzzy logic. We aimed at evaluating the influence of slope 

on hydric vulnerability to agrochemical contamination. 
Areas with the smallest slopes had values closer to 1, 
since the flatter the terrain, the larger the infiltration ef-
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fect, and the smaller the surface runoff, considering that 
these areas accumulate the water transported by runoff.

Areas with indices closer to 1 showed high flood potential 
and a greater level of infiltration and propensity to receive 
waters drained from agricultural and livestock regions 
(Figure 3). According to Costa et al. (2019), this scenar-
io results from slope defining the hydraulic gradient, the 
flow direction, and the accumulated flow, directly influ-
encing the transport and storage of pollutants in the soil.

We emphasize that soil slope, surface runoff, and water 
seepage variables are closely related to the degree of ter-
rain slope and its landform, acting conjointly with flow di-
rection, natural drainage system, and water flow accumula-
tion on soil variables, which in turn allow the identification 
of hydric vulnerability to agrochemical contamination.

Figure 4 illustrates the heterogeneous spatial distribution 
of the surface runoff in the Médio and Baixo Jaguaribe 
sub-basins, with the Baixo Jaguaribe sub-basin being the 

Figure 3 – Use of fuzzy logic to standardize soil slope and hydraulic 
conductivity variables of Ceará’s Médio and Baixo Jaguaribe sub-basins.

Figure 4 – Use of fuzzy logic to standardize surface runoff and maximum 
potential water infiltration variables for Ceará’s Médio and Baixo Jaguaribe sub-basin soils runoff.
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most susceptible to hydric agrochemical contamination, 
given its capacity for flow diffusion and concentration. Ac-
cording to Franco et al. (2015), terrains with flatter surfac-
es tend to present better conditions for water infiltration 
and, therefore, higher risk of aquifer contamination.

An analysis of hydraulic conductivity and maximal po-
tential infiltration of different soil classes reveals that 
soils present in coastal and alluvium areas, such as 
neosols, quartz sands, and eutrophic alluvial, red-yel-
low podzolic argisols, and red-yellow latosols, have 

higher conductivity and maximal potential infiltration. 
We underline that the studied sub-basins have a pre-
dominance of neosols, argisols, luvisols, and planosols, 
which correspond to 87.1% of the total area. We have 
also found that in areas with more intense cultivation, 
as in the municipalities of Quixeré and Limoeiro do 
Norte, hydraulic conductivity values were lower than 
in non-cultivated soils, making infiltration and aquifer 
recharge more difficult. These results are aligned with 
the findings of Soto and Kiang (2018).

Figure 5 – Fuzzy logic standardization of soil use and anthropization 
variables for the Médio and Baixo Jaguaribe sub-basins in the state of Ceará.

Figure 6 – Water demand variables for irrigation and livestock standardized by fuzzy logic.
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Soil use
The data reveal that 24.4% of the study area is occupied 
by the agribusiness sector. In other words, the adequate 
monitoring of sources and dynamics of groundwater con-
tamination requires understanding the dynamics of the 
agribusiness sector in the sub-basin context (Figure 5).

Large agricultural projects are located in areas with 
high infiltration (or seepage) potential, where water 
is more easily accumulated, and pesticides leave per-
manent traces. Consequently, the risk of groundwater 
contamination is considerable, making these areas 
highly vulnerable (FRANÇA et al., 2016) (Figure 6).

Calculating the contribution of livestock to the total 
heavy metal load in drainage basins, we found that a 
determinant factor is the concentration of metals in live-

stock rations of industrial-scale animal farming. In fact, 
the concentration of metals such as cadmium and lead 
in animal feces is directly related to the concentration 
of metals such as copper and zinc in animal rations or 
dietary supplements (LACERDA et al., 2004) (Figure 6).

According to Milhome (2011), Martini et al. (2012), 
and Teixeira (2015), the process of agrochemical 
leaching on soil profile is the most common form 
of groundwater contamination, either by preferen-
tial flow or by aquifer recharge zones. The extension 
of leaching contamination depends, among other 
things, on soil use and type, the inherent physico-
chemical properties of agrochemical molecules, and 
regional climate conditions (ANDRADE et al., 2011).

Hydric vulnerability and agrochemical contamination index 
HVACI was compiled in 2016 from the fieldwork infor-
mation regarding the study areas. The sub-basins under 

analysis were classified into four categories: high, medi-
um-high, medium-low, and low vulnerability (Figure 7).

Figure 7 – Hydric Vulnerability and Agrochemical Contamination Index, Médio and Baixo Jaguaribe sub-basins, Ceará.
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We identified that 80.3% of the joint areas of the Médio 
and Baixo Jaguaribe sub-basins presented low hydric 
vulnerability to agrochemical contamination, with the 
remaining area being classified as follows: 3.5% with 
medium-low vulnerability, 3.0% with medium-high vul-
nerability, and 13.2% with high vulnerability.

According to the territorial distribution index (Figure 7), 
the Baixo Jaguaribe sub-basin had the largest area with 
the highest degree of vulnerability, with 2,642 km2 clas-
sified between medium and high vulnerability and rep-
resenting 15.2% of the total area of both sub-basins. 
We highlight that the Baixo Jaguaribe sub-basin had a 
larger area comprising both irrigated agriculture and 
livestock production. Moreover, this region also has 
lower elevation and flatter landscape, which favors the 
accumulation of surface runoff waters.

After analyzing the soil in areas indicating vulnerability 
to agrochemical contamination, we found that they are 
either areas of irrigated agriculture and livestock pro-
duction or near those areas.

With respect to physical characteristics, these areas 
are flat, with few streams and canals, but with high 
susceptibility to flooding. These areas are located in 
the municipalities of Aracati, Icapuí, Limoeiro do Norte, 
Tabuleiro do Norte, and Quixeré.

On the other hand, we found that areas classified as 
having a low level of vulnerability presented a high 
slope terrain, with drainage systems that were natu-
rally favorable to surface runoff, and with a near-zero 
probability of flooding. These areas also showed little 
pasture or irrigated agriculture.

According to HVACI results, the Quixeré region had 
the highest hydric vulnerability to agrochemical con-
tamination, a finding that is in line with the research 
by Marcon, Martins and Stein (2014), who indicated a 
predominance of chlorine, bicarbonate, and calcium in 
groundwater, with values much higher than those per-
mitted by the Brazilian legislation for human consump-
tion. Contaminated waters were found in wells over 
the Jandaíra aquifer, located in the Jaguaribe basins 
at  the Chapada do Apodi, covering the municipalities 
of Alto Santo, Jaguaruana, Limoeiro do Norte, Quixeré, 
and Tabuleiro do Norte (state of Ceará), and in the Po-
tiguar basin (state of Rio Grande do Norte).

The HVACI results can be confirmed in studies by 
Oliveira (2012) and Teixeira (2015), who have iden-
tified a diverse class of illegal pesticide active in-
gredients in sampled wells of Quixeré and Limoeiro 
do Norte.

We emphasize that the use of fertilizers and pesticides 
is common in the area of Chapada do Apodi (Quixeré, 
Ceará), including the use of urea, potassium chloride, 
calcium nitrate, magnesium sulfate, borax, molyb-
dates, and other nutrients. Annually, 800 kg of potassi-
um chloride is applied per hectare. According to Back 
et al. (2016), the use of pesticides in irrigated fields can 
contaminate irrigation and drainage canal waters in riv-
er basins, as is the case of the irrigated rice culture in 
Santa Catarina, which is also explored in the Médio and 
Baixo Jaguaribe River sub-basins.

If agrochemical contamination becomes prevalent 
in municipalities with high levels of vulnerability, 
regional public health-related problems may arise, 
a situation that will not be perceptible for three or 
four years, which is the time necessary for these 
products to be assimilated by the environment. 
These products may cause chronic diseases like 
cancer, neurological problems, and fetus malforma-
tion due to continued exposure, even in low dos-
es (WEIHS; SAYAGO; TOURRAND, 2017; MILHOME 
et al., 2009).

In this context, the risk factor for contamination 
of water resources by agrochemicals is high, main-
ly due to aerial spraying, with pesticides that end 
up contaminating several water sources destined 
for human consumption, aggravating diseases as 
a result of polluted environmental compartments 
(WEIHS; SAYAGO; TOURRAND, 2017). According to 
Siqueira (2017), risk management is the process of 
controlling and valuing the sources of exposure to 
risk, involving the choice of regulatory actions that 
best apply to the contaminated site, aiming at its re-
duction or elimination.

HVACI is, therefore, a tool that points water and en-
vironmental resource managers to priority areas that 
need water quality monitoring and enforcement. It is 
also a tool that can help managers improve resource 
allocation to needed programs.
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