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Abstract

Groundwater is the main source of water in arid and semi-arid regions. Therefore, pollution of groundwater
is a major issue because aquifers and the contained groundwater are inherently susceptible to contamination
from wastewater and agricultural activities. Aquifer vulnerability has been assessed in the Sana’a basin using
the DRASTIC method, based on a Geographic Information System (GIS). The DRASTIC model uses seven
environmental parameters (Depth to water, net Recharge, Aquifer media, Soil media, Topography, Impact of
vadose zone, and hydraulic Conductivity) to characterize the hydrogeological setting and evaluate aquifer
vulnerability. A regional scale aquifer vulnerability map of the basin was prepared using overlay analysis
with the aid of GIS. A DRASTIC vulnerability map, verified by data of nitrate in groundwater, shows that
the defined areas are compatible with land-use data. It is concluded that 6.4% of the basin area is highly vul-
nerable and urgent pollution-preventions measures should be taken for every kind of relevant activity within

the whole basin.
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1. Introduction

Nowadays, groundwater resources play an important role
in meeting demands on water supply because of regional
climate change and scanty surface water source or their
unsuitability. Pollution of groundwater is a major issue
because aquifers and the contained groundwater are in-
herently susceptible to contamination from land use and
other anthropogenic impacts [1]. There are several types
of pollution that appear to predominate in groundwater
such as heavy metals, nutrients, pesticides and other or-
ganic chemicals, and fertilizers. Leaching of various pol-
lutants through the unsaturated zone and groundwater
zone gives rise to contamination in these zones. These
processes vary from one location to another.

The concept of groundwater vulnerability to contami-
nation was introduced in the 1960s in France by [2].
Then, there were several approaches for developing aqui-
fer vulnerability assessment maps such as DRASTIC [3],
GOD [4], AVI [5], and SINTACS [6]. A thorough over-
view of existing methods is given in [7] and in [8]. These
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methods have been mainly applied to groundwater pro-
tection in porous aquifers, except the EPIK [9,10], PI
[11], and COP [12] methods which are specifically de-
veloped for the assessment of vulnerability in karstic
areas.

Conventional methods (i.e. DRASTIC, AVI, GOD,
SINTACS) are able to distinguish degrees of vulnerabil-
ity at regional scales where different lithologies exist
[13]. The DRASTIC method is a familiar method devel-
oped in the US Environment Protection Agency (USEPA)
by [3] and this method has been applied in several re-
gions by different researches [14-21]. Some of the re-
searches modified the DRASTIC method and added dif-
ferent parameters [22-25] such as land use index, linea-
ment, aquifer thickness, and impact of contaminant. Thi-
rumalaivasan et al. (2003) [1] developed a software pac-
kage AHP-DRASTIC to derive ratings and weights of
modified DRASTIC model parameters.

The DRASTIC method assumes that: 1) any contami-
nant is introduced at the ground surface; 2) the contami-
nant is flushed into the groundwater by precipitation; 3)

JWARP



846 Y. ALWATHAF ET AL

the contaminant has the mobility of water; 4) the areas
evaluated using 0.4 km? or larger [26]. The DRASTIC
system is composed of two major parts: 1) the designa-
tion of map able units, termed hydrogeological setting;
and 2) the application of a numerical scheme of relative
ranking of hydrogeological factors [23]. Hydrogeological
factors help to evaluate the relative groundwater pollu-
tion potential of any hydrogeological setting. Hydro-
geological setting is a composite description of all the geo-
logical and hydrogeological factors controlling ground-
water flow into through, and out of an area [16].

Recently, Geographic Information System (GIS) tech-
niques have been widely used in aquifer vulnerability
mapping [27-31]. The major advantage of GIS-based map-
ping is the combination of data layers and rapid change
in the data parameters used in vulnerability classification
[25].

Groundwater represents main resource for supply in
Sana’a, capita city of Yemen (Figure 1). The need for
protection and management of Sana’a basin has been re-
cognized. Agricultural pesticides and wastewater are the
main causes of the degradation of groundwater quality in
the study area. The main aim of this study is to evaluate
the aquifer vulnerability in the basin and determine the
degree of contamination of Sana’a basin using the DR-
ASTIC model based on GIS. According to vulnerability,
a map showing high to low vulnerability areas was pro-
duced for the basin.

2. Study Area

Sana’a basin is an inter-mountain plain located in the
central Yemen Highlands. The plain has an elevation of
about 2200 m a.s.l, but is surrounded to the West, South
and East by mountains rising to more than 3000 m a.s.l.
The basin has an area of about 3200 km? and forms the
upper part of the catchment of Wadi al Kharid, a sub-
catchment of the Wadi al Jawf (Figure 1). The climate is
semi-arid with an average annual rainfall of 235 mm at
Sana’a [32].

The increase of concentration of nitrate in this area be-
cause of effluent from a wastewater treatment plant, link
the problem of pollution treatment plant for the follow-
ing reasons:

1) Designed to carry the station Biology of 500 mg/I
while the pregnancy in the waste water supplied to the
station 1300 mg/l and hold it unable to address the quan-
tity supplied to the plant, estimated to be 36,000 m*/day,
although run the plant at full capacity hydraulic.

2) The station of the type-based biological treatment
of the bacteria and when you reach the large quantities of
oil discharged in the network failure treatment system to
require re-ripening bacteria to about two months There-
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fore, when the advent of wastewater laden with oils is
closed the plant they come out without any treatment.

3) Citizens in the region do not cooperate with the
competent authorities, and they oppose any action by the
government to get rid of this water because they benefit
from it to irrigate their crops.

3. Geology and Hydrogeology

The stratigraphic sequence outcropping or present in the
subsurface in the larger Sana’a basin ranges from Juras-
sic to Quaternary [33], the stratigraphic sequence can be
divided in three major groups: Mesozoic and Paleocene
sedimentary formations, Tertiary trap volcanic series and
Quaternary sedimentary (Figure 2).

Amran Group (Middle to Upper Jurassic): Amran Group
(Middle to Upper Jurassic) comprises limestone, marls
and shally limestone. It covers 15% of the outcrops in the
North of the basin (Figure 2), thickness of Amran Group
ranging from 350 to 1000 m [34]. The Amran limestone
is generally considered to be a poor aquifer although
supplies can be obtained from zones of secondary per-
meability.

Tawilah Group (Cretaceous to Tertiary): Comprises a
series of continental cross-bedded sandstones generally
medium to coarse grained with interbedded mudstones,
siltstones and occasional silty-sandstones. The Cretace-
ous Sandstones crop out over about 15% of the basin
area in the northern part of the Basin. It is thought to
reach a thickness of 400 to 850 m. The Cretaceous sand-
stone forms the main aquifer in the region. It has low re-
gional permeability but locally higher permeability is
found in weathered and fractured zones. It is heavily ex-
ploited to the Northeast and Northwest of Sana’a where
it either outcrops or occurs beneath up to 50 m of uncon-
solidated cover. The sandstone is confined under several
hundreds meters of Tertiary volcanics in the south of the
basin.

Tertiary volcanics: Formerly called the Trap Series,
these rocks outcrop over some 35% the Sana’a basin area.
They form high plateaus to the South, West and East of
the Sana’a plain and underlie the Quaternary deposits in
the South of the basin. The sequence is divided into two
groups. The lowest group is the “Stratoid volcanics” whi-
ch include the basalt (a dense homogenous basalt flow with
columnar jointing), basalts, tuffs and pyroclastics interbed-
ded with fluvio-lacustrine deposits. The upper “Chaotic
volcanics” comprise mixed basalt flows and rhyolite la-
vas. The total thickness is variable; reaching an estimated
ness of groundwater contamination [7]. It can be defined
as the possibility of percolation and diffusion of contami-
nants from the ground surface into the groundwater sys-
tem. Vulnerability is usually considered as an “intrinsic”

JWARP



Y. ALWATHAF ET AL 847

1720000
1720000

1680000
1680000

Altitude (m)

@ 2000 - 2253
() 2253 - 2421
() 2421 - 2581
() 2581 -2771
@ 2771 - 3604

0 20km

410000 440000

Figure 1. Location and topographic map of the study area (DEM from a satellite dataset).
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Figure 2. Geological map of the Sana’a basin.

maximum of 600 m to 800 m. The basalt flows and stra-
toid sequences of the Tertiary volcanics acts as aquiclu-
des, except where fractured or where primary permeabil-
ity occurs in sediments between flows. The mixed basalt
and rhyolite flows at the top of the sequence are more
highly fractured and contain perched aquifers which sup-
ply dug wells and feed high level springs.

Quaternary Volcanics: Volcanic activity continued in-
to the Quaternary forming a plateau of extensive basalt
cones in the North West of the basin interlayered with
tuffs and alluvial sediments. The Quaternary basalts have
a total thickness of about 100 m to 300 m and cover
about 20 % of the area of the basin. The Quaternary ba-
salts are highly permeable due to fracturing and to the
presence of clastic deposits between flows. Where the
formation is saturated it provides an unconfined aquifer.

Quaternary Alluvial: Unconsolidated sediments (mainly

Copyright © 2011 SciRes.

alluvial) cover about 15 % of the basin area. They are
confined to wadi beds and low areas that form the Sana’a
plain. Deposition appears to have been of fluvio-lacus-
trine nature, which led to the accumulation of clays and
silts in basins 100 m to 300 m deep. Coarse-grained col-
luvium and alluvium occurs in the wadi beds at the foot
of hills. The unconsolidated Quaternary deposits provide
a poorly permeable aquifer, which has been heavily ex-
ploited in the Sana’a basin due to its proximity to the ur-
ban area [35].

4. Method
4.1. Description of the DRASTIC Method

The concept of groundwater vulnerability was first intro-
duced in France by the end of the 1960s to create aware-
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property of a groundwater system that depends on its sen-
sitivity to human and/ or natural impacts. “Specific” or
“integrated” vulnerability, on the other hand, combines
intrinsic vulnerability with the risk of the groundwater
being exposed to the loading of pollutants from certain
sources [7].

A DRASTIC model applied in a GIS environment was
used to evaluate the vulnerability of the Sana’a basin. It
was based on the concept of the hydro-geological setting
that is defined as “a composite description of all the ma-
jor geologic and hydrologic factors that affect and con-
trol the groundwater movement into, through and out of an
area” [3]. The acronym DRASTIC stands for the seven
parameters used in the model which are: Depth to water,
net Recharge, Aquifer media, Soil media, Topography,
Impact of vadose zone and hydraulic Conductivity (Fig-
ure 3). The model yields a numerical index that is de-
rived from ratings and weights assigned to the seven
model parameters. The significant media types or classes
of each parameter represent the ranges, which are rated
from 1 to 10 based on their relative effect on the aquifer
vulnerability. The seven parameters are then assigned

- »w » X O

Aquifer Vulnerability Map

weights ranging from 1 to 5 reflecting their relative im-
portance (Table 1). The DRASTIC Index is then com-
puted applying a linear combination of all factors ac-
cording to the following equation:

DRASTIC Index= Dr -Dw+ Rr-Rw+ Ar - Aw
+Sr-Sw+Tr-Tw+Ir-Ilw+Cr-Cw

where D, R, A, S, T, |, and C are the seven parameters
and the subscripts r and w are the corresponding rating
and weights, respectively. This model was selected based
on the following considerations. DRASTIC uses a rela-
tively large number of parameters (seven parameters) to
compute the vulnerability index, which ensures the best
representation of the hydrogeological setting. The nu-
merical ratings and weights, which were established us-
ing the Delphi technique [3], are well defined and are
used worldwide. This makes the model suitable for pro-
ducing comparable vulnerability maps on a regional
scale. The necessary information needed to build up the
several model parameters was available in the study area
or could easily be inferred. Data analyses and model im-
plementation were performed using the GIS software.

Depth to Water Table

Net Recharge

] Aquifer Media Spatial
Database
Soil Media .
Topography

Impact of Vadose Zone

Hydraulic Conductivity

Vulnerability
Index Map

Figure 3. Methodology flowchart for DRASTIC method.
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Table 1. DRASTIC rating and weighting values for the various hydrogeological parameter settings [3,18].

DRASTIC Parameters Range Rating Weight (r;ior:glxwvile%th) % are e
Depth to Water table (m) 5
9.14 - 15.24 25 21.40% 598
15.24 - 22.86 15 34.80% 972
>30.48 5 43.80% 1222
Recharge (mm) 4
50.8 - 101.6 12 49% 1368
101.6 - 177.8 24 27.40% 765
177.8 - 254 32 23.60% 659
Aquifer Media 3
Alluvium 24 18% 510
Volcanic 27 62% 1713
Sandstone 18 20% 569
Soil Media 2
Clay Loam 6 18% 510
Silty Loam 8 62% 1713
Sandy clay 6 12 20% 569
Topography (slope %) 1
O0to2 10 10 18.00% 488.5
2t06 9 9 37.00% 1030.5
6to12 5 5 6.00% 180.7
12t0 18 3 3 23.00% 637
>18 1 1 16.00% 455.3
Impact of the Vadose Zone Media 5
Silt/clay 3 15 42% 1172
Sandstone 6 30 12% 335
Basalt 45 46% 1285
Hydraulic Conductivity (m/s) 3
1.50E-5 - 4.51E-5 6 26.70% 746
4.51E-5 - 9.95E-5 12 49.30% 1376
9.95E-5 - 1.50E-4 6 18 24% 670

4.2. Preparation of the Aquifer Vulnerability
Map (DRASTIC)

Input data used for assessment of aquifer vulnerability in
the study area were obtained from pervious investiga-
tions. The seven maps using vulnerability assessment of
the Sana’a basin with DRASTIC method were prepared
using hydrogeological data based on GIS-ArcView. Each
parameter of the DRASTIC method is explained in the
following.

Depth to Water table (D): The depth to water is the
distance from the ground surface to the water table. It de-
termines the depth of material through which a contami-
nant must travel before reaching the aquifer. Thus, the
shallower the water depth, the more vulnerable the aqui-
fer is to pollution.

Copyright © 2011 SciRes.

The grid layers for depth to water were generated by
computer subtraction of water-level elevation data sets
from land surface elevation. Land surface elevations
were derived from a digital elevation model (DEM) for
Sana’a basin from 1:50,000-scale maps [36]. The water-
level elevation data sets were developed from ground-
water level map [37]. Depth to water ranged from 15 to
30 m in middle and north-east of aquifer and more than
30 m in rest of aquifer.

Net Recharge (R): The primary source of recharge is
precipitation and runoff in wadi beds, which infiltrates
through the ground surface and percolates to the water
table. Net recharge is the total quantity of water per unit
area, in millimeters per year, which reaches the water
table. Recharge is the principal vehicle for leaching and
transporting contaminants to the water table. The more
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recharge, the greater chance for contaminants to reach
the water table.

Recharge in the 22 sub-basins of Sana’a basin was de-
rived from two components: direct recharge from rainfall,
and wadi bed recharge. Results indicated that recharge
from direct rainfall is a rare phenomenon occurring only
during intensive rainfalls where the soil field capacity is
exceeded by the amount of water percolating. The mean
annual value of direct recharge from rainfall is only 8%,
while the major recharge to the Sana’a basin estimated at
92% occurs from surface runoff in wadi beds [38].

Aquifer Media (A): Aquifer media refers to the con-
solidated or unconsolidated rock that serves as an aquifer.
The larger grain size and the more fractures or openings
within the aquifer, higher the permeability, and thus vul-
nerability, of the aquifer. In unconsolidated aquifers, the
rating is based on the sorting and amount of fine material
within the aquifer. In consolidated aquifers, the rating is
based on the amount of primary porosity and secondary
porosity along fractures and bedding planes. Information
on aquifer media was obtained from the aquifer studies
and the geologic map of Sana’a basin.

Soil Media (S): Soil media is the upper weathered
zone of the earth, which averages a depth of six feet or
less from the ground surface. Soil has a significant im-
pact on the amount of recharge that can infiltrate into the
ground. In general, the less the clay shrinks and swells
and the smaller the grain size of the soil, the less likely
contaminants will reach the water table. Soils in this
study area varied greatly from clay to sand.

Topography (T): Topography refers to the slope of
the land surface. Topography helps control the likelihood
that a pollutant will run off or remain long enough to
infiltrate through the ground surface. Where slopes are
low, there is little runoff, and the potential for pollution
is greater. Conversely, where slopes are steep, runoff ca-
pacity is high and the potential for pollution to ground-
water is lower. We used a digital elevation model (DEM)
to calculate percent slopes. Most of the slopes in this
study were in the ranges of 0 - 2 to >18%.

Impact of the Vadose Zone Media (I): The vadose
zone is the unsaturated zone above the water table. The
texture of the vadose zone determines the time of travel
of the contaminant through it. In surficial aquifers, the
ratings for the vadose zone are generally the same as the
aquifer media. Sometimes a lower rating is assigned if
the aquifer media is overlain by a less permeable layer
such as clay. As in the aquifer media (A) factor, this in-
formation was obtained from the aquifer studies and the
geologic map of Sana’a basin. The grid layers for vadose
zone media consist of clay, sandstone, and basalt.

Hydraulic Conductivity of the Aquifer (C): Hydrau-
lic conductivity refers to the rate at which water flows
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horizontally through an aquifer. The higher conductivity,
more vulnerable the aquifer, Conductivity values for the
aquifers were usually derived from groundwater flow
models and represent averages over large areas. Volcanic
rocks in East and West in this study have hydraulic con-
ductivity values in the range of 1.15e-7 to 1.50e-5 m/s.
The alluvium in middle basin has higher hydraulic con-
ductivity values, ranging from 4.51e-5 to 9.95e-5 m/s.

5. Results and Discussion

To assess groundwater vulnerability to contamination,
several attribute layers were assembled as intermediate
steps. Attribute layers include hydrogeological setting
(recharge/discharge areas), hydraulic conductivity of soil,
and depth to water table. Data from these attribute layers
were used to produce vulnerability map using ArcGIS.
All maps were converted to raster format with 200 m
pixel size. Using equation 1, all layers multiplied by their
factors. The drastic index was calculated by adding the
resulted layers (Figure 4). The map shows the potential
and sensitivity of the aquifer for contamination. The re-
sulted index classified into five classes varying from
very low to very high. Table 2 shows the ranges in each
class and the percentage of area covered by that class.
The DRASTIC aquifer vulnerability map clearly shows
the dominance of ‘High’ vulnerability classes (shades of
red) in the North and Northwest part of Sana’a basin, this
is due depth to water is small and in addition to the
presence of limestone and alluvial rocks, all of which
help to increase the infiltration water into the aquifer as
well as increase agricultural activity and location of was-
tewater disposal in this region which helps to groundwa-
ter pollution, the elevated middle part of the study area
displays “Low” vulnerability class (shades of blue). This
is due to the combination of deep water table, less-po-
rous vadose and aquifer media due presence of basalt
rocks.

Table 2. Range of class and percentage of covered area by
each class.

Class number Classification  Range Percentage of Area
1 Very Low 74 -99 14.6
2 Low 99 -114 29.5
3 Moderate 114 - 127 25.5
4 High 127 - 142 24
5 Very High 142 - 163 6.4
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Figure 4. Vulnerability map of Sana’a basin.

6. DRASTIC Index Validation

The nitrate concentration in groundwater in north of Sa-
na’a basin near the wastewater treatment plant was more
than 150 mg/l during September 2004. The maximum
acceptable nitrate concentration for human health is 50
mg/l and 45 mg/l according to the World Health Organi-
zation [39]. However, if nitrate concentration is higher
than 10 mg/l in groundwater, it indicates anthropogenic
contamination.

The spatial distribution of nitrate concentration in the
groundwater was created using the IDW interpolation
methods of ArcGIS spatial analyst (Figure 5). Nitrate
was measured in 19 wells during April 2004. Based on
these analyses, it is concluded that the areas having high
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nitrate concentration can be correlated with DRASTIC
out-put.

Figure 4 shows that low sensitivity areas are outside
of the agricultural areas. Nitrate concentration increases
about the wastewater disposal location in north of Sana’a
basin near Airport. This area is a highly vulnerable area
due to increase of nitrate in groundwater due wastewater
discharge towards the aquifer.

7. Conclusions
This study was performed using a GIS model and the
DRASTIC method to determine the vulnerability of ground-

water in the Sana’a basin. Seven parameter maps were
prepared in a GIS environment and the vulnerability

JWARP



Y. ALWATHAF

410000

ET AL. 853

440000

1720000

1680000

Nitrate Concentration

1720000

1680000

(mgfl)
W High : 180
M Low : 20
WP Wastewater Treatment Plant e 20km
410000 440000

Figure 5. Spatial distributions of nitrate concentration in groundwater in 2004,

classification of the basin was performed using GIS te-
chnique. The DRASTIC Vulnerability Index was com-
puted as between 74 and 163. Based on hydrogeological
field investigation and using a quantile classification me-
thod, these values were reclassified into five classes. The
vulnerability map obtained from the DRASTIC method
gives location which must have high priority in terms of
protection and pollution prevention. DRASTIC method
results are useful in the design of aquifer protection and
management strategies. This scenario provides an im-
portant benefit in relation to time and economy for local
authorities involved in managing groundwater resource.
Although the whole alluvium is used as an agricultural
area in Sana’a basin, highly vulnerable areas constitute
only 6.4 % of the basin is located in north of basin. Ni-
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trate concentration of groundwater was evaluated for
validation of the DRASTIC results. These evaluations
show that high nitrate concentration corresponds to pos-
sible nitrate enrichment in the highly vulnerable aquifer
medium, the low sensitivity areas are outside of the ag-
riculture areas in basin. Nitrate concentrations gradually
increase towards the wastewater disposal location, and
high nitrate contamination is observed in the locations
where wastewater discharges to aquifer. This indicates
that the obtained results are realistic and representative to
the actual situation in the field. Therefore, the DRASTIC
method is applicable in the basin. If wastewater sewage
continues for a long time, nitrate contamination will in-
crease step by step in the basin.

The following recommendations may be taken into ac-
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count to relieve the water pollution resulting from sew-

age:

1) Short term: the establishment of additional drying
basins of the station and Create a channel discharge al-
ternative plastic pipes sizes and diameters suitable for the
delivery of outputs of the station to the desert.

2) Medium term raising the efficiency of the station
and expanded.

3) The long term: established a new treatment plants
outside the basin.
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