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Abstract

Groundwater vulnerability maps were created for the Corridor wellfield
(~300 km?) in the eastern Jordan using the DRASTIC and modified
DRASTIC groundwater vulnerability assessment models. The study area is
considered as one of the most important well fields therein providing partial-
ly three governorates with the needed drinking water. Detailed geological and
hydrogeological parameters as well as the land-use map of the area were ob-
tained from various sources to utilize both models. ArcGIS software was used
for calculations and maps preparation. As a result, the generic DRASTIC
vulnerability index ranges between 109 and 168. Thus, two vulnerability
classes were observed, moderate (9.9%) and high (90.1%) vulnerability
classes. On the other hand, the modified DRASTIC model (risk map) is tak-
ing into account the land-use map classes in the study area. The output risk
map reveals two main classes, the moderate and high-risk areas. The mod-
erate-risk areas occupy 9.3% of the total volume of the study area while the
high-risk areas are 90.7%. Due to the high depth to groundwater within the
area (between 90 m and 390 m), the depth to groundwater intervals was
modified in the model to become more comfortable with the situation in Jor-
dan. The high percentage of the high vulnerable areas against pollutants re-
flects the need to do more investigation for the studied area.
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1. Introduction

In Jordan, the extremely limited water resources make water scarcity as one of
the major problems in the country. More than 90% of the country can be de-
scribed as an arid region and receives less than 200 mm/year [1]. The ground-
water basins in Jordan suffer from over-pumping, which exceeds the natural
replenishment of the groundwater. For example, in 2017/2018 the total abstrac-
tion from groundwater basins was around 641 MCM and even though 418 MCM
is considered a safe yield pumping rate from these groundwater basins [2]. In
addition to water scarcity, some of the water resources in Jordan are suffering
from pollution as a result of the random use of fertilizers and pesticides, illegal
dumping of solid and liquid wastes, design problems in landfills, and non-effective
wastewater treatments. All these pollution sources put groundwater in danger.
Different measures must be taken into account to protect Jordan’s groundwater
(i.e. groundwater vulnerability maps).

The term groundwater vulnerability assessment against pollutants was intro-
duced by Margat [3]. The US EPA defines groundwater vulnerability as the rela-
tive ease with which contaminants applied on/or near the land’s surface can mi-
grate into the aquifer of interest under a given set of agronomic management
practices, pesticide characteristics, and hydrogeological sensitivity conditions.

A groundwater vulnerability assessment was derived from the assumption
that the physical environment may provide some degree of protection to
groundwater against natural and human impacts, especially with regards to the
pollutants entering the subsurface zone (e.g., [4] [5] [6]. However, there is no
specific and universal groundwater vulnerability method [7]. Mimi et al [7]
classified the groundwater vulnerability assessment methods into three main
groups: 1) process-based simulation assessment, 2) statistical assessment, and 3)
overlay and index assessment method.

Several groundwater vulnerability methods were developed during the past
decades, such as the DRASTIC [8], GLA [9], SINTACS [10], EPIK [11], PI [12],
and COP [13]. Goldscheider [14] divides the groundwater vulnerability assess-
ment maps into two main types: the intrinsic and specific maps. The intrinsic
groundwater vulnerability map describes the aquifer and its vulnerability against
pollutants based on its natural characteristics (the geological and hydrogeologi-
cal parameters) while the specific vulnerability assessment describes the
groundwater vulnerability against pollutants by taking the natural properties of
the aquifer together with the contaminant properties itself. Goldscheider [14]
considered the groundwater vulnerability maps of both types (intrinsic and spe-
cific) as important and valuable tools for monitoring and protecting groundwa-
ter resources from pollution.

In this study, a groundwater vulnerability map against the pollution and risk
map is prepared using the DRASTIC and modified DRASTIC index models for
the Corridor wellfield area to the east of Mafraq city (Figure 1). This area is of
high interest as one of the most important wellfields in the east of Jordan. The
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Figure 1. Map of Jordan shows the location of the Corridor wellfield east of Mafraq city
(modified from [15] and references therein).

abstracted water from the wellfield is divided between the city of Zarqa on one
side and Irbid and Mafraq (through Zaatari pumping station) on the other side.
Groundwater vulnerability maps for the main drinking water resources are im-
portant tools, particularly for the decision-makers to protect the limited water
resources from pollutants.

The main purpose of this study is to evaluate the vulnerability of the Corridor
wellfield using the DRASTIC index model and the modified DRASTIC index
model (risk map). DRASTIC index parameters and geographic information sys-
tem (GIS) techniques are combined and examined to provide an effective man-
agement tool to groundwater quality and vulnerability. This work will support
decision-makers by providing efficient information for the development of
strategies for land-use management of the catchment area. This study will also
identify areas highly susceptible to the contamination that will benefit from fur-

ther conservation measures.

2. Study Area Description

The study area, the Corridor wellfield, is ~300 km?* and located in the eastern
part of Mafraq city, about 90 km northeast of the city of Amman (Figure 1). The
Corridor wellfield partially supplies three governorates with drinking water
(Amman, Zarqa, and Irbid governorates). For the year 2016, the mean pumping
rate from the wellfield was 5.2 MCM [16]. The study area has a gentle slope to-
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pography with little increase in elevation (600 m in the southwest to 915 m in
the northeast). In the study area, the precipitation decreases from west to east
ranging between 100 and 150 mm/a [17].

The Corridor wellfield was previously mapped by the Ministry of Energy and
Natural Resources, as part of the 1:50,000 National Mapping Project. A large da-
tabase, including information about geological units and structural features,
such as faults, was produced from four hard copy geological map sheets in the
form of GIS thematic layers enabling interpretation and analysis: Hababiyya
sheet No. 3354-II [18], Qasr al Hallabat sheet No. 3254-II [19], Umm el Quttein
sheet No. 3354-1V [20], and Umm el Jemal sheet No. 3254-1 [21]. These maps
were converted into a digital format by using the scanner, uploaded to the GIS
environment, and then geo-referenced. The geological boundaries and major
features were manually digitized. This information was then integrated into one
map includes the geological units and the main structural elements within the
study area (Figure 2(a)).

The outcropping geological map in Figure 2(a) shows that the study area is
covered mainly by basaltic rocks, which belong to the Harat Ash Shaam Basaltic
Super Group of Neogene-Quaternary age. The directions of the basaltic flow are
approximately from north to south. The rocks comprise a classical continental
basaltic flow of the alkali olivine basalt, which are derived from an upper mantle
source by a variable degree of partial melting with minor secondary differentiation.

In the study area, the basaltic rocks belong to different extrusive sources, such
as fissure eruption, feeder dykes, volcanic vent, and as flows from outside the
area. The Abed Olivine basalt formation (Late Miocene) represents the oldest
volcanic rocks therein [22]. It is up to 30 m thick and composed of massive ba-
saltic flow, blocky, grey, holocrystalline, fine-grained, porphyritic texture with
olivine altered to iddingsite.

The Fahda vesicular basalt formation (Pliocene-Pleistocene) is the youngest
basaltic rocks present in the study area covering broad areas and extending from
north to south (Figure 2(a)). This formation is 5 - 35 m thick and consists of in-
dividual and massive columnar basalt (up to 2 m long) forming small hills and
rough surfaces [22]. It is characterized by dark color and slightly weathered li-
near pressure ridge.

Two main basaltic dykes are present in the study area (Figure 2(a)). For ex-
ample, the Khureiriba dyke is the main basaltic dyke present in the study area,
trending NW-SE and forming isolated hill and linear ridge [22]. The Pleistocene
to recent deposits cover only part of the basaltic rocks due to the high erosional
rate [22]. These deposits are composed of alluvium and wadi sediments that are
poorly sorted, angular to sub-angular gavels with pebbles and boulders of basalt,
limestone and fragments of chert with silt and clay [22].

The Alluvium Mudflats are mainly consisting of soft clay, slit and some sand
with scattered boulders of basalt. Soil, red and yellow brown, covers areas
throughout the basaltic flows (at the surface or as a thin veneer occurs between

different basaltic flows in vertical position).
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Figure 2. (a) A generalized map of geological units and the main structural elements of
the study area (based on [18] [20] [19] [21]). The red line shows the location of the
cross-section. (b) SSW-NNE-trending geological cross-section of the study area (drawn
based on [23] data).

The structural map of the study area shows two main fault trends (NW-SE,
NNE-SSW) and a minor trend of N-S [17]. The NW-SE-trending faults follow
the general trend of the basalt extrusion. The NNE-SSW-trending faults follow
the direction of the Dead Sea Transform Fault (Figure 2(a)).

Two major hydrogeological units dominate the aquifer system of the area: the
limestone sequences of the Upper Cretaceous rocks (upper Ajlun (A7), Lower
Balga (B2) groups), and the volcanic rocks (basalt) from the Neogene and Qua-
ternary ages (Figure 2(b)). The Wadi As Sir Limestone Formation (A7 from

Ajlun Group), together with the Amman Silicified Limestone Formation (B2
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from Balqa Group) is considered to be the main aquifer (A7/B2) in the study
area. It consists of well-bedded thin to massive limestone, dolomitic limestone,
and dolomite with chert and not outcropping in the study area due to the thick
basaltic cover within the area.

The basaltic rocks within the study area reach a total thickness between 100 m
in the southwestern part and 500 m in the northeastern part [23]. The thickness
of the Amman Wadi As Sir Formation (A7/B2) ranges between ~100 m (in the
southwestern and central parts) and ~200 m (in the northeastern part of the
area), to reaches the maximum thickness (~300 m) in the eastern part of the
study area [23].

Altfelder et al. [24] studied both the basaltic and the Amman-Wadi as Sir Li-
mestone aquifers within the Corridor wellfield and found that they are hydraul-
ically connected. The thickness of the saturated zone of the A7/B2 aquifer ranges
between ~75 m in the western part and ~500 m in the eastern part of the study
area [25].

3. Methodology

The DRASTIC vulnerability model is considered as one of the oldest and most
common overlay index methods worldwide for identifying the regions that are
affected by contaminants. It was first introduced by Aller et al [8] and developed
to assess relative groundwater pollution susceptibility using weights and rates for
multiple hydrological and hydrogeological parameters. Aller et al. [8] calculated
the DRASTIC index using Equation (1) with seven hydrogeological parameters
including the depth to water, net recharge, aquifer media, soil, topography, the
impact of the vadose zone, and hydraulic conductivity. Each parameter has a
specific weight and a group of rates for each weight category.

DRASTIC index = Dr*Dw + Rr *Rw + Ar * Aw + Sr *Sw
+Tr*Tw+Ir*lw+Cr*Cw

(1

where D is depth to water, R is net recharge, A is aquifer media, S is soil media,
T is topography, I is impact of vadose zone, and C is hydraulic conductivity.

In the Equation (1) above, each parameter has different weight (w) ranging
from 1 to 5 and different rates (r) ranging from 1 to 10 (Table 1).

As mentioned earlier, groundwater levels in Jordan decreased dramatically
due to the over-extraction where water abstraction exceeds its natural reple-
nishment. It is well-known that the water table (depth to reach water) in Jordan
is more than 200 m depth. Based on that, the “depth to groundwater” parameter
was modified in this study to become more comfortable with the situation in
Jordan.

The net recharge value was calculated based on the Equation (2) [27] [28].
Table 2 summarizes the factors for each parameter in the Equation (2) (Permea-
bility, Precipitation, and Slope).

Recharge value = Slope % + Rainfall + Soil permeability (2)

The modified DRASTIC vulnerability index map (Risk map) was calculated
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Table 1. The assigned DRASTIC index weight and rate for each hydrogeological parame-
ter (modified after [8] [26]).

Depth to groundwater (D)

weight: 5
Range (in meter) Modified range (in meter) Rate
0-1.5 0-15 10
1.5-4.7 15 - 47 9
4.7 -9.1 47 -91 7
9.1-15.2 91 - 152 5
15.2-22.8 152 - 228 3
22.8-30.4 228 - 304 2
>30.4 > 304 1
Net recharge (R)
weight: 4
Recharge range Rate
3-5 1
5-7 3
7-9 5
9-11 8
11-13 10
Aquifer media (A)
weight: 3
Aquifer type Rate
Massive Shale 2
Metamorphic/Igneous 3
Weathered Metamorphic/Igneous 4
Glacial Till 5
Bedded Sandstone, Limestone and Shale Sequences 6
Massive Sandstone 6
Massive Limestone 6
Sand and Gravel 8
Basalt 9
Fissured or karstic Limestone 10
Soil media (S)
weight: 2
Soil media Rate
Thin or Absent 10
Gravel 10
Sand 9
Peat 8
Shrinking and/or Aggregated Clay 7
Sandy Loam 6
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Continued
Loam 5
Silty Loam 4
Clay Loam 3
Muck 2
Non-shrinking and Non-aggregated Clay 1
Topography (T)
weight: 1
Slope (%) Rate
0-2 10
2-6 9
6-12 5
12-18 3
>18 1
Impact of the vadose zone media (I)
weight: 5
Media Rate
Confining Layer 1
Silt/Clay 3
Shale 3
Limestone 6
Sandstone 6
Bedded Limestone, Sandstone, Shale 6
Sand and Gravel with significant Silt and Clay 6
Metamorphic/Igneous 4
Sand and Gravel 8
Basalt 9
Fissured or karstic Limestone 10
Hydraulic Conductivity (C)
weight: 3
Range (m/s) Rate
4716 x 1077 - 4.716 x 10° 1
4716 x 107° - 1.41 x 10™* 2
1.41x10*-3.3x 10 4
33x10*-4.716 x 10™* 6
4.716 x 1074 -9.43 x 10™* 8
>9.43 x 107 9
Land-use (L)
weight: 5
Land-Use Rate
bare rocks 5
agricultural areas 8
urban areas 8
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based on the following Equation (3) [28] [26]:
MDi = Di +(Lr*Lw) 3)

where (MDi) is the modified DRASTIC index, (Di) is the DRASTIC index vul-
nerability map, and Lr and Lw represent the rate and weight for land-use. Each
land-use class has a specific rate (see Table 1) with a specific weight equal to 5.
In order to apply the DRASTIC index model, different datasets in different
formats are required. Therefore, the entire data were prepared and converted (if
necessary) into raster data formats. A raster calculator in the ArcGIS software is
utilized for the required equations and to calculate the final DRASTIC map. Ta-
ble 3 summarizes the layers that were used to assess groundwater vulnerability

map within the study area.

4. Results and Discussion
4.1. DRASTIC Index Parameters

In this study, the DRASTIC vulnerability assessment model was applied to pro-
duce a vulnerability map for the Corridor wellfield area, east of Mafraq city. This
study was done based on an overlying method using GIS techniques taking as-
signed rates and weights for each parameter. It is well-known that the higher
calculated vulnerability index means a greater potential for groundwater to be
contaminated [32] [33].

Depth to groundwater is an important parameter because deeper water levels
result in longer travel time. The presence of low permeability layers will also

limit the travel of contaminants into an aquifer. The depth to groundwater rate

Table 2. The main factors used for calculating the net recharge [27] [28].

Permeability Rainfall Slope
Permeability Factor rainfall (mm/year) Factor Slope (%) Factor
High 6 >850 4 <2 4
Moderate 4 700 - 850 3 2-10 3
Low 2 500 - 700 2 10 - 32 2
<500 1 >33 1

Table 3. Required data types and sources for the DRASTIC model.

Layer Sources
Slope Derived based on ALOS PALSAR diigital elevation model (12.5 m spatial
resolution) [29]
Land-use Digitized from Google Earth ©
Soil texture Ministry of Agriculture [30]
Geology Ministry of energy and minerals resources (hard-copy sheet maps)
Depth to groundwater Ministry of water and irrigation [31]
Precipitation Ministry of water and irrigation (MWTI; long duration isohyetal lines)

DOI: 10.4236/0jg.2020.1010046

999 Open Journal of Geology


https://doi.org/10.4236/ojg.2020.1010046

|. Hamdan et al.

will be higher if the water table is shallow and closer to the surface. In general,
the depth to groundwater within the study area is deep. It ranges between 90 m
and 390 m. Based on that, and in accordance with Table 1, Figure 3 represents
the depth to groundwater index map (Dr * Dw).

The recharge rate is controlling the amount of water that penetrates the
ground surface and reaches the water table. It transports contaminants vertically
to the water table and horizontally within the aquifer. It also controls the volume
of the water available for dispersion and dilution of the contaminant in the va-
dose and saturated zones [27]. Three main parameters were used to calculate the
net recharge value: slope, rainfall, and soil permeability. The calculated recharge
value (based on Equation (2); Table 2) was then grouped into a range of values
which was used in the calculation process of the DRASTIC vulnerability model.
Figure 4 represents the calculated net recharge index map (Rr * Rw) within the
study area.

Aquifer media and characteristics control the groundwater occurrence and its
movement. As mentioned in the hydrogeological setting of the area, the aquifer
media is limestone. According to Table 1 and the available data from the aquifer
within the area, the rate was assigned equal to 10 for the entire study area.

Soil texture has a significant impact on the amount of recharge that can infil-
trate the water table. The presence of fine-textured materials, such as silts and
clays, can decrease the relative soil permeability and contaminants movement
rates [34]. Based on the soil units and the geological setting of the study area,

285000 290000 295000 300000

Palestine 1923 Palestine Belt
Coordinate System

Figure 3. Depth to groundwater index map (Dr * Dw) of the Corridor wellfield area.
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Figure 4. Net recharge index map (Rr * Rw) of the Corridor wellfield area.

four main groups of soil textures were identified: thin or absent, silty clay, silty
loam, and loam soil textures. Figure 5 represents the soil media index map (Sr *
Sw) within the study area.

Topography represents a critical factor related to groundwater vulnerability
maps as it helps to control pollutant runoff or retention on the surface. These
mean areas with low steepness tend to retain water for longer; this allows a
greater infiltration of recharge of water and a greater potential for contaminant
migration [35]. The topography of the study area is a gentle slope. The slope in
percentage ranged between 1% and 28%. The slope percentage was classified ac-
cording to Table 1. Figure 6 shows the topography index map of the study area
(Tr * Tw).

According to [27] [34], the type of vadose zone media determines the attenua-
tion characteristics of the materials above the water table (the soil and rock).
Natural attenuation of pollutants concentration will occur during the pollutants
passage in the unsaturated zone due to the physical and chemical interaction
between the rock materials and the pollutants [36] [6]. Within the study area,
basalt is the unsaturated zone. According to Table 1, the rate of the basalt is
equal to 9, and hence, the (Ir * Iw) equal to 45 was assigned for the entire study
area.

In most vulnerability maps, hydraulic conductivity plays an important role
since it is controlled by the amount and interconnection of void spaces within

the aquifer that may occur due to the intergranular porosity, fracturing and/or
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Figure 6. Topography index map (Sr * Sw) of the Corridor wellfield area.
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bedding planes and hence, play an important role in pollutants moving through
the aquifer [27]. The hydraulic conductivity within the study area ranged be-
tween 1.2 m/d and 6.2 m/d [17] [37]. Based on Table 1, the hydraulic conductiv-
ity within the study area has a rate of 2. The hydraulic conductivity index (Cr *

Cw) for the study area has a fixed value equal to 6.

4.2. DRASTIC Index Vulnerability Map

The DRASTIC parameter indexes were all obtained through previous calcula-
tions. The DRASTIC index equation (Equation (1)) was applied to obtain the fi-
nal DRASTIC index map. The output DRASTIC vulnerability map shows a
range of 109 - 168 (Figure 7).

As shown in Figure 7, within the study area, the DRASTIC vulnerability in-
dex ranges between 109 and 168. As a consequence, two vulnerability classes
were observed, moderate and high vulnerability classes. The moderate vulnera-
bility class represents 9.9% (29.40 km?) of the study area, while the high vulnera-
bility class represents 90.1% (268.35 km?) of the total area of the Corridor well-
field area.

It can be noticed, from the DRASTIC vulnerability map, that soil texture and
soil availability plays an essential role in determining the vulnerability class.
Aquifer media and impact of vadose zone does not have an impact within the
area where both factors are homogeneous, and therefore each parameter has the

same rate value throughout the study area.

285|000 290000

DRASTIC index
/ulnerability class

_|Moderate (109-125) | AS SALIHIYYA ZAMLAT AL AMIR GHAZI
High 126-168)
rridor wells

AL BUSTANA

AL HAMIDIYYA
10

14 16
)
40 o17

Palestine 1923 Palestine Belt
Coordinate System

Figure 7. The generic DRASTIC index vulnerability map of the Corridor wellfield area.
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4.3. Modified DRASTIC Vulnerability Index Map (Risk Map)

Land-use is a very important key for assessing the land resources, it provides a
valuable information about the physiographical characteristics of the surface [38].
A modified DRASTIC map (or risk map) was prepared based on the land-use map
of the study area. Three main land use types are identified: urban areas, agricultur-
al areas, and bare rocks areas. According to Table 1, Figure 8 represents the land
use index map of the area (Lr * Lw). By applying equation 3, which combines the
DRASTIC index map with the land use index, the modified DRASTIC index map
(risk map) for the study area was calculated in Figure 9. The modified DRASTIC
vulnerability index (Risk map) ranges between 134 and 198. As a consequence,
two risk classes were observed, moderate and high-risk classes. The moderate risk
class represents 9.3% (27.75 km?) of the study area, while the high-risk class
represents 90.7% (270 km?) of the total area of the Corridor wellfield area.

5. Conclusion

The main purpose of the study was to carry out an evaluation of the groundwa-
ter vulnerability of the Corridor wellfield to pollutants. The study has success-
fully achieved the aim using the DRASTIC index model and the modified
DRASTIC index model that were used in the mapping of the vulnerability of the
study area. Based on the study, only two hydrological units are observed within
the aquifer system of the study areas, which include the limestone sequences of
the Late Cretaceous period and the basaltic rock from the Neogene and Quaternary
ages. The study indicated how DRASTIC vulnerability measurement functions to

285000 290000 295000 300000

Palestine 1923 Palestine Belt
Coordinate System

Figure 8. Land-use index map (Lr * Lw) of the Corridor wellfield area.
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Figure 9. The modified DRASTIC index vulnerability map (Risk map) of the Corridor
wellfield area.

map the vulnerability of places using its indexes and the varied datasets required
to accomplish the vulnerability testing process. The degradation of groundwater
quality is an essential parameter in defining the vulnerability of groundwater to
poisonous products. Despite the results depicted that the study area’s depth to
groundwater is too high; thus, exposing the area to maximum vulnerability due
to the impact of the vadose zone media (fractured and vesicular basalt). The to-
pography of the area of study also increases the vulnerability of the area to pol-
lutant runoffs because the area, according to the result has a gently slope. Soil
texture similarly plays a role in increasing the amount of vulnerability. Overly,
the DRASTIC vulnerability assessment method has provided palpable results in
the study. Two vulnerability classes were observed, moderate and high vulnera-
bility classes. The moderate vulnerability class represents 9.9% (29.40 km?) of the
study area, while the high vulnerability class represents 90.1% (268.35 km?) of
the total area of the Corridor wellfield area. The use of the land-use map in
combination with the resulted DRASTIC map showed that there are two risk
classes: the moderate risk class that represents 9.3% (27.75 km?), and high-risk
class that represents 90.7% (270 km?). However, testing the validity and credibil-
ity of the study results is essential in making a valid conclusion, and this can on-
ly be achieved through future studies on the field. Therefore, further investiga-
tions should be done in the future to validate the model; this can be done by col-

lecting and analyzing the water quality samples.
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