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ABSTRACT

The assessment of groundwater vulnerability toatgtrpollution has been done through
modifying weights of DRASTIC parameters using siengtatistical methods in Hamedan-Bahar
plain, west of Iran. The weights of parametersgassd based on Analytical Hierarchy Process
(AHP) under a Geographical Information System (G&)ironment. In addition to usual rating
of DRASTIC method, this study has also proposedzayf method for scaling criterion maps as
well as their preparations for integration. Spearsiarho coefficient and Kendall's tau
coefficient have been employed in order to deteensnitable weights in DRASTIC model. It
was distinguished that soil media, aquifer medid depth to groundwater with the weights of
5, 4, and 3.5, respectively, indicate highest dati@ with the nitrate concentrations. Thus the
new equation has been named as DAS which substituitn DRASTIC for assessment of
groundwater vulnerability in Hamedan-Bahar plaim e basis of the weights resulted from
AHP method, both the deterministic and fuzzy layefr<DRASTIC are integrated with each
other, separately. After determining the correlatoefficients in different models, it was found
that the DAS model with deterministic rating lay&ess the highest correlation (0.70) of nitrate
concentrations. For preparing pollution risk magnd use was considered as an additional
parameter. The correlation coefficient betweeratgticoncentrations and the pollution risk map
reached to 0.78. The risk map shows that 5% ofystuda is completely risky while 10%,
29.95%, 26%, 21.3%, 9%, and 7% of it has very hinghh, high to moderate, moderate to low,
low, and the least pollution risk, respectively.yOB.75% of study area is without any pollution
risk.

INTRODUCTION

The groundwater vulnerability is the possibility pércolation and diffusion of contaminants
from the ground surface into the groundwater syqiérbna and Zoporozec, 1994). Vulnerability
is also a function of pollutant type. Pollution ¢ypdependent vulnerability, or vulnerability to
specific land uses, is sometimes referred to aseciip vulnerability" or "integrated
vulnerability". The simplest to apply, and for thagson the most widely used, is DRASTIC
method. This method is the most widespread PCSVhadetf evaluation of the intrinsic
vulnerability (Aller et al.1987), that taking ineccount seven parameters of the geological and
hydrological environment, was developed in the USAere it has been applied several times
(Fritch et al. 2000; Shukla et al. 2000), but atsmany other regions of the world (Johansson et
al. 1999; Kim and Hamm, 1999; Zabet, 2002). Theeseglements that are combined in the
model are Depth to Water (D), Net Recharge (R), ifsquMedia (A), Soil Media (S),
Topography (T), Impact of the Vadose Zone (I), ddgdraulic Conductivity (C). These
parameters are imported in a simple linear equadibter they have been reduced from the
physical range scale to a ten-grade relative séaleh parameter is multiplied by a weighting
coefficient which has been determined with qualiggtnot with quantitative criteria, based on



the judgment of the authors of this method. Thaucédn of the physical range scale to the
relative ten-grade scale is conducted with the sphisophy. The major drawback of this
method is the subjectivity of the determinatiortra rating scale and the weighting coefficients.
The selection of many parameters and their intaiceiship decrease the probability of ignoring
some important parameters, restrict the effect rofircidental error in the calculation of a
parameter and so enhance the statistical accufabg onodel (Rosen, 1994). Improvements of
the DRASTIC model have been proposed by severaarelers. Most of them propose the
subtraction of factors included in the model (Evamsl Myers, 1990; Rupert, 2001) or the
inclusion of additional factors like land use aigation type and intensity (Secunda et al. 1998;
Rupert, 1999; McLay et al. 2001).

Fuzzy rule-based techniques are particularly usefubn modeling fuzzy inputs common to
hydrogeologic parameters because they tolerateeitiggon and uncertainty (Burrough &
McDonnell, 1998; Burrough et al.1992; Sui, 1992; \yeet al.1990). In fact, there exists a
transition from the easiest to be polluted to trestdifficult to be polluted so that vulnerability
of groundwater is of a fuzzy nature and therefarezy sets theory can be used to assess the
vulnerability of groundwater (Chen, 1994).

Analytical Hierarchy Process (AHP) was developed Sgaty (Saaty, 1980), in which the
hierarchy of components of the decisions was uséduilti-Criteria Decision Making. The AHP

is based upon the construction of a series of page comparison matrices which compares all
the criteria to one another. This is done to edtne weighting of each of the criteria that
describes the importance of each of these criteGgantributing to the overall objective.
Residential, municipal, commercial, industrial, aagricultural activities could be all affect
groundwater quality. High levels of nitrate in tlggoundwater originating mainly from
agriculture activities are encountered in the HaameBahar plain. To ensure that this aquifer
can remain as a source of water for the HamedaBaain, it is necessary to estimate whether
certain locations in this aquifer are more susbéptio receive and transmit pollution. The main
objective of this study is to evaluate the aquifennerability to nitrate pollution using
DRASTIC method. An optimization of the DRASTIC methwas attempted based on the
revision of the factor weights via the use of statal methods and the weighting based on
analytical hierarchy process (AHP). The final gisathe development of an integrated method
which could successfully predict the specific vui®lity or the pollution risk of the Hamedan-
Bahar aquifer under intense environmental stress.

STUDY AREA

Study area is located in the northern part of Hanedty, west of Iran. The Hamedan-Bahar
alluvial aquifer is approximately 520 Knin area (Fig. 1). Groundwater is the main source o
drinking water, industrial plants, and agricultunagation in study area. The area is strongly
vulnerable to pollution due to the presence ofrigige agricultural activities.

Figure 1. Location map of study area

The main rock types in the Hamedan-Bahar area edimgntary, igneous, and metamorphic
rocks. The oldest deposits are containing slate sist of Jurassic age that outcrop in the
eastern and southern parts of the basin. The @atacdeposits consist of the carbonate series.
The main portion of the study area is covered bat@unary sediments and consists mainly of



recent alluvium and conglomerate. Hamedan-Bahawiall aquifer consist mainly of gravel,
sand, silt and clay. The thickness of alluvial &uianges from 25 m in the border to more than
75 m in the middle parts of the plain. The rechageifer from precipitation is ranges from 5 to
higher than 90 mm/year. The transmissivity of teifer ranges from 100 to 200G fuay .

MATERIAL and METHODS

In this study DRASTIC model was used to evaluateititrinsic vulnerability of the Hamedan-
Bahar aquifer in a GIS environmer@everal types of data were used to construct themat
layers of the seven model parameters. The depirater table was obtained by subtracting the
water table level from the elevation. The net reghanap was constructed from the multiplying
storativity by the water table changes in the veztsen. The piezometer and exploitation well
logs have been encode to the geological units doapto the DRASTIC model rating system
for prepare Aquifer media and Impact of vadose Zagers. The topography layer (slope map)
was extracted from the DEM. The hydraulic conduttimap was obtained based on the
transmissivity and aquifer thickness data. Aftexdgakriging interpolation technique was used
to generating surface representation of the seard. The thematic maps was then classified
into ranges defined by the DRASTIC model and assigrates ranging from 1 (minimum
impact on vulnerability) to 10 (maximum impact omlnerability). In addition to usual ratings
of DRASTIC method, this study has also used a fumeyhod for scaling criterion maps as well
as their preparations for integration. The fuzzyeta have been calculated by linear
membership functions. Membership degree of 1 remteshat the section is mostly vulnerable
to pollution, while membership degree of 0 is least

An optimization of the DRASTIC method was attemptesed on the revision of the factor
weights via the use of statistical methods and wleéghting based on analytical hierarchy
process (AHP). The criterion for this optimizatiovas the correlation coefficient of each
parameter with the nitrate concentrations in growatdr. On the basis of their statistical
significance, some parameters were subtracted tihenDRASTIC equation, while land use was
considered as an additional DRASTIC parameter.

AQUIFER VULNERABILITY ASSESSMENT

The methodology developed in this study for thelwat#on of pollution risk attempts to utilize
all of the aforementioned advantages, maintainireglasic structure of the DRASTIC model,
while, at the same time, with various transformagi@and additions, aiming to improve it. The
criterion for the effectiveness of these transfdroms is the value of the correlation coefficient
of the “aquifer vulnerability” and “nitrates condeation” parameters. This correlation is
expressed by the Pearson’s (r) correlation fad®eafson, 1896). The application of Pearson’s
(r) correlation factor presupposes a normal distrdm of the nitrates concentration values, a
condition which is not satisfied for the data of tesearch area. By a logarithmic transformation
the nitrates concentrations can be normalizedhis $tudy the nitrates concentration of 25
sampling wells were used. After normalizing theratgs concentrations, the intrinsic
vulnerability (Fig. 2) was computed according to ABRIC equation. The Pearson’s (r)
correlation coefficient between vulnerability anitkates concentration is 0.61. The weighting
factors have been revised based statistical and Aw#hods to improvements of the
vulnerability indices and nitrate concentrations.



Figure 2. Aquifer vulnerabilify ma[:m) of émedan— Baplain

Revision of the weighting factors

The revision of the weighting factors is achieved the study of the correlation of each
parameter with nitrate concentrations of the samgppoints. Due to the fact that the factor
scores vary with an interval scale, the correlaticas calculated using the Spearman’s rho
(Spearman, 1904) and Kendall's tau correlation fenehts (Kendall, 1975), which are
advisable for such type parameters. Based on tbesficients and after their values were
reduced to a scale with a maximum value of 5, dmelk by the DRASTIC model, the new
weighting factors were calculated. In the case whmre of the coefficients is not statistically
significant, the corresponding parameter will beleded from the equation of the vulnerability.
Table.1 shows the correlation coefficients valued the revised weighting factors, where it
becomes evident that the recharge net (R), Aqmiftia (A), topography (T), Impact of vadose
zone (I) and hydraulic conductivity (C) parametars not statistically significant and should be
excluded. It is also seen that the largest modifiedyhting factor is attributed to the soil media
parameter (5), while the depth to groundwater ggralded.

Table.1. Original and modified weights of the DRASTparameters and correlation coefficients
between DRASTIC parameters and nitrates conceoirati

Parameters |Original | Spearman's tho | Kendall's tan Modified
of DRASTIC| weight coefficient coefficient factor weight
D 5 0.4 0.28 315
R 4 0.32 0.27 —

A 3 0.44 0.34 4
3 2 0.55 042 5
T 1 -0.07 -0.05 =
I 5 0.07 0.04 —
C 3 -0.15 -0.081 —

After the application of the revised weighting fasstand the removal of the four non-correlated,
intrinsic vulnerability can be formulated as follsw

Q) V(intrinsj=3.5-D+4-A+5-S

Where Vintrinsic is the intrinsic vulnerability, B the depth to groundwater, A is the aquifer
type and S is the soil media.

With the application of the above equation, thereation between vulnerability and nitrates
concentration values (using deterministic layess)further increased, since the correlation
coefficient is nowr = 0.70. Once more using fuzzy layers the intringidnerability was
computed according to Eq. 1 that is shown in Figl't# correlation between vulnerability and
nitrates concentration has been recalculated. €aesBn’s () correlation coefficient is 0.65.



Weighting based on AHP

In this study AHP method has been used to derivighi® of parameters in the DRASTIC

model (Table 2). On the basis of the weights et@afrom AHP method, both the deterministic
and fuzzy layers of DRASTIC are integrated withteather, separately (Fig. 3). The correlation
between vulnerability indices and nitrate concditrs using AHP with deterministic and fuzzy
layers is 0.65 and 0.59, respectively. Accordinght correlation between vulnerability indices
resulted from the four applied methods and nitrabecentrations, the DAS model with

deterministic layers was selected as best modeltasdused to estimate pollution risk of the
aquifer.
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Figure 3. Aquifer vuInerablllty ‘\EBI‘IS%'\Hamedan- Baplalnobtalned by (a) DAS with
deterministic layers, (b) DAS with fuzzy layers) AHP with deterministic layers and (d) AHP
with fuzzy layers
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Table 2. Modified weights of DRASTIC parametersdzhen AHP

Parameters | Weights based
of DRASTIC on AHP
0.3733
0.3445
0.1487
0.0664
0.0254
0.0384
0.1027

o1 20 51 0 3 ==l L)

Pollution Risk of Ground Water

After determining the correlation coefficients iifferent models, it is found that the DAS
model with deterministic rating layers has the kigthcorrelation with about 70 percent of
nitrate concentrations. For preparing pollutionkrisiap, land use was considered as an
additional parameter. A statistical method resenblemodification of the weighting factors is
used to calculation of the weight of land use patam The weight of land use parameter was
calculated equal to 3. The new specific vulnergbir pollution risk map is shown in Fig. 4.
The correlation between specific vulnerability amitrates concentration with a correlation



coefficientr = 0.78. The improvement of the correlation, indudsdthe addition of the
contaminant loading factor, is in the order of @,0&hich is lower than expected, based on the
assumed importance of this parameter. This cartthbuged to the fact that in the study area,
the points with a high intrinsic vulnerability alkave high contaminant loadings. The risk map
shows that 5% of study area is completely riskylevthiD%, 29.95%, 26%, 21.3%, 9%, and 7%
of it has very high, high, high to moderate, motieta low, low, and the least pollution risk,
respectively. Only 0.75% of study area is withaoy pollution risk.
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Figure 4. Groundwater pollution risk map to nitratdHamedan- Bahar plain

CONCLOSION

By modifying and optimizing the well known and wigeised DRASTIC model it was possible
to predict the intrinsic vulnerability to polluticas well as the groundwater pollution risk more
accurately. For the optimization procedure we csa nitrates concentration data. Some of the
factors that are taken into account for the vulbidityg evaluation by the DRASTIC method,
such as net recharge, topography, impact of vadose and hydraulic conductivity, do not
seem to be related to the nitrates concentratippa®nan's rho and Kendall's tau coefficients
have been employed in order to determine suitabdégghts in DRASTIC model. It was
distinguished that soil media, aquifer media angkliéo groundwater with the weights of 5, 4,
and 3.5, respectively, indicate highest correlatigiin the nitrate concentrations. Thus the new
equation has been named as DAS which substitutdd RRASTIC for assessment of
groundwater vulnerability in Hamedan-Bahar plainfteA determining the correlation
coefficients in different models (using statistioathods and AHP), it was found that the DAS
model with deterministic rating layers has the kigth correlation (0.70) of nitrate
concentrations. For preparing pollution risk magnd use was considered as an additional
parameter. The correlation coefficient betweerataticoncentrations and the pollution risk map
reached to 0.78. The risk map shows that 5% ofystuda is completely risky while 10%,
29.95%, 26%, 21.3%, 9%, and 7% of it has very higgh, high to moderate, moderate to low,
low, and the least pollution risk, respectively.yOB.75% of study area is without any pollution
risk.
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