Journal of Water Resource and Protection, 2015, 7, 588-596 ‘Q:Q Scientific
Published Online May 2015 in SciRes. http://www.scirp.org/journal/jwarp ":Q’ gﬁgﬁg;ﬁng
http://dx.doi.org/10.4236/jwarp.2015.77047 ¢

Assessment and Mapping of Groundwater
Vulnerability Using SAR Concentrations and
GIS: A Case Study in Al-Mafraq, Jordan

Majed Ibrahim?*, Barbara Koch?

'Geographic Information System and Remote Sensing Department, Al al-Bayt University, Mafrag, Jordan
’Remote Sensing and Landscape Department (Felis), Freiburg University, Freiburg, Germany
Email: majm 2faris@yahoo.com, franz.barbara.koch@t-online.de

Received 25 April 2015; accepted 24 May 2015; published 27 May 2015

Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).

Abstract

Groundwater is the main source of water supply in Jordan. Due to lower precipitation rates in re-
cent years, the surface water is increasingly limited. Research on groundwater vulnerability helps
protect this main source of water supply and assists in the development of plans to confront the
deterioration and contamination of aquifers from wastewater and agricultural activities in order
to protect groundwater for future generations. The important factors to determine groundwater
vulnerability are environmental conditions; hence the spatial conditions in arid to semi-arid areas
must be taken into account when applying different models. The aquifer vulnerability has been
assessed in Jordan by using the DRASTIC method; remote sensing and Geographic Information
System (GIS) data were used to derive and process data. The DRASTIC index was used with seven
parameters to describe physical characteristics of the aquifers. It is concluded that about 34% of
the area was considered to be of moderate vulnerability, but the share increased to 60% after
modifying the index. While high vulnerability was at 25% of the total area, it decreased to 6.3%
with the modified index; therefore, urgent pollution prevention measures should be taken for
every kind of relevant activity within the whole basin.
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1. Introduction

Like many other countries in the world, Jordan faces serious problems related to water shortages, which nega-
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tively affect its entire development. Worldwide, Jordan is considered to be one of the four poorest countries in
terms of water resources. Water use in the country has already exceeded renewable freshwater resources by
more than 20%, and after 2005, the Jordanian Ministry of Water started to think about using full freshwater; in
the same time, it has not developed the means and search capabilities to find new water resources in the country.
Increasing water demand on the existing resources combined with declining rainfall and increasing temperatures
as a result of climatic changes causes the most serious problems.

Groundwater vulnerability studies are expected to draw the attention of land-use planners and decision-mak-
ers to the effects to groundwater of human activities on the soil, especially for the identification of harmful con-
taminants in aquifers [1]. This should give them an information basis to take action in order to improve the situ-
ation. There are several approaches for developing groundwater vulnerability assessment maps, such as DRA-
STIC [2], GOD [3], and SINTACS [4]—which have been developed for limestone aquifer areas, as well as the
COP [5], EPIK [6], and PI [7] methods which have specifically been developed to assess the vulnerability in
karst areas.

DRASTIC is an overlay and indexing method which is widely used to assess groundwater vulnerability to a
wide range of potential contaminants. [8] stated that DRASTIC has been used throughout the world with excep-
tional frequency, having been developed in the US Environment Protection Agency (USEPA) by [2]-[9]. One of
the major advantages of the DRASTIC model is the implementation of assessment by using a large number of
input data layers [10], which is believed to limit the impacts of errors or uncertainties of the individual parame-
ters on the final output [11]. The DRASTIC index is considered to be one of the comparative models, and it is
also flexible in its application where all available datasets are almost reliable. The characteristics of the model
are boundless, depending on aquifer as well as topography properties, and the hydrological and lithological en-
vironments in the study area.

Different environmental parameters interfere when anticipating the amount and location of impurities that
may affect the aquifers, especially if used for the water being extracted from aquifers for irrigation and other
uses that have an impact on the environment. Groundwater settings, hydrological and hydrogeological condi-
tions, land-use parameters, environmental issues, soil parameters, and other elements, which may vary from one
aquifer and from one area to another, are used to determine the vulnerability of groundwater [12]. Several stu-
dies have used the DRASTIC model within a GIS environment although few attempts have been made to apply
this methodology in arid and semi-arid environments [13].

The objective of the present study was to assess the Sodium Absorption Ratio (SAR) in wells as an index for
water quality within groundwater vulnerability zones. Based on these measurements, the suitability of different
uses of the water (i.e. domestic, irrigation, and drinking purposes) was evaluated. The analysis was conducted by
using the modified DRASTIC index in combination with GIS techniques and remote sensing, resulting in a sig-
nificant relationship between SAR values of irrigation water and the extent to which sodium is absorbed by the
soils [14]. Continued use of water with a high SAR value leads to a breakdown in the physical structure of the
soil, caused by excessive amounts of sodium being absorbed by the soil. This study aims to highlight the areas
sensitive to pollution and to show the risk of the water quality deterioration to predict the impact expected if the
problem continues without wells irrigation monitoring and land use management.

2. Study Area

The study area is located in the north-eastern part of the Yarmouk basin in Jordan Figure 1. It has a semi-arid
climate of the Mediterranean region with a limited amount of rainfall and high temperatures. Mean annual rain-
fall and temperatures are 350 mm and 18°C, respectively, as measured at the Irbid station (north Jordan).

In general, the groundwater aquifers of Jordan can be divided into three main hydraulic complexes [15]: the
Deep Sandstone Aquifer Complex, the Upper Cretaceous Aquifer Complex, and the Shallow Aquifer Complex.
Although this study is concentrated on the Upper Cretaceous and Shallow Aquifers, it is important to mention
the significant role of the Deep Sandstone Aquifer Complex which is located in the adjacent highlands. It may
contribute to the recharge of the Upper Cretaceous and Shallow Aquifers by upward leakage, as suggested by
[16], or through lateral groundwater flow directed from the mountain foothills towards the Jordan River [17].
Adopted selection of this area on multiple land use in that area on a regular basis and the subsequent problems
the problems, and the NE of Jordan aquifer that located study is considered to be of higher quality water for oth-

er aquifers.
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Figure 1. Study area.

3. Methodology
3.1. DRASTIC Index

Based on the particular conditions in semi-arid areas such as aridity, strong fluctuations in precipitation amounts
and distribution, physical properties, etc., a new vulnerability index needs to be developed which is mainly
based on the gradient of the depth to groundwater, the ease of the pollutants to migrate to the groundwater, on
soil type, net recharge equation, and land use.

The rating of these variables depends on their importance for water pollution (Table 1). The DRASTIC index
given in the equation above is considered to be an indicator for the pollution potential [8]. The general equation
of the DRASTIC index was defined by [2] and was used in this research without the hydraulic conductivity pa-
rameter because it lacks suitable data. The modified DRASTIC index-as proposed by [18] for the recharge rat-
ings and weightings by [19] for the land-use ratings and weightings, and by [20]. The remaining parameter
weights and ratings is supposed to be suitable for different aquifer rock types, particularly for arid and semi-arid
areas.

The general equation for the (modified) DRASTIC index and is Equation (1):

DRASTIC index = DrDw + RrRw + ArAw + SrSw + TrTw + Irlw + Crx Cw @

The main factors in the modified DRASTIC index are:

Depth to groundwater (D): The depth to groundwater in the study area was about 200 m in all wells [21] [22].
The depth index was obtained from the depth rank and the depth weight; Dr x Dw =5 (Table 1). This value was
estimated based on the weighting system [2] [20] (Table 2).

Net recharge (R): Recharge to the groundwater as a portion of rainfall amounts. This depends on rainfall data,
soil permeability and the topographic setting (Equation (2)). In order to calculate the recharge value (RrRw), a
digital elevation model (DEM) of the study area was generated at 10 m, and the net recharge map was sub- di-
vided into two classes.

Recharge Value = Slope% + Rainfall + Soil Permeability 2

Aquifer media (A): This hydrogeological factor describes the ability of pollutants to move within the aquifer
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Table 1. The rate and weight for the parameters of the DRASTIC Index [2] [15] [17].

Parameters Range Rate (Xr) Weight (Xw) Total Weight (XrXw)
Depth to groundwater (m) Less than 200 m 5 1 5
Recharge (Range) 4-6 3 2 6
7-9 5 10
; 6 18
Aquifer media (Material) Limestone 3
Basalt 9 27
; 3 15
Soil media (Type) Silt loam
Clay loam 5 5 25
0-2 3 3 9
2-6 5 15
Topography-slope (%)
6-12 9 27
12-18 10 30
Limestone 6 24
Impact of the vadose zone
Basalt 9 4 36
Conductivity range ps/cm No data -
8 5 40
Urban
Land use Irrigated field and crops 8 40
Uncultivated
5 25
Table 2. Generation of recharge factor [18] [22] [23].
Slope Rainfall Permeability Net Recharge
Slope (%) Factor Rain Factor Type of soil Factor Range Rating
2> 4 <600 4 Sandy loam 4 3-6 1
2-10 3 600 - 700 3 Silty clay loam 2 6-7 3
10-32 2 700 - 860 2 - - - -
33< 1 >860 1 - - - -

according to its type. Based on the geological description of the study area, the aquifer media was classified as
fractured basalt and limestone [2] [20]. The net aquifer media was sub-divided into (2).

Soil media (S): This factor describes the ability of pollutants to move within the soil down to the groundwater
according to the size distribution of the soil cover. The soil map was classified into two classes based on the rat-
ings for the soil texture [2] [20].

Topographic slope (T): This describes the ability of pollutants to infiltrate into the vadose zone and to reach
the aquifer [2]. The slope index was derived from the DEM to find the ratings for recharge; based on Table 1,
the topographic slope map was sub-divided into three classes.

Impact vadose zone (1): The impact on the vadose zone was examined by interpreting geological maps of the
study area [24]. The aquifer media was classified as fractured basalt and limestone.

3.2. Modified DRASTIC Index

Land use is an important factor that must be included in groundwater vulnerability maps because different types
of land use strongly affect on groundwater quality through water infiltration. Therefore mismanagement land
(misused fertilizers, pesticides, herbicides, amounts of water) may lead to the deterioration of water quality. In
general, the land-use factor describes the existing activities in the area that may affect groundwater quality [14].
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In this study, land use was determined by using GeoEye-1 satellite imagery. Three different land-use classes
were defined: irrigated field crops, built-up areas and uncultivated areas.

The areas were manually digitized from the GeoEye-1 sensor and stored in the local coordinate system of
Jordan (JTM). The equation of the modified DRASTIC index is shown in Equation (3):

Modified DRASTIC = DRASTIC index + land — use index ?3)

4. Results and Discussion
4.1. Mapping the DRASTIC Index

All output maps from the steps described above were saved in raster format. In order to retrieve the final vulne-
rability map, the images were processed in the output maps (vulnerability factors) with their Arc View by mul-
tiplying the raster values of each of the corresponding vulnerability weighting coefficients.

The final vulnerability map for the NE showed values between 1 and 100 as illustrated in Figure 2. They
were separated into vulnerability classes of extremely low, low, moderate, high, and extremely high vulnerabili-
ty by dividing the value range into five equal classes according to the standard deviation (SD). Table 3 shows
the final groundwater vulnerability classes (DRASTIC index).

4.2. Modified DRASTIC Index

The land-use map was subdivided into two classes (Figure 3). A relationship could be seen in the overlay be-
tween land use and a groundwater vulnerability zone. It was observed that almost of farms and urbanization
areas were located inside high vulnerability zone which covered 64 km?of total area with a possible source of
contamination, while less than 5 km? of farms and urbanization were located in low vulnerability zone with no
possible source of contamination. The modified vulnerability map showed values between 1 and 100 (Figure 4).

These values were also separated into vulnerability classes of extremely low, low, moderate, high, and ex-
tremely high vulnerability by dividing the value range into five equal classes according to the standard deviation
(SD). Table 4 shows modified groundwater vulnerability classes (modified DRASTIC index).

The degrees of groundwater vulnerability have changed after add land use layer. These values changed from
variation in the area between bare soil (unused), agriculture and urbanization. Most of the influence on the qual-
ity of groundwater in urban and agricultural areas is resulted intensive use of fertilizer, while as for bare soil
areas; there is no impact on values of groundwater vulnerability.

410000 415000 420000 425000 430000 435000 440000

600000
600000

596000

596000

592000
592000

588000
588000

Vulnerability Map A
I (1 - 20 %) Extremely Low { ‘ e
[1(20 - 40 %) Low »
771 (40 - 60 %) Moderate
[ (60 - 80 %) High

584000
584000

580000
580000

[ (80 - 100 %) Extremely High Kilometers
0 25 5 10
410000 415000 420000 425000 430000 435000 440000

Figure 2. Vulnerability map (DRASTIC index map).
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Figure 4. Modified DRASTIC index map.

4.3. Validation of Modified DRASTIC and SAR

In order to examine the relationship between groundwater vulnerability and SAR concentrations, the locations of
wells were assigned by using GPS, and water samples from each well were analyzed in the lab. The samples
were distributed in the study area to measure SAR concentration, in order to match between wells sites, SAR
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Table 3. DRASTIC index for the study area.

Class Range Area km? % of the total area
Extremely Low 1-20 12.7 4.9
Low 20-40 73.1 28.6
Moderate 40 - 60 87 34
High 60 - 80 64 25
Extremely High 80 - 100 19.2 7.5
Total - 256 100%

Table 4. The modified DRASTIC index for the study area.

Class Range Area km? % of the total area
Extremely Low 1-20 13 5
Low 20-40 72.5 28.3
Moderate 40 - 60 153.5 60
High 60 - 80 16 6.3
Extremely High 80 - 100 1 0.5
Total - 256 100%

concentrations and modified DRASTIC index to predict the critical situation in the study area. The highest SAR
concentration in groundwater in some wells was 18 meqg/l. The suitable SAR concentration for irrigation in
agriculture is less than 3, according to FAO recommendations for irrigation water quality. However, if the SAR
concentration is higher than 9 meg/l in groundwater, this indicates contamination due to human activities. Thus,
this led to a degradation of the soil quality, where it was concluded that the area has a high SAR concentration in
the soil that resulted from the mismanagement of irrigation in agricultural areas and the misuse of fertilizers.

The highest SAR concentration in soil samples was at 14 - 20 meg/l and the good parameters (no problem) for
the soil quality were less than 4 meg/I, according to Alberta 2010 [25]. The SAR concentration was measured in
March 2013. The analysis indicated that the area has a high SAR concentration, which can be correlated to a
modified DRASTIC out-put. It was found that SAR concentrations in wells that exist inside the low vulnerabili-
ty zone vary between 9 and 18. The average concentration of the sodium ratio (SAR) in these wells was about
13. Figure 5 shows the spatial distribution of SAR within the groundwater vulnerability zones.

5. Conclusions

Mapping modified of groundwater vulnerability can be improved to be more effective through standardization
and calibration of the points values based on the outcomes of relationship that appear for each parameter in the
DRASTIC, e.g. relationship of hydrological aquifers with quality of water.

In this case study in NE Jordan, the area was divided into five vulnerability classes (extremely low, low,
moderate, high, and extremely high vulnerability) in accordance with its environmental and groundwater set-
tings and standard deviation. It is concluded that about 34% of the area was considered to be of moderate vulne-
rability, but increased to 60% in the modified index—while the high vulnerability was 25% of the total area and
decreased to 6.3% in the modified index. Therefore, urgent pollution prevention measures should be taken for
every kind of relevant activity within the whole basin that shows high values of SAR which reflect the quality of
groundwater if located near most farms; it was also observed that the highest SAR values were measured in high
to extremely high vulnerability zones.

SAR concentrations in six wells inside the moderate vulnerability zone were much higher than those in the
low vulnerability zone. Overlaying between SAR concentrations and modified DRASTIC Index shows that the
SAR values located in farms that used fertilizers, Pesticides, so there is a significant relationship between the
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Figure 5. Spatial distribution of SAR within the groundwater vulnerability zones.

SAR values of irrigation water and the extent to which sodium is absorbed by the soils. The continued use of
water with high SAR values leads to a breakdown in the physical structure of the soil, because large sodium ions
get between particles of soil and clay. Separation of the clay particles from the soil occurs, which results in dis-
persion, and this leads to reduced soil permeability, followed by a range of further problems in the soil.

Generally, the northern part of the study area has extremely and high vulnerability degree, while the eastern
and central parts of study area have moderate, low and extremely low vulnerability degree. As a preliminary so-
lution for pollution sources and this risk, farmers should stop wrong practices of farming and should follow safer
methods for agriculture, irrigation, as well as the control of groundwater quality used to irrigate farms.
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