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A B S T R A C T

Groundwater is an important water resource in Egypt for many purposes. Heavy metal pollution index (HPI),
heavy metal evaluation index (HEI), pollution index (PI) and DRASTIC model were used to assess the ground-
water quality and the aquifer vulnerability in El Fayoum depression, Western desert, Egypt. Depths to
groundwater surface were measured in 27 observation wells. Groundwater samples were collected from 38 wells
of depths less than 60m. Physiochemical parameters; pH, TDS, EC, Al, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Sb and Se,
of the collected samples were measured using standard analytical methods. Multivariate statistical analysis and
GIS techniques were used for processing the obtained results. The HPI results indicated that 74% of groundwater
points have HPI values exceed the critical pollution level. The HEI values indicated that the majority of the
groundwater samples are affect by heavy metal pollution. The PI values revealed that the groundwater samples
are slightly affected by Pb and Sb, and are moderately affected by Se. The vulnerability index (VI) results, which
were calculated by DRASTIC model, revealed that the groundwater aquifer vulnerability increases radially from
the depression center to the peripheries of the study area. An agreement is revealed from comparison of spatial
distribution maps of HPI, HEI and VI results. The integration between water pollution indices and DRASTIC
model is a valuable and applicable approach for assessment of groundwater quality using physiochemical
parameters of the groundwater and the aquifer characteristics.

1. Introduction

Groundwater pollution by heavy metals resulting from the in-
creasing of human practices is the main environmental problem all over
the world (Abou Zakhem and Hafez, 2015). The study area is an es-
sential agricultural land in Egypt. Groundwater in this area is exposed
to contamination by many pollutants types due to agricultural activities
and extensive use of metal-based agrochemical fertilizers which lead to
the degradation of the groundwater quality (Ahmed, 2012).

Heavy metals are considered the common environmental pollutants,
which are produced to the environment from natural and anthro-
pogenic sources (Akoto et al., 2008; Adaikpoh et al., 2005; Reza and
Singh, 2010). The continuous exposure to heavy metals affects human
health due to their toxic effects (Vaishaly et al., 2016). Water pollution
indices; HPI, HEI and PI, are useful methods for assessment of water
pollution and express the overall quality of water with respect to heavy
metals (Sobhanardakani et al., 2016). These indices determine the
overall quality of water, considering the cumulative effect of heavy
metals on the total quality of water (Edet and Offiong, 2002; Sheykhi
and Moore, 2012).

The HPI represents the total quality of water that assists to identify
and quantify water quality trends according to heavy metals
(Balakrishnan and Ramu, 2016). This index is based on a rating ar-
ithmetic quality mean method (Giri and Singh, 2014). The HPI reflects
the cumulative effect of heavy metals on the groundwater quality, that
are resulted from the excessive use of fertilizers and pesticides
(Bhattacharjee and Goswami, 2018; El Fehri et al., 2014; Karbassi and
Amirnezhad, 2004; Nouri et al., 2008). The HPI and HEI are shed light
on the various levels of pollution by heavy metals and their impacts on
the water quality (Enaam, 2013; Zamani et al., 2012).

The DRASTIC model is an overlay and indexing method that is
widely used to assess intrinsic groundwater vulnerability, and was de-
veloped by the U.S. Environmental Protection Agency (EPA) to evaluate
groundwater pollution potential for the entire United States (Aller
et al., 1987). The DRASTIC model is based on the concept of the hy-
drogeological setting which is represent a composite description of all
the major geologic and hydrologic factors that affect and control the
groundwater movement into, through, and out of an aquifer (Jaseela
et al., 2016). The term ‘DRASTIC’ comes from the abbreviation of the
seven parameters that are involved in the model. These parameters are
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depth to water, recharge of network area, aquifer matrix, soil media,
topography, impact of the vadose zone and hydraulic conductivity.

The concept of groundwater vulnerability is based on the assump-
tion that the physical environment may provide some degree of aquifer
protection against impacts of contaminants entering the groundwater
from human activities (e.g., industry, agriculture, fertilizers, pesticides
and septic systems). This model employs a numerical ranking system
that assigns relative weights to various parameters that help in the
evaluation of relative groundwater vulnerability to contamination
(Babiker et al., 2005; Stigter et al., 2006; Singh et al., 2015). Each of
these parameters has a marked value ranging from 1 to 10 according to
their effect on the vulnerability of the aquifer, and has a weight, which
ranges from 1 to 5, that reflects the tendency for contamination (El Osta
et al., 2018; WU et al., 2018; Sidibe and Xueyu, 2018).

This study aims to assess groundwater quality in El Fayoum de-
pression using water pollution indices and DRASTIC model with respect
to physiochemical parameters of the groundwater and aquifer

characteristics. The integration of water pollution indices and DRASTIC
model is a useful approach in getting accumulative influence of all
parameters on the groundwater quality and the aquifer tendency for
contamination. Water pollution indices and DRASTIC index shows a
new vision and unique insight on the groundwater quality considering
the physiochemical parameters of groundwater and aquifer character-
istics that related to geology, hydrogeology, aquifer matrix, soil media
and topography. This study presents a basic approach for groundwater
quality assessment using hydrogeological and hydrogeochemical con-
ditions of the groundwater resources.

2. Study area

The study area is geographically located between latitudes 29° 00՝
and 29° 30՝ N and longitudes 30° 20՝ and 31°10՝ E, with an area of about
1200 km2 (Fig. 1). The study area lies in a semi-arid region with a hot
long dry summer and a mild short winter consequently, the climate is

Fig. 1. Location of the study area and measuring points.
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generally dry and warm (Baioumy et al., 2010). The average annual
rainfall is 10mm/year that is irregular in time and place (Van Zon and
Jeanes, 1992). The mean min. and max. annual temperatures are
14.5 °C and 31.0 °C, respectively. The Nile River is the main water
supply for irrigation purposes in the study area, in addition the surface
network of canals, while Qarun Lake receives the agricultural waste-
water by a network of drains, which are concentrated mainly in the
eastern and western parts of the study area.

3. Geological and hydrogeological settings

The rock units in El Fayoum depression and its surrounding areas
are ranged from Tertiary to Quaternary periods. The Quaternary de-
posits are widely distributed over the entire area of El Fayoum de-
pression. These deposits are composed of varying grain sizes of sand
and gravel that intercalated with silt and clay, which are mainly of
fluvio-lacustrine origin. The Quaternary deposits have a thickness
ranges from few meters in the peripheries of the study area to about
50m in the middle part of the depression. Structurally, the study area is
affected by the regional northward dip of the great Arabo-Nubian
massif with several distortion lines that are mainly dominated at the

peripheries of the depression with NS and NW-SE striking directions
(Abdel Baky, 1972; Said, 1962), that were caused by faulting, breaking
and folding (Figs. 2 and 3).

There are three aquifers under the El Fayoum depression, which are
the Quaternary aquifer, the Upper Eocene limestone aquifer and the
Nubia sandstone aquifer. The Quaternary water-bearing formations
cover most of El Fayoum depression and extend in the subsurface with
variable thicknesses depending on the shape of the underlying lime-
stone. The Quaternary aquifer rests unconformably, on the Upper
Eocene limestone aquifer, which is salty and unsuitable for drinking
and irrigation uses. It was concluded that The Quaternary aquifer is
possibly recharged from the underlying fractured Eocene limestone
aquifer through hydraulic connection (El Sheikh, 2004). The Upper
Eocene limestone aquifer lies unconformably, on the Nubian sandstone
aquifer.

The Quaternary aquifer is considered the most important aquifer in
El Fayoum depression. The possible sources of the aquifer recharge are
the irrigation return flow, seepage from the surface canals and the
water flowing from the River Nile through Hawara depression.

Generally, the Quaternary deposits are varying from clay and sand
with little gravels at the south to mainly clayey deposits nearby Qarun

Fig. 2. Geological setting of El Fayoum depression and its vicinities (Ahmed, 2012).
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Lake at the north (Fig. 3a). The Quaternary aquifer is generally com-
posed of sand with rich content of clay. However, the Quaternary de-
posits are varying from sandy clay and sometimes gravelly at the west
to silty clay sediments at the east (Fig. 3b).

The depths to the groundwater surface in the study area vary from
few centimeters to 9.1 m and the groundwater levels vary between
+20 m above mean sea level (amsl) close to the Nile River to – 50 m
below mean sea level (bmsl) in the northern parts at Qarun Lake
(Fig. 4). The groundwater flows from the Nile River basin toward the
north, northeast, northwest and southwest directions which are con-
trolled by the general slope of the study area (Fig. 4).

4. Methodology

4.1. Sampling and measurements

Groundwater samples were collected from 38 wells of depths less
than 60m, representing the Quaternary aquifer, during one season;
summer of year 2018. The samples were collected in pre-marked 500ml
polyethylene bottles and were acidified using nitric acid to a pH < 2 to
reduce the adsorption and the precipitation on the bottle walls. Prior to
filling of the bottles, they were rinsed by deionized water and then by
water to be sampled. Immediately after filling the bottles, they were
closed and caps were tightened securely to prevent interaction of the

Fig. 3. (a) (b). Geological cross sections along El Fayoum depression.
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Fig. 4. The groundwater flow net superimposed on the digital elevation map.
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samples with the atmosphere. The samples were kept in cooler tanks
and transported to the laboratory and kept at temperatures below 4 °C
for analyzing processes.

Depths to groundwater surface were measured in 27 observation
wells using the well level sounder (WLS500 – USA). Physiochemical
parameters; pH, TDS, EC, Al, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Sb and Se,
of the collected samples were measured using a measured multi-para-
meter professional plus handheld tool and inductively coupled plasma-
optical emission spectrometry (ICP-MS).

Two geological cross sections were constructed to infer the inter-
relation between the different aquifers present in the study area. The
obtained analytical results were handled using GIS technique for gra-
phically presentation and for construction of the spatial distribution
maps of the HPI, HEI and VI.

4.2. Statistical analysis

Multivariate statistical techniques; the principal component analysis
(PCA) and cluster analysis (CA) were applied to the heavy metals results
using SPSS statistical software package to identify the sources of heavy
metals and the main factors influencing the distribution of these metals
using Ward's method (Kumar et al., 2018).

4.3. Water pollution indices

Three documented methods; HPI, HEI and PI were used for assess-
ment of contamination by heavy metals in the groundwater (Sheykhi
and Moore, 2012).

4.3.1. Heavy metal pollution index (HPI)
The HPI expresses the overall groundwater quality with respect to

heavy metals and is calculated by Eq. (1):
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Where, Wi and Qi are the unit weight of ith parameter and n is the
number of parameters used for the study. Mi is the measured value of
heavy metal of ith parameter; Ii is the ideal value of ith parameter; Si is
the standard value of ith parameter, the sign ( ـــ ) indicates numerical
disagree of the two values, avoiding the algebraic sign.

The groundwater samples are classified according to HPI into low
pollution of heavy metal (HPI < 100), and high pollution of heavy
metal (HPI > 100), where the threshold risk value of HPI= 100
(Sobhanardakani et al., 2017).

4.3.2. Heavy metal evaluation index (HEI)
The HEI values, which describe water quality circumstances, were

estimated according to the following equation (Eq. (6)):
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Where, Hc is the element concentration, Hmac is the max. Permitted
concentration for each element, and the subscript i is the i sample
(Tamasi and Cini, 2004).

4.3.3. Pollution index (PI)
The pollution index measures the effect of contaminants in the

groundwater which estimated according to the following equation (Eq.
(7)):
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Where, Ci is the concentration of an individual metal; Si= standard
metal level. Heavy metals are classified according to their effect on the

Table 1
wt, ranges and ratings of the seven DRASTIC parameters (Aller et al., 1987; modified Piscopo, 2001).

Serial No. Depth to groundwater (D) Recharge (R) Aquifer matrix (A) Soil media (S)

Range (m) Rate Range (mm) Rate Range Rate Range Rate

1 1–1.5 10 101.6–177.8 6 Weathered metamorphic rocks 4 Sand 9
2 1.5–4.6 9 177.8–254 8 Thin-layer sandstone, Limestone, Shale 6 Sandy loam 7
3 4.6–9.1 7 > 254 10 Massive sandstone, Gravel 8 Loam 5
4 9.1–15.2 5 Basalt 9 Silty loam 4
5 Clay loam 3

Weights 5 4 3 2
Serial No. Topography (T) Vadoze zone Impact (I) Hydraulic conductivity (m/day)

Range (%) Rate Range Rate Range (%) Rate
1 0–2 10 Metamorphic rocks, Igneous rocks 4 0.04–4.1 1
2 2–6 9 Layered limestone, Sandstone, Shale 6 4.1–12.2 2
3 6–12 5 Gravel 8 12.2–28.5 4
4 12–18 3 Basalt 9 28.5–40.7 6
5 28.5–40.7 8
Weights 1 5 3
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groundwater quality (Goher et al., 2014; Abah et al., 2016; Caerio et al.,
2005).

4.4. DRASTIC model

This model employs a numerical ranking system that assigns re-
lative weights to various parameters that help in the evaluation of re-
lative groundwater vulnerability to contamination. The DRASTIC
method considers seven parameters referring to the components re-
quired by the system. The model yields a numerical index that is de-
rived from ratings and weights assigned to the seven model parameters;
depth to groundwater surface (D), recharge rate (R), aquifer matrix (A),
soil type (S), topography (T), impact of vadoze zone (I) and hydraulic
conductivity (C) (Masoud and El Osta, 2016; Xiaoyu et al., 2018). The
classes of each parameter are represented the ranges that are rated from
1 to 10, based on their corresponding impacts on the aquifer vulner-
ability. The seven parameters are subsequently assigned weights that
are ranged from 1 to 5, reflecting their relative importance. The
DRASTIC index is later computed applying a linear combination of all
factors according to the following equation (Eq. (8)):

DRASTIC Index = DrDw + RrRw + ArAw +SrSw + TrTw +
IrIw + CrCw (8)

Where:

DRASTIC Index = 5Dr + 4Rr + 3Ar + 2Sr + Tr + 5Ir + 3Cr (9)

Where, D, R, A, S, T, I and C are the seven parameters, while the sub-
scripts r and w are the corresponding rating and weights of each
parameter, respectively.

4.4.1. DRASTIC parameters preparation
The different layers of the DRASTIC index were developed by the

committee of the United States Environmental Protection Agency (Aller
et al., 1985, 1987) to obtain the groundwater vulnerability (Table 1).
The DRASTIC parameters, which are depth to groundwater surface (D),
recharge rate (R), aquifer matrix (A), soil type (S), topography (T),
impact of vadoze zone (I) and hydraulic conductivity (C) are estimated
for 27 observation wells in the study area (Fig. 5).

The depths to the groundwater surface (D) in the study area vary
from few centimeters to 9.1 m with a rating range from 7 to 10
(Fig. 5a). Recharge rate (R) is calculated by the following equation (Eq.
(10)):

Recharge value = Slope % + Rainfall + Soil permeability (10)

Where, the slope % was derived from the digital elevation map (DEM)
of the study area using GIS software (Table 2 and Figs. 6 and 5b).
Aquifer media (A) of the Quaternary aquifer in the study area consist of
sand and gravel deposits with intercalation of silt and clay (Fig. 5c) as
indicated by the constructed geological cross sections (Fig. 3). Soil
media (S) are the transporting media for contaminants to groundwater
(Fig. 5d), which are derived from the main physiographic map of the El
Fayoum depression (Ali and Abdel Kawy, 2012). Topography (T) of the
investigated area is gentle and smooth with an elevation varies from
37m (amsl) at the southern part to about - 49m (bmsl) in the north
(Fig. 5e) with a slope percent ranges from 0 to 7 (Fig. 4). Impact of
vadoze zone (I) presented in the unsaturated zone above the water table
surface that varies from clay/silt to sand (Shided, 1994; Said, 2006.,
Gad and El-Zeiny, 2016) with a rating of 3 and 6, respectively (Fig. 5f).
Hydraulic conductivity (C) affects the transport rate of pollutants in the
aquifer, which ranges from 0.25 to 4.5m/day in the study area (Fig. 5g)

Fig. 5. DRASTIC model parameters maps: (a) Depth to groundwater surface, (b)
Recharge rate, (c) Aquifer matrix, (d) Soil type, (e) Topography, (f) Impact of
vadozezone and (g) Hydraulic conductivity.
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Table 2
Data used for net recharge parameter calculation.

Slope % Factor Rainfall (mm/year) Factor Soil permeability Factor Recharge value Rate

0–2 9 >254 9 High 5 11–13 10
2–6 8 178–254 4 Moderate to high 4 9–11 8
6–12 6 102–178 3 Moderate 3 7–9 5
12–18 3 51–102 2 Low 2 5–7 3
>18 1 0–51 1 Very low 1 3–5 1

Fig. 6. Slope percent map of the study area and its vicinities.
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(Ahmed, 2012; El Sheikh, 2004).

5. Results

5.1. Physiochemical parameters

Physiochemical parameters play an important role in water quality
assessment and are considered important guides to understand the
water chemistry evolution and the prevailing controlling mechanisms.

According to the obtained physiochemical parameters results, the
total dissolved salts in the groundwater samples ranged from 614.3mg/
l to 8950mg/l, while pH ranged from 6.4 to 8.9 and the mean tem-
perature was 30.4 °C. The mean concentrations of heavy metals were in
the following order: Ba > Al > Fe > Se > Ni > Mn > Cu >
Pb > Sb > Cr > Cd. The ranges, mean values, variance, standard
deviations of the physiochemical parameters are presented in Table 3.

PCA results revealed that the presence of eleven fundamental
principal components pointing the effect of rock water interaction and
human caused practices on the quality of groundwater
(Dhanasekarapandian et al., 2016). Multivariate statistical analysis re-
sults indicated that there are three groups of clustering (Fig. 7): cluster I
(Ba, Al, Fe and Se) that reflects the rock water interaction, cluster II (Pb,
Cu and Ni) reflecting the influence of agricultural pollution and cluster
III (Sb, Cd, Cr and Mn) that are the human caused.

5.2. Groundwater pollution

The water pollution indices; HPI, HEI and PI, for the groundwater
samples were calculated according to arithmetic mean rating methods
based on the standard permissible limits (Si) of WHO (2017) as pre-
sented in Table (4).

Statistical description of the calculated HPI indicated that the HPI
values ranged from 77.23 to 214.78 with a mean value of 122.40
(Table 5). The HPI values results indicated that 74% of the groundwater
samples showed critical pollution index, while the rest of samples
(26%) showed low heavy metal pollution (Table 6), where the critical
HPI value is 100. According to the spatial variation of HPI in the study
area, the majority of the groundwater samples suffered from high level
of heavy metals pollution (Fig. 8).

The obtained results of the calculated HEI revealed that the HEI
ranges from 4.13 to 12.47 with a mean value of 7.12 (Table 5). The HEI
values indicated that the groundwater samples ranged from strongly
affected (31.5%) to seriously affected (68.5%) by heavy metals pollu-
tion, according to HEI classification (Table 7). The spatial distribution
map of HEI revealed that the groundwater samples are strongly and
seriously affected by heavy metals pollution (Fig. 9). The PI results
indicated that the samples are slightly affected by Pb and Sb and
moderately affected by Se (Tables 8 and 9 and Fig. 10).

5.3. Groundwater aquifer vulnerability

DRASTIC index results showed that the vulnerability index values in
the study area ranged from 111 to 149 (Tables 10 and 11). DRASTIC
index results indicated that the vulnerability levels of the groundwater
aquifer varied from low to high, where the low vulnerability levels are
found in the central part of the study area, and the vulnerability in-
creases radially towards the peripheries of the study area as indicated
by the vulnerability map (Fig. 11).

6. Discussion

The high salinity contents could be attributed to the water logging
and seepage from irrigation return flow. The excessive use of metal-
based fertilizers and pesticides are the main source of heavy metals that
pollute the groundwater. The obtained results of the applied water
pollution indices, in addition the highly agreement between the spatialTa
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distribution of HPI and HEI indicate that the majority of the study area
are polluted by heavy metals (Figs. 6 and 7). The spatial variation of
water pollution indices (HPI and HEI) in the study area indicated that
the pollution by heavy metals increases from north to south, southeast
and southwest, where the peripheries of the study area had the highest
pollution indices. The contamination of groundwater by heavy metals
reaches to high levels in the areas that were dissected by drains, in
additions areas in which the depths to groundwater surfaces are low

with more sandy top sediments reflecting pollution by irrigation return
flow.

The obtained vulnerability index results indicated that the periph-
eries of the study area are the most hazardous zones associated with the
highest vulnerability levels. The occurrence of groundwater in an
aquifer depends on both the aquifer matrix and the covering layer
capping the aquifer. The sediment types are controlling in the
groundwater quality and its movement inside the aquifer. The covering

Fig. 7. PCA and CA on the basis of heavy metal contents.

Table 4
Arithmetic rating method for calculation of HPI, HEI and PI.

Heavy metals Groundwater sample (Well No. 31) Standard permissible value Si (mg/l) (MAC)I Si (ppb) Unit Weight Wi Sub index Qi Wi*Qi

Al 0.0408 0.2 200 0.00541 20.4 0.110398145
Ba 0.0574 0.7 700 0.00155 8.2 0.012678779
Cd 0.0033 0.003 3 0.36078 110 39.68560752
Cr 0.0049 0.05 50 0.02165 9.8 0.212137611
Cu 0.0217 2 2000 0.00054 1.085 0.000587167
Fe 0.0281 0.3 300 0.00361 9.366 0.033792896
Pb 0.0187 0.01 10 0.10823 187 20.23965984
Mn 0.0084 0.1 100 0.01082 8.4 0.090916119
Ni 0.0178 0.02 20 0.05412 89.46 4.84128334
Sb 0.0163 0.005 5 0.2 0.21647 70.56822574
Se 0.0174 0.01 10 0.1 0.10823 18.83262466

∑ (Wi)=1 ∑ (Wi*Qi)=154.6279118

Table 5
Statistical description of calculated HPI and HEI in the study area.

Parameters HPI HEI

Min 77.23 4.12
Max 214.77 12.46
Sum 4651.22 270.87
Mean 122.40 7.12
Std. error 5.38 0.32
Variance 1102.07 3.99
Stand. dev 33.19 1.99
Median 110.13 6.60
Coeff. var 27.12 28.03
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layers delay or accelerate the aquifer recharge.
Accordingly, the matrix and thickness variation of the Quaternary

aquifer induce different modes of groundwater occurrences. The fine
sand and clay sediments forming the bulk of the Quaternary aquifer,

while, the clay layer and the silty clay layer at the aquifer's top act as
semi-confined layers. On the other hand, perched groundwater condi-
tion may be formed at various localities due to the presence of these
layers which give the opportunity for groundwater to move under the

Table 6
Groundwater quality classification according to HPI.

HPI Class Sample No. Percentage

< 100 Low pollution 1, 12, 13, 17, 18,19, 20, 21, 22, and 23 26%
>100 High pollution 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 14, 15, 16, 24,

25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,
36, 37 and 38

74%

Fig. 8. Heavy metal pollution index map.
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effect of the natural slope.
On the contrary, the stagnancy of this perched water may lead to

water logging problem. Moreover, the area with the least hazardous
conditions in the Quaternary aquifer exists in the middle part of the

depression where large quantities of fresh groundwater are extracted by
many wells, because of the high aquifer thickness with increasing of the
sandy matrix, as indicated by the vulnerability map (Fig. 11). This may
be attributed to the increasing thickness of the Quaternary deposits in

Table 7
Groundwater quality classification according to HEI.

HEI characteristics Class Sample No.

< 0.3 Very pure I —————————————————
0.3–1.0 Pure II —————————————————
1.0–2.0 Slightly affected III —————————————————
2.0–3.0 Moderately affected IV ————————————————
3.0–6.0 Strongly affected V 1, 2, 7, 8, 9, 12, 13, 17, 18, 19, 20, 21and 23
>6.0 Seriously affected VI 3, 4, 5, 6, 10,11, 14, 15, 16, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37 and 38

Fig. 9. Heavy metal evaluation index map.
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the middle part of the study area, in addition the absence of drains with
their polluted water, however, the presence of the surface canals with
possible seepage of their water to the groundwater. Comparison of the
spatial distribution maps of HPI and HEI (Figs. 8 and 9) with the vul-
nerability map (Fig. 11) confirms that the aquifer characteristics have a
rule in the degradation of the groundwater quality.

7. Conclusion

The groundwater quality of the Quaternary aquifer in the study area

was assessed using water pollution indices to detect the levels of heavy
metals pollution; in addition the DRASTIC model was used to estimate
the vulnerability of the Quaternary aquifer, to delineate the areas that
are the most susceptible to contamination based on the aquifer char-
acteristics. Most of the groundwater samples were critically polluted
with heavy metals, based on the water pollution indices; HPI, HEI and
PI. The integration between water pollution indices with vulnerability
index figured out that the areas at the peripheries of El Fayoum de-
pression are the most influenced by pollution with respect to heavy
metals and aquifer characteristics. Water pollution indices and
DRASTIC index shows a new vision and unique insight on the water
quality with respect to physiochemical parameters in this study. The
study area needs an essential controlling mechanism, in addition re-
ducing the excessive use of the agrochemical fertilizers and pesticides,
which led to the deterioration in the groundwater quality.

Table 9
The Pollution index results in the study area.

Heavy metal Min max Mean PI Class Effect

Al 0.0121 0.0634 0.0308 0.16 I No effect
Ba 0.0122 0.1029 0.0577 0.07 I No effect
Cd 0.0031 0.0047 0.0038 0.94 I No effect
Cr 0.0041 0.0057 0.0048 0.07 I No effect
Cu 0.0102 0.0271 0.0167 0.01 I No effect
Fe 0.0203 0.0328 0.0258 0.06 I No effect
Pb 0.003 0.0294 0.0155 1.48 II Slightly affected
Mn 0.0047 0.0925 0.0122 0.46 I No effect
Ni 0.0039 0.0242 0.0162 0.61 I No effect
Sb 0.0000 0.0166 0.0047 1.66 II Slightly affected
Se 0.0003 0.0521 0.0203 2.60 III Moderately affected

Table 10
Statistical description of the calculated DRASTIC parameters and DI results.

DRASTIC parameter DwDr RwRr AwAr SwSr TwTr IwIr CwIr D I

Min 27 20 21 6 5 15 3 111
Max 35 20 21 12 10 30 6 149
Sum 50 540 567 274 252 675 93 3706
Mean 1305 20 21 10.1 9.3 25 3.4 137.3
Std. error 48.3 0 0 0.5 0.2 1.4 0.2 2.2
Variance 0.7 0 0 7.4 1 51.9 1.2 132.5
Stand. Dev 11.5 0 0 2.7 1 7.2 1.1 11.5
Coeff. Var 3.4 0 0 26.7 10.7 28.8 31.5 8.4

Table 8
Levels of the pollution index.

Class PI value Effect

1 < 1 No effect
2 1–2 Slightly affected
3 2–3 Moderately affected
4 3–5 Strongly affected
5 > 5 Seriously affected

Fig. 10. 3-D Pie showing the relative pollution indices of heavy metals.

Table 11
Classification of DRASTIC index with vulnerability levels.

DRASTIC index Vulnerability level

1–100 Low
101–140 Moderate
140–200 High
> 200 Very high
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