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ABSTRACT

The mapping of vulnerability indices is useful for planning and use
of land and water, particularly in preserving the quality of
groundwater resources. The main purpose of this research is to
develop a universal method, in which the vulnerability priority is
determined on the quantitative and qualitative using only variables
that can be measures in order to allow comparison of all types of
vulnerabilities aquifers any region. The aim is to describe the
intrinsic vulnerability of the aquifer with a system consisting of a set
of interrelated entities that cooperate for a common goal, protection
or vulnerability. The analysis of the relationships between variables
and the vulnerability was crucial for the deduction of algebraic model
proposed. The result is a new parametric method able to
quantitatively describe the vulnerability of aquifers using a set of
related components. This method, called MAIA here, is represented
by a simple algebraic equation, consisting of a set of mathematical
and logical relationships between variables and vulnerability with
clearly defined terms, where the mathematical relationships between
variables and vulnerability are precisely described. The methods
DRASTIC, GOD and MAIA were applied experimentally, initially in
Lençóis and Lagedinho, situated on the edge of Chapada Diamantina,
chosen to contain all varieties of aquifers and subsequently fractured
aquifers in the municipality of Aracatu, located in southwest the state
of Bahia, where the vulnerability indices were spatial using the Surfer
8.0 software and then correlated with the concentrations of nitrate
to evaluate the performance of each method.
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1. INTRODUCTION

Intrinsic vulnerability of an aquifer is a result of physical-
chemical properties inherent in the Middle aquifer that
expresses the hydrogeological susceptibility of water affected
by contaminants.
Over the past three decades there has been a growing
development of models and techniques for mapping
vulnerability to pollution of aquifers as a tool for their
protection. The mapping of vulnerability has served to
rationalize actions or protection of aquifers, in that it tries to
harmonize anthropic activities with the ability of the land to
support them, without prejudice to the groundwater (Hirata,
2001).

All aquifers are vulnerable in the medium or long term, the
contaminants that persistent and mobile characteristics,
generated by an activity widely distributed in a region. The
polluting load can be controlled or modified, the same does
not occur with the natural vulnerability, which is an intrinsic
property of the aquifer (FOSTER et al., 1988). The same author
also recognizes that ground waters constitute a strategic
reserve and vital to public supply and refers to a particular
concern with the protection of aquifers.

All groundwater is vulnerable, to a greater or lesser extent to
contamination; uncertainty is inherent in any assessment of
vulnerability to contamination; more complex evaluation
systems presents the risk of obscuring the obvious and make
indistinct the subtleties (NRC, 1993). Therefore, requiring a
system less refined and more generic to the aquifer
vulnerability mapping. With a view to a more practical
purpose, the solution for now is to produce an integrated map
of vulnerability, since the terms used are clearly defined and
limitations, precisely described (FOSTER and HIRATA, 1988).

To ensure the sustainability of groundwater resources is
necessary to know the zones of greater vulnerability, to map
the potential sources of contamination and establish specific
programmes of inspection and monitoring (Aguêro Valverde
& Mesalles, 2002).

The vulnerability of an aquifer is characterized by means of
the following natural factors:(a)  accessibility of the saturated
zone to penetration of pollutants (b) attenuation capacity
resulting from the physical-chemical retention or reaction to
the pollutant in unsaturated zone and (c) dilution and
remobilization of contaminants (Foster et al., 2006). These
factors can be evaluated in accordance with the application
in a mathematical equation that translates an index of
vulnerability from measures that represent variables intrinsic
characteristics of the aquifer.
Traditional methods for assessing the vulnerability were
developed, in General, for a particular type of aquifer, almost
always by setting the values of the variables by means of
tables and applying weighting factors defined with enough
subjectivity that could compromise your results.
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The application of different methods in a same area produces
discrepant results, as can be observed in determining the

vulnerability of the Aquifer System of Beja in Portugal (Table
1).

Table 1-Vulnerability of aquifers of Beja (Paralta et. Al. 2007)

Method Index type Class Vulnerability
DRASTIC Numeric 100-119 Low

D. PESTICIDE Numeric 120-139 Low to medium
IS Numeric 65 a 75% Medium-High

AVI Numeric 1 a 2,7 Moderate to Extremely High
GOD Numeric 0,2 a 0,4 Low to moderate

EPPNA Qualitative V6 Lower the variable

The factors that influence the hydrogeological behaviour of
aquifers vary: (1) in aquifers Fissurais, depend on the
intensity of fracturing; (2) in Karst, the degree of
karstification and (3) in Granular, of deep-water depositional
environments and diagenetic processes. These factors are not
evaluated in the tables and cause distortions in the indexes of
the main methods.

Vulnerability-related variables are measured in different units
with different ranges of amplitudes that cause
disproportionate impacts in the equations and requires
compensation by means of weighting factors in the equations.
To avoid using these weighting factors, we sought to treat the
values of variables and put them on an adequate equivalent
scale without these their lose relationship with the measured
values and allow these indexes to be applied in the equation
without the use of countervailing factors impacts.
From the decomposition and analysis of most used methods
we selected only the variables likely to be measures for use
in the new equation deduction method that describe the
intrinsic vulnerability of aquifers.
Using selected variables we deduced an equation considering
the role that each exerts on the natural protective factors and
relationships between variables and vulnerability capable of
expressing an index vulnerability of aquifers.
The vulnerability of aquifers was modeled by a system
consisting of a set of interrelated components or entities that
work together for a common goal, or protection of the same
vulnerability. Analysis of the mathematical relationships
between variables and the vulnerability was determinant for
the deduction of the algebraic model proposed, making it
capable of expressing quantitatively intrinsic vulnerability of
aquifers.

2. MATERIALS AND METHODS

The research was characterized by a wide consultation of
bibliographical references on the subject. All data and
information related to the theme were stored on a device
modeled for this purpose. The analysis of books and scientific

articles published about the vulnerability of aquifers provided
a better understanding of the subject.
To understand the principles used internationally in the
qualification of the vulnerability, and enjoy what's best in each
of them we conducted a critical analysis of the most popular
methods to verify the strengths and deficiencies and
decompose this equations to evaluate the scope of each
variable in the protection of the aquifer.
The variables were evaluated with the purpose of selecting
the most suitable to compose the equations in the method for
calculating the vulnerability of aquifers at regional scale. To
do so, they were described, in a more or less uniform, with
the goal to understand the role that each exerts on natural
protection factors and their effects on the vulnerability of
aquifers.
The evaluation provided moments of reflection about the
efficiency of each, as well as effects shaders zones of
protection of some of them, in which two or more variables
have the same role in the equations of each method. The
analyses allowed still identify new variables which can be
used in the new method.
Following the trend of the German school, which seeks to
prioritize quantitative aspects about the calculation of
qualitative vulnerability (AUGE, 2004), the variables were
selected, only those likely to be measured, to compose the
basic mathematical equation of the new method for
calculating the vulnerability of aquifers.
The values of the variables measured in units of diverse nature
and at intervals of values of different amplitudes were placed
on a scale equivalent to avoid using weighting factors used in
traditional methods. The strategy was to reduce the indices
measured values, whereas the smaller one and the biggest ten
and the other values obtained by interpolation, thus the
impacts of all variables were the same in the equation. The
method was applied experimentally in the municipalities of
Lençóis and Lagedinho,  located on the edge of the Chapada
Diamantina in Bahia State in the country of Brazil selected for
presenting all types of aquifers (Figure 1) and later in the
municipality of crystalline aquifers Aracatu, southwest of the
State. (Figure 2).
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Figure 01: location of Bahia State in Brazil

The values of the indexes of vulnerability calculated in Aracatu
for each of the methods have been spatialized with the
interpolation method " kriging " with default settings Jakob
(2002), which uses the tabular data and its geographical
position to calculate the scattered data interpolation and little
plentiful. For both we employed the Surfer 8.0 software, that
generated the maps with the DRASTIC vulnerability indices,
GOD and MAIA.

The maps of each of the indices were correlated by means of
maps, with nitrate concentrations, in order to enable the
assessment of the performance and limitations of each of the
methods. The water quality data were taken from the
dissertation on the "Environmental and water potential in
Region Aracatu - Southwest Bahia" (MAIA, 2005), in which
the quality of groundwater, including nitrate concentrations
were investigated.

3. RESULTS AND DISCUSSION

3.1 Selection of variables

Traditional methods were decomposed and the variables used
were described in order to understand the role that each
exerts on natural protection factors and assess their effects
in determining the intrinsic vulnerability of aquifers. It was
found that the variables used in traditional methods are
mostly determined by using tables.

To prove that something exists we have to measure, quantify.
In this context the analysis of variables was important to
select only those likely to be measured in wells or aquifers.

The idea of prioritizing quantitative aspects about qualitative
was to print a universal character to the new method, and
allow the comparison of the vulnerabilities of aquifers of
different regions.

The variables were selected, considering the form of
production, the effects of protection and the relationship with
the vulnerability. Below are described the selected variables
to be used in deduction of equation of the new method:

a. Depth of Water (DW) is the same as static level; your
data are obtained from direct measurement in wells. Presents
a strong relationship with the topography of the terrain.
Features a protective effect not only related to accessibility
to the Middle aquifer, as also the attenuation of contaminants
in unsaturated zone. Physical-chemical reactions that occur
in the area promoting the degradation and/or capture
contaminants. Your relationship is directly with the protection
factor and inverse from the vulnerability, the greater the
depth, the greater the protective effect and lowers the
vulnerability.

b. Soil Thickness (ST) is a variable whose protection factor
is related not only to accessibility to the aquifer, but also the
attenuation of contaminants. The thickness of the regolith is
related to pedogenic processes influenced by climate, relief,
vegetation and by the nature of the rock. Specific data are
obtained and tube wells profiles can be spatialized through
interpolations. Your relationship is directly with the
protection factor and inverse from the vulnerability, the
higher the thickness, the greater the protective affect and
lower the vulnerability.

Science Journal of Environmental Engineering Research (ISSN: 2276-7495)                                       Page 3

How to Cite this Article: Paulo H. P. Maia, Manoel J. M. Cruz " A New Method for Evaluating the Vulnerability of Aquifers " Science Journal of
Environmental Engineering Research, Volume 2013, Article ID sjeer-250, 14 Pages, 2013,  doi: 10.7237/sjeer/250



Science Journal of Environmental Engineering Research (ISSN: 2276-7495)                                       Page 4

c. Slope of the Land (SL) defined as the slope of the terrain
in relation to a horizontal plane; the variable is obtained from
a topographic map. The protective effect on aquifer is related
to accessibility of contaminants. The terrain with high
gradient favors the runoff and that of low inclination favours
the infiltration of both the water as contaminants. Their
relationship with the protection factor is direct and inverse
from the vulnerability, the higher the slope, the greater the
protection factor and lower the vulnerability.

d. The Specific Capacity (SC) is defined as the ratio of the
flow rate of a catchment and its demotion, expressed in
m³/h/m. is very useful parameter to compare the productivity
of aquifers and heavily influenced by local hydrogeological
characteristics. The protection factor of this variable is related
to accessibility of contaminants to the aquifer. Their
relationship is reversed with the protection and direct factor
with the vulnerability, the higher the specific capacity, the
lower the effect of protection and increased vulnerability.

e. Potential Recharge (PR) average annual rainfall is,
equivalent to the effects of the actual recharge used in other
methods, including the DRASTIC (Aller, l. et al. 1987) is the
volume of water entering the aquifer formation reserves if it
had sufficient storage capacity to accommodate all the water
from precipitation. Rainwater that recharges the aquifer is
the vector that carries the contaminants to your interior.
Recharging translates the accessibility of contaminants in the
aquifer to the saturated zone, as well as promotes the dilution
of those soluble in water. Their relationship is reversed with
the protection and direct factor with the vulnerability, the
higher the recharge increased vulnerability. The decision to
directly use the value of the annual average rainfall was to
avoid using tables for the calculation of recharge.

f. Density of Fractures (DF) is a variable specific to the
Fissurais and karst aquifers in which the tectonics is crucial
for generating open structures favour accumulation and
circulation of groundwater. Is related to accessibility of
contaminants to the aquifer, the greater the degree of
fracturing, greater accessibility. Their relationship is reversed
with the protection and direct factor with the vulnerability,
the bigger the fracture density, the lower the effect of
protection and increased vulnerability.

g. Transmissivity of the Aquifer (TA) is a variable
hydrogeological features influenced by the aquifer.
Represents the ability of a means to transmit water. Can also
be defined as the amount of water that seeps through the
vertical section of the aquifer when it decreases the load of a
hydraulic unit and is expressed in m²/day or cm²/s, your
relationship with the vulnerability is direct and reverse
protection factor, the higher Transmissivity, lower protection
factor and the greater the vulnerability.

The variables are measured in units of distinct nature, for
example, the depth of water (m); Soil thickness (m); Density
of fractures (m/km²); Specific capacity (m³/h/m). They also
have ranges of values with different amplitudes, for example,
the value of the specific capacity of a given aquifer, real data,
varying from 0.003 and 2.03 (m³/h/m) while the value of
depth of water to the same aquifer, varies in the range of 1.04

m to over 100 m. This difference in amplitude values, causes
in the equations and differential impacts causes the authors
of traditional methods using the weighting factors to
compensate.

Equivalent fractions represent the same part of the whole.
The values of the variables were placed on a scale equivalent
to avoid using subjective weights to enhance effects of some
of them in the equations. The scales are proportional and all
equivalent, are the same amplitude. The values of the
variables were transformed into vulnerability-related indices,
whereas the smallest value of each variable and the largest
ten and the intermediate values were obtained through
interpolation.

3.2 Deduction of the Equations

Naming variables selected: depth of water (DW); Soil
thickness (ST); Density of fractures (DF); Specific Capacity
(SC); and considering the relationships between each variable
with the vulnerability of aquifers have to:

The vulnerability (V) features:

1. An inverse relationship with Water Depth (DW), Soil
 Thickness (ST) and Terrain Slope (SL), so:

2. A direct relation to fracture Density (DF),
 Transmissivity  of Aquifer (TA), Specific Capacity (SC)
 and Potential Recharge (PR), so:

The Transmissivity of Aquifer (TA) can be replaced by
 Infiltration Rate (IR) and Fracture Density (DF) can be
 replaced by Drainage Density (DD). (MAIA, 2011).

Therefore, to calculate the vulnerability in environments
fissurais aquifers the equation becomes:

And the implementation granular aquifers environments that
offer quality pumping tests to allow the calculation of
Transmissivity with reliability, the equation becomes:

( 2 )

As the results produced with the two equations a r e
on the same scale, the new method can be applied in mapping
the vulnerability of all types of aquifers without any problem
to compare the indexes.

3.3 Simulating an application

In order to simulate the application of the equation, it was
considered that the contents of the variables (DW, ST, and SL)
after conversion to equivalent scales, were then calculated the
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values of Y corresponding to (1/DW, 1/ST and 1/SL) (table
2):

Table 2: Variables with direct relation (X) and variables
     with inverse relationship (Y)

By applying these values into the equation (1), it has been
estimated the minimum and maximum values for the
vulnerability:

An aquifer with a high protection factor, with higher values
of DW, ST, SL and lowest for SC, PR and DF, the vulnerability
is minimal:

V. minimum = [(1/10) + (1/10) + (1/10) +1.0 +1.0 +1.0] =
      0.10 +0.10 +1.0 +0.10 +1.0 +1.0 = 3.3

The aquifer with low protection-factor expressed by low
values of DW, ST, SL and elevated to SC, PR and DF, maximum
vulnerability:

V. Maximum = [(1/1) + (1/1) + (1/1) +10 +10 +10] =
   1 + 1 + 1 + 10 + 10 + 10 = 33

The adoption of indices of vulnerability has the advantage of
eliminating the subjectivity inherent to the evaluation
processes. Knowing the minimum and maximum values, we
can establish the limits of values and set the intervals for
qualifying the vulnerability:

Low≤ 10.5
10,5 < Average ≤18,0
18,0 < High ≤ 25,5
Extreme > 25,5

In order to examine the relationships between variables and
the vulnerability, the values of X and Y were replaced in the
equation 1 to simulate the calculation of indexes of
vulnerability. It is observed that the variables with direct
relationship grow with the vulnerability and with inverse
relationship grow with protective factors (table 3):

X Y=1/X
  x = 1 y = 1,00
 x =2 y = 0,50
 x =3 y = 0,33
 x =4 y = 0,25
 x =5 y = 0,20
 x =6 y = 0,16
 x =7 y = 0,14
 x =8 y = 0,12
 x =9 y = 0,11

 x =10 y = 0,10

X Y=1/X Indexes of vulnerability Qualification
1 1 6 Low
2 0.5 7.5 Low
3 0.33 9.99 Low
4 0.25 12.75 Average
5 0.2 15.6 Average
6 0.16 18.48 High
7 0.14 21.42 High
8 0.12 24.36 High
9 0.11 27.33 Extreme

10 0.1 30.3 Extreme

Table 3: Indexes and qualification of the Vulnerability

From the point data interpolation of variables are produced,
different levels of spatial information can be integrated
through GIS technology to determine the indexes and generate
the map with the indexes of vulnerability. From the point data
interpolation of variables are produced different levels of
spatial information can be integrated through GIS technology
to determine the indexes and generate the map with the
indexes of vulnerability.

3.4. Experimental Application

The experimental application of the new method was in the
pilot  area,  located  in  the  municipalities  of  Lençóis  and
Lagedinho, selected strategically for the four types of Classes
of aquifers. About 20 wells were surveyed in the area, being
a Karst aquifer 12:0 pm, 5:0 pm metasedimentary units and

4 in the lens. To evaluate the behavior of the new method in
the whole diversity of aquifers were included more 3 wells in
Granular aquifers of the sedimentary basin of the Recôncavo.

The data from the tube wells only provided the variables: DW,
ST, SL, SC and PR. Unable to count on the variables; Density
of fractures, has not yet been lifted, and Transmissivity of the
aquifer, due to quality of pumping tests, by applying the
modified equation (Equation 3) with the variables available
for the calculation of indices of vulnerability with the new
method, here named MAIA Intrinsic evaluation method of
aquifers.
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The scale of values of the index for this application was
obtained from the determination of the maximum and
minimum values, as described below:

Minimum vulnerability = ([1/10 +1/10 +1/10] + 1.00 + 1.00)
                                         = 0.1 + 0.1 + 0.1 + 1.0 + 1.0 = 2.3

Maximum vulnerability ={[(1/1) + (1/1)+ (1/1)] +10 + 10}
                                          =1.0 + 1.0 + 1.0 + 10 + 10 = 23.0

Ranges for qualifying the vulnerability:

Low ≤ 7,5
7,5 < Average ≤ 12,5
12,5 < High ≤ 17,5
17,5 < Extreme < 23,0

The variables were applied in the equation for the calculation
of indices and the qualification of the vulnerability (table 4)

Table 4: Variables used in the calculation of the index MAIA.

From the relationships between the factors of protection and
vulnerability, it is possible to assess the impact of each one of
them printed in the calculation and found that the measured
data in the wells and aquifers are consistent with the indexes
obtained in modeling. The assessment of results leads to
perception that the new method is effective in determining
the intrinsic vulnerability of aquifers (table 4).

Low vulnerability indexes observed in Wells 1, 5, 9, and 18
12.15 is the result of the integration of protective effects
determined by higher values for variables with inverse
relationship with the vulnerability, such as: DW between
23.06 and 114.6 m; ST between 33.7 and 47 m; SL between
0.62 and 2.56% and low values for the variables that have a
direct relationship with the vulnerability, such as the SC with
values between 0.02 and 2.56 m3/h/m and between 680 and
750 mm PR.

Extreme vulnerability indices determined in wells 10, 17 and
21 is the result of the sum of the factors of protection

represented by the low values of the variables with inverse
relationship with the vulnerability, such as: DW between 0.99
and 50.18 metre; Between 2.3 and 60 m; SL between 0.23 and
3.04% and high values for the variables with a direct relation
with the vulnerability, such as the SC between 0.02 and 4.39
m³/h/m and PR between 650 and 1800 mm.

The other qualifications resulted in the integration of the
values of the variables that make up the equation, in which
the variables with inverse relationship, mitigation and related
accessibility of contaminants, add up to the effects of
protection of variables with direct relation, related to
accessibility of contaminant elements to the aquifer.

The correlation matrix between the variables used in the new
method indicates that is not occurring any superposition
effects of protection of aquifers in the equation. Each
measured variable represents the performance of only a
single property of aquifer vulnerability-related (table 5).
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Were also calculated the indexes of the DRASTIC methods
(Aller, l. et al. 1987), GOD (Foster 1987), whose results were
compared among themselves and with the MAIA index with
the purpose to evaluate the behavior of each one of them
(table 6).

Almost all the variables used in traditional methods are bound
to lithology of aquifers and soil characteristics derived; in
addition, their values are estimated by means of tables. It is
likely that as a result of this form to determine the variables
occur tend to produce equal vulnerability indexes to aquifer
hosted on the same type of rock. This behavior is more
pronounced in GOD than in DRASTIC because the latter uses
more parameters than the first.

The application of these methods in an area with same type
rock and soil, without major changes in static levels may result
in uniformity in the results, causing the map stay with one or
a few classes of vulnerability.

Applying weighting factors on each variable, defined with
enough subjectivity in order to enhance or reduce the impact
of each one of them in the equation, probably cause distortions
in the assessment of vulnerability and compromise your
results.

In contrast, the variables applied in MAIA method to be placed
on a scale equivalent to and proportionate, avoids the use of
weighting factors which makes this more consistent method
for determining the vulnerability of aquifers.

DW ST SL SC PR
DW 1 0.231 0.214 0.046 0.026
ST 1 0.242 0.001 0.087
SL 1 0.054 0.124
SC 1 0.014
PR 1

Table 5: Correlation matrix of variables used in the calculation of the index MAIA.

Table 6: Comparison chart of vulnerability indices

The strategy of using measurable parameters only
accentuates the MAIA Index sensitivity to detect differences
in vulnerability due to slight variations in the values of the
parameters and prints a universal character to the method
that qualifies to be applied both in areas with a same type of
aquifer, as in areas with several different types.

3.5. Modeling the vulnerability of Aquifers in the
 municipality of Aracatu

Aracatu municipality is located in the Southwest State of
Bahia, in the basin of Rio de Contas, a sub‑basin of Rio Gavião.
The site is located at the coordinates: Latitude 14° 25 ' 00 "S
and Longitude 41° 27 ' 00" w. (Figure 2)
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In Geotechnical's point of view, lies in the South-central part
of the Craton of San Francisco where rocks of Proterozoic and
archaean age lower. Narrow tracks also occur and isolated
from volcano sedimentary sequences of the so-called Block
do Gavião (DIAS LIMA et al. 1981).

Orthogneisses Granitoids outcrop and 4.9, East and South of
the seat of the municipality of Aracatu. Overlapping these
rocks occur Orthogneisses, granodiorites and Gneiss in the
Midwestern portion of the municipality and small portions to
the East of the city of Aracatu. As a result, small society of
intrusions occur, Gneisses, monzogranites located south and
Southeast of the county seat of municipality, all are units of
the Paleoarchean.

Aligned in the direction North-South and Northwest-
Southeast outcrop rocks metabasics and meta-ultrabasic,
mainly to the East of the municipal seat. North of the city
occur, Metabasalts, Quartzite's and Metacherts overlapping
the monzogranites, Mesoarchean units on top of Archaean
rocks are found meta-ultrabasic units and Orthogneisses to
the East and South of the city of Aracatu and Granites,
granodiorites of the Paleoproterozoic (Figure 3).
In the area although some occur in the lowlands, alluvial
covers located the main aquifer is fissural nature and
hydrogeology is strongly influenced by two factors: operating
voltages and rock type, mineralogy and texture, (ALMEIDA,
1977).

Figure 02: location of Aracatu municipality.

Figure 3: Geological map
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In order to compare the indexes obtained, correlating the
observed nitrate concentrations in groundwater, was
modeled after the vulnerability of aquifers using DRASTIC
methods, GOD and MAIA in the municipality.

The values of variables required for application of DRASTIC
method were allocated from the table that orients its
application, whereas the data from the wells to then be

calculated by means of the equation, the indexes of
vulnerability. (Table 7).

It is observed that there is a repetition on the values of the
variables, since these are obtained by means of tables, linked
directly to lithology of the aquifer or indirectly, like soil
derived. This procedure produces a tendency to equalize the
values generating few vulnerability indices (table 7).
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Table 7: Index Calculation DRASTIC in Aracatu.

Well No. G O D Index Qualification
1 0.6 0.4 0.9 0.216 Low
2 0.6 0.4 0.9 0.216 Low
3 0.6 0.6 0.9 0.324 Average
4 0.6 0.4 0.8 0.192 Low
5 0.6 0.4 0.9 0.216 Low
6 0.6 0.4 0.9 0.216 Low
7 0.6 0.4 0.9 0.216 Low
8 0.6 0.8 0.8 0.384 Average
9 0.6 0.7 0.9 0.378 Average

10 0.6 0.4 0.7 0.168 Low
11 0.6 0.7 0.9 0.378 Average
12 0.6 0.7 0.9 0.378 Average
13 0.6 0.6 0.9 0.324 Average
14 0.6 0.8 0.8 0.384 Average
15 1 0.4 0.9 0.36 Average
16 0.6 0.7 0.9 0.378 Average
17 0.6 0.4 0.9 0.216 Low
18 0.6 0.7 0.9 0.378 Average
19 0.6 0.7 0.9 0.378 Average
20 0.6 0.4 0.9 0.216 Low
21 0.6 0.7 0.9 0.378 Average

The values of the calculated indices were spatialized, using the Surfer 8.0 software generating the map of vulnerability.

Figure 4: Cartography of the Drastic index

How to Cite this Article: Paulo H. P. Maia, Manoel J. M. Cruz " A New Method for Evaluating the Vulnerability of Aquifers " Science Journal of
Environmental Engineering Research, Volume 2013, Article ID sjeer-250, 14 Pages, 2013,  doi: 10.7237/sjeer/250



The map with the concentrations of nitrate, produced with the result of the analyses of the waters made after the drilling
of wells, was correlated with DRASTIC index (Figure 5).
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Figure 5: Nitrate concentration

The correlation shows a range of Minor vulnerability with
indexes varying from 76 to 105 West without occurrence of
nitrates and, to the East and the Northeast with elevated nitrate
concentrations; and another very low, ranging from 107 to 117,
located to the North and Southeast, with both low nitrate
concentrations as high.

The values of variables required for the modeling of the
vulnerability with the method GOD, obtained from data of
the wells and the diagram of the method, have been applied
in the equation yielding the indexes (table 8).

Table 8: Index Calculation GOD in Aracatu
Well No. G O D Index Qualification

1 0.6 0.4 0.9 0.216 Low
2 0.6 0.4 0.9 0.216 Low
3 0.6 0.6 0.9 0.324 Average
4 0.6 0.4 0.8 0.192 Low
5 0.6 0.4 0.9 0.216 Low
6 0.6 0.4 0.9 0.216 Low
7 0.6 0.4 0.9 0.216 Low
8 0.6 0.8 0.8 0.384 Average
9 0.6 0.7 0.9 0.378 Average

10 0.6 0.4 0.7 0.168 Low
11 0.6 0.7 0.9 0.378 Average
12 0.6 0.7 0.9 0.378 Average
13 0.6 0.6 0.9 0.324 Average
14 0.6 0.8 0.8 0.384 Average
15 1 0.4 0.9 0.36 Average
16 0.6 0.7 0.9 0.378 Average
17 0.6 0.4 0.9 0.216 Low
18 0.6 0.7 0.9 0.378 Average
19 0.6 0.7 0.9 0.378 Average
20 0.6 0.4 0.9 0.216 Low
21 0.6 0.7 0.9 0.378 Average
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Here too there is a repetition in the values of variables,
because of three, two of them are obtained by means of tables,
linked directly to the lithology of the aquifer produce a
tendency to generate indexes with values very close.

The values of the calculated indices were spatialized using the
Surfer 8.0 software generating the map of vulnerability GOD
(Figure 6).

Figure 6: Index mapping GOD

The correlation with the concentration of Nitrates highlights
sectors with Average vulnerability coincident with
contaminated areas to the North and East of the city and areas
without contamination to the West and low local vulnerability
as the central sector of SW-NE direction, coincident with a track
with high levels of Nitrates (Figure 5).

These aquifers have undergone major tectonic efforts, feature
open fractures on the surface of the terrain, soils and water
levels bushy little relatively shallow, are quite vulnerable, but

with vulnerability indexes: DRASTIC ranging from Negligible
to very low and GOD, predominantly low to medium.

The variables requested by MAIA, all effectively measured
in profiles of wells and on the ground, were applied in the
equation yielding the indexes below (table 9). It is observed
that these are linked only to the values of the variables
measured in the aquifer in the surroundings.

No. Of
Order

DW
(m)

ST
(m)

SL
(%)

SC
(m²/h)

PL
(mm)

Ind.
Maia Classification

1 1 3 1 0.0548 603.6 4.29 Low
2 2.8 2 18.5 0.1412 674.5 11.94 Average
3 2 1 5.4 0.0715 674.5 12.19 Average
4 14.42 2 1.3 0.7944 632 14.25 High
5 3.43 2 10.6 0.1085 688.6 13.12 High
6 4.84 1 2.1 0.0457 688.6 13.46 High
7 2.31 1 2.5 0.1363 674.5 13.01 High
8 20 1 1.8 0.8911 603.6 12.76 High
9 1.32 2 3.9 0.0229 619.6 5.35 High

10 37.86 1 2.8 0.1757 688.6 14.33 High
11 0.48 1 3.9 0.0363 619.6 6.32 Low
12 4.92 2 0.33 0.0796 617.8 6.07 Low
13 2.55 3 0.95 0.0874 617.8 5.95 Low
14 5.87 2 4.2 0.1363 617.8 5.95 Low
15 0.44 2 6 0.053 688.6 13.01 High

Table 9: Calculation of Index MAIA in Aracatu
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No. Of
Order

DW
(m)

ST
(m)

SL
(%)

SC
(m²/h)

PL
(mm)

Ind.
Maia Classification

16 2.49 1 2.1 0.1116 688.6 14.29 High
17 0.71 1 8.1 0.0044 646.2 8.61 Average
18 3.78 3 1.5 0.5493 617.8 10.4 Average
19 1 2 13.4 0.0013 632 6.46 Low
20 4 2 1.9 0.0321 603.6 3.71 Low
21 0.72 5 1 0.0274 646.2 8.49 Average

The values of the calculated indices were spatialized, using
the Surfer 8.0 software, generating the map with the MAIA
vulnerability indices, with emphasis on low indices in Sector
West of the municipality, with NNE direction, harrowing for

average vulnerability indices in the same direction in the
central sector, until it reaches the highest in Sector East.
(Figure 7).

Figure 7: MAIA vulnerability index

It is remarkable the correlation between high concentrations
of nitrate and the average vulnerability indices to high, in the
range of NE-SW direction and in Sector East.  The absence of
the contaminant West coincident with the locations where the
vulnerability indices are lower (Figure 5).

The coefficients of correlation of the levels of nitrates in the
indexes of vulnerability are very low, showing that there is
no mathematical relationship between them (table 10).

Table 10: Correlation of indices of vulnerability with the concentration of nitrate.

Indexes Correlation coefficient
MAIA 0.0029
GOD 0.0015

DRASTIC 0.0244

4. CONCLUSIONS

The new method presents characteristics of a Similar Model
and Parametric that uses two mathematical expressions
consisting of vulnerability indicators parameters, whose

application of spectrum of values measured in the aquifer
and its interactions, produce an index of absolute
vulnerability.

We can observe that all variables applied in the proposed
method, are measured directly in aquifers and feature a
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mathematical relationship with the vulnerability. Are intrinsic
characteristics of aquifers that relate directly or inversely with
the vulnerability.

The equation describes the vulnerability from the summation
of the protective effects of the parcels represented by the
variables: depth of water (DW), soil Thickness (ST) and
Topographic Gradient (TG), inversely related to attenuation and
accessibility of contaminants, added to the effects on the
vulnerability produced by Specific Capability plots (SC),
Potential Recharge (PR), density of fractures (DF) and
Transmissivity, (TA), directly related to accessibility of
contaminants to the aquifer.

Unlike traditional methods, avoided the use of weighting factors
that increase the degree of subjectivity in the assessment of
vulnerability, placing all the measurements of the intrinsic
characteristics of the aquifer in the same scale, determined from
the concept of equivalent fractions. Equivalent scales are
commensurate with the scales of the variables and measures
with the same amplitude of variation.

The model used to describe the vulnerability of the aquifer is
anchored in a simple and efficient mathematical formulation,
in which every term of the equation presents a direct
relationship or reverses the vulnerability. It is remarkable the
simplicity and consistency of the new method, in which the
terms used, are obtained from direct measurements of aquifer
vulnerability-related attributes. Due to this fact, the result of
the application is a universal method that allows the
comparison of all vulnerability the diversity of aquifers of a
same region or of distinct regions. The model used to describe
the vulnerability of the aquifer is anchored in a simple and
efficient mathematical formulation, in which every term of the
equation presents a direct relationship or reverses the
vulnerability. It is remarkable the simplicity and consistency of
the new method, in which the terms used, are obtained from
direct measurements of aquifer vulnerability-related attributes.
Due to this fact, the result of the application is a universal
method that allows the comparison of all vulnerability the
diversity of aquifers of a same region or of distinct regions.

It is remarkable the correlation through MAIA index maps with
the distribution of nitrates in the municipality of Aracatu which
shows a concentration of higher values at the central portion,
with NE-SW direction, and in the Eastern sector of the city,
coinciding with areas where the indexes of vulnerability vary
from medium to high. And lower vulnerability indices to the
West. It is remarkable the correlation through MAIA index maps
with the distribution of nitrates in the municipality of Aracatu
which shows a concentration of higher values at the central
portion, with NE-SW direction, and in the Eastern sector of the
city, coinciding with areas where the indexes of vulnerability
vary from medium to high. And lower vulnerability indices to
the West.

Currently not know a method described in literature whose
vulnerability indices present a reasonable correlation
coefficient with nitrate concentrations and, according to (AUGE,
2004), "the solubility, mobility and persistence of certain
contaminants such as nitrates, make some variables lose
consistency in relation to the vulnerability.

Although this result corroborate to the validation of the
method, it should be viewed with reservations, since an
aquifer can configure a high vulnerability situation, however
without risk of pollution due to the absence of polluting load
or on the contrary, set up a situation of low vulnerability at
high risk by the presence of a significant pollutant load.

Due to the binding of some variables the lithology of the
table, in areas with same type rock and soil, without major
changes in water levels; the DRASTIC methods and the GOD
tend to produce repeated variables, indexes close and a few
classes of vulnerability;

The fact is that these methods as have been developed for
applications in granular aquifers, the form of obtaining of
variables, by means of tables, and the use of weighting
factors increases the possibility of obtaining similar indexes,
compromises the results obtained in the calculation of
vulnerability and can entail risks in decision-making.

In Aracatu aquifers have undergone major tectonic efforts,
feature open fractures on the surface of the terrain, soils and
water levels bushy little relatively shallow as a result are
quite vulnerable, but present vulnerability indices: DRASTIC
ranging from Negligible to very low and GOD, predominantly
low to medium, both methods qualify the aquifers of the
municipality as well protected.
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fundamentos e conceitos para uma melhor gestão e protecção
dos aquı́feros de Portugal. IV Congresso da A �gua. Associação
Portuguesa dos Recursos Hı́dricos. Lisboa, 1987.

9. Foster, S. S. D.; Hirata, R.; Gomes D.; D' Elia M.; Paris M.
Groundwater Quality Protection: A Guide for Water Service
Companies, Municipal Authorities and Environment Agencies.
Copyright © 2002. The International Bank for Reconstruction
and  Development/The  World  Bank.  Edição  brasileira:

Science Journal of Environmental Engineering Research (ISSN: 2276-7495)                                       Page 13

How to Cite this Article: Paulo H. P. Maia, Manoel J. M. Cruz " A New Method for Evaluating the Vulnerability of Aquifers " Science Journal of
Environmental Engineering Research, Volume 2013, Article ID sjeer-250, 14 Pages, 2013,  doi: 10.7237/sjeer/250



Servmar ‑ Serviços Técnicos Ambientais Ltda. São Paulo   Brasil
Copyright © 2006.

10. Hirata, R. C. A. Oito perguntas e oito tentativas de respostas sobre
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