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ABSTRACT

Energy resources in addition to water resources are the most limited resources in Jordan, being one of the fourth
poorest countries in water resources, and limitation of surface water resources put huge pressure on groundwater
which is the main resource there. High expenses and the increasing prices of oil over all worlds increase the feasibility
to mining the oil shale that exists in southern Jordan area, Siwaqa. This study took place to clarify the possible
effects of mining and energy production activities on the water resources in that area. Groundwater vulnerability
mapping was done for many areas all over the country, including this part. The initiative of this work is to determine
the vulnerability under the conditions of removing the bedrock of the oil shale which is described as a confining
layer. Results that are obtained by this work conclude that the oil shale area becomes highly vulnerable to the human
activities because of the existing geological structures while it is small and medium vulnerable in the fields in which
there are no geological structures. In addition to the structural features and adding the possibility of the oil shale mining
from the outcropped areas which will decrease the depth to water table and hence will affect the vulnerability values.

Keywords: Oil shale, ex-situ mining, groundwater,
vulnerability, DRASTIC.

Efectos en las fuentes de agua subterranea de la mineria ex situ de esquistos bituminosos, en el area de Siwaqa,

al sur de Jordania, a través del indice DRASTIC y la evaluacion hidroquimica del agua

RESUMEN

Las fuentes de energia y agua son las mas limitadas en Jordania, uno de los cuatro paises mas pobres en recursos
hidricos; ademas, las limitadas fuentes superficiales hacen de las aguas subterraneas las mas importantes. Las
ganancias y el precio del petroleo, por su parte, incrementan la viabilidad de la mineria de esquistos bituminosos
en el sur de Jordania, en la region de Siwaqa. Este estudio se realiza con el fin de establecer los posibles
efectos de las actividades de produccion de energia y mineria en las fuentes hidricas de la zona. Se elaboré un
mapa de vulnerabilidad para las fuentes de agua subterranea en varias regiones del pais, incluida el area de
estudio. La iniciativa de este trabajo es determinar la vulnerabilidad si se remueve el lecho rocoso del esquisto
bituminoso, que funciona como una capa de confinamiento. Los resultados obtenidos evidencian que el
esquisto bituminoso se torna bastante vulnerable a las actividades humanas debido a la presencia de estructuras
geologicas, mientras que su vulnerabilidad es media o baja en aquellos lugares donde no hay estructuras
geologicas. Ademas de los rasgos estructurales, existe la posibilidad de que la mineria del esquisto bituminoso
en las areas de afloramiento podria descender hasta la capa freatica y alli afectar los valores de vulnerabilidad.

Palabras clave: Esquisto bituminoso, mineria ex situ,
aguas subterraneas, vulnerabilidad, DRASTIC.
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Introduction:

Having independent energy resources increases the stability of a
country and lessens its dependence on exterior resources and boosts the
economy. Jordan, aiming for such goals, tries to enter a new phase of
energy development and raw material acquisition which can be seen in
the increased number of mining concessions granted to numerous major
companies throughout the country, especially in the central part of Jordan,
to extract oil shale from their deposits there, Figure 1.

The main issue which faced and is still facing Jordan during the last
decades is the urgent need to protect the groundwater resources in quality and
quantity. Vulnerability studies represent the most important protection actions
to sustain these resources for present and future generations. (Mohamad; 2014)
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Figure 1: Location map of the study area.

The increasing interest in new sources of energy both renewable
and non-renewable has also hastened the process of explorations and also
mining for these resources. Mining processes, products and byproducts
could have serious repercussions on the environment if these issues are
not studied and treated accordingly. Jordan, in the most part, is considered
to have arid climate with little influence of semi-arid climate in small
parts of the country, making the country short in water resources much
like other countries that fall under the same climatic conditions. Being a
country that is poor in water resources there must be a need to be aware
of any developments in the water situation, and water characteristics,
and quality changes of both surface and ground water which are of
high importance. Protecting these resources from all kinds of pollution
becomes an important task. Therefore, the new mining Oilshale and other
resources must be adequately studied on their effects on water resources
both from qualitative and quantitative aspects (Luck, 2008).

The rocks found in the area belong to the most upper deposits of the upper
Cretaceous of Jordan. Following is a brief description of the geologic formations
cropping out in the study area and of relevance to the present study (Tablel
and Figure 2). The Ajlun Group overlies the Kurnub Group, and includes all
the marine sediments which mainly consists of limestone, dolomite, marl,
shale and sandstone and is subdivided into five formations; Na'ur Formation
which consists mainly of limestone, gray and pink in color, hard crystalline
coarse-grained and fractured, and is considered as a poorly developed aquifer
with a thickness ranging from 200 to 230 m (Bender, 1968). Fuhais formations
which consists of marl, limestone, marly limestone and shale, and is considered
as a semi aquifer with a thickness of 60-80 m (Mc Donalds, 1965). Hummar
formation; this Formation forms an important lower good aquifer generally
consisting of limestone and dolomitic limestone. Generally, the thickness of this
Formation is between 30 and 60 m. Shueib Formation this formation acts as
an aquiclude between Hummar and Wadi As-Sir Aquifers in the groundwater
basin with a thickness of about 200 m, mainly consisting of marl and marly
limestone (Mc Donalds, 1965). Wadi As-Sir Formation; this formation acts as
a good aquifer. It covers the minor part of the study area and consists of about
100 m thick bedded limestone with chalky limestone interactions and occasional
chert beds and nodules (Mc Donalds & partners, 1965).

Belqa Group was firstly named by Quennell (1951) and was divided into
five formations of predominantly limestones and chalks showing partly
high amounts of chert and phosphate; Wadi Umm Ghudran Formation
which is considered as an aquitard, it is composed of white chalk, chert,
and microcrystalline limestone concretions with phosphatic chert, with
an average thickness of about 20 m (Mc Donalds, 1965). In places, this
formation is missing and the overlaying formation Amman Silicified
Limestone directly overlays the underlying formation of Wadi As-
Sir Formation; then Amman Silicified Limestone Formation is found;
lithologically, this Formation is composed of dark gray to brown chert
intercalated with limestone. The chert is micro fractured and brittle
deformation is found in this Formation. Marl and chalky dolomite laminas
are found an addition to some phosphate granules in the most upper parts (Mc
Donalds, 1965). This Formation is exposed in the central parts of the area
and in a remarkable outcrop to the north of the Swaqa town. The thickness
of the Formation is around 50 m. This Formation forms a good aquifer in the
northwestern part of the country including the study area.after that; Al Hasa
Phosphorite Formation which is composed of phosphatic chert, phosphatic
limestone, phosphate, chalky limestone, micritic limestone, marl, with the
presence of Oysters shells. It is widely exposed in the northern parts of the area,
and extends to most eastern and western parts of the northern part of the area.
The Formation thickness is around 60 m in the study area. Together with the
overlying Amman Silicified it forms a good aquifer. Muwaqgar (Chalk Marl)
Formation this is composed of marl, chalky limestone, micritic limestone and
chert. Oil shale forms the lower parts of this Formation. It crops out in some
central parts of the area in addition to the southern parts of the study area.
Generally it underlies the whole study area with a thickness ranging from 200 to
300 m. then; Umm Rijam Formation This Formation consists mainly of brown
chert, chalk, and chalky limestone. It is exposed in a small part of the study
area to the east, and has a thickness of about 70 m in the study area. overthat,
Superficial Deposits are exists due to the relatively high relief in the study area
the activities of surface water widely deposited quaternary superficial deposits
including the following types Fluviatile and lacustrine gravels; these sediments
comprise coarse grained sand and sub angular to sub rounded gravels of chert,
limestone, dolomite, dolomitic limestone, sandstone and basalt (Shawabekeh
1998). these sediments are found as cemented layers or friable sediments
and can be found widely distributed in most parts of the study area where the
topography is gentle. And Calcrete (Caliche) which covers some parts of the
study area, Calcrete developed preferentially over the calcareous rocks in the
presence of soil moisture evaporating and depositing the Caliche. The thickness
of Caliche over the study area is generally less than or around 1m (Alali, 2006).

Ground water vulnerability assessment was carried out for the Wadi
AsSir aquifer unit, to provide further understanding of the environmental
risks and probability of pollution for this aquifer, the following is a brief
summary of for the index that was used in this study.
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Table 1. Geologic formations in the study area (NRA, open files).

Thickness
Period Group Formation Lithology Aquifer potential (meter)
L u Rij Chert,
u\n-rer mm fam , er Semi aquifer 70m
Tertiary (B4) limestone
M
uwaggar Chalk, Marl | Aquitard 60-70 m
(B3)
Al Hasa . 50 m
Balga (82a) Phosphate Good aquifer
Amman Silicified Aquifer 50 m
(B2b) Limestone interrupted
Wad Chalk, Chalk
Ghudran a Ia Y aquiclude 20m
{B 1} mar
Cretaceous
Wadi As Sir Limestone good aquifer 20m
(A7)
Shueib (AS5- Marly Agquitard to badly No
6) Limestone developed aquifer outcrop
Ajlun Hummar Dolomitic . . No
(A4) Limestone Semi aquifer outcrop
Fuhais (A3) Marl Aquitard, partly No
uhais ar semi aquifer outcrop
Na'ur (A1-2 Marly Semi if N
a'ur (A1-2) Limestone emi aquifer outcrop
bl i i Methodology and data processing:
Groundwater vulnerability is an overlay method that is used to determine
i g the ability of pollutants to penetrate to the target aquifer and to harm it. This
) method helps decision makers by shedding light on pollution areas expected
to pollute groundwater aquifers as caused by human activities on the ground
surface. In Jordan, groundwater is the main water resource the country uses to
match its demand, (Mohammad, 2015). DRASTIC is an overlay and indexing
) method which is widely used to assess groundwater vulnerability to a wide
i E range of potential contaminants. Merchant (1994) argued that DRASTIC has
been used throughout the world with exceptional frequency. In this model,
Legend spatial datasets on Depth to groundwater Recharge by rainfall, Aquifer type,
] Study Avea Soil properties, Topography, Impact of the vadose zone and the hydraulic
Fault Conductivity of the aquifer are combined (Engel et al., 1996).
i L& | Form_Symb According to Aller et al., (1987) the DI vulnerability index can be
) e calculated according to the following equation:
ASL
Al
- DI =DwDr + RwRr + AwAr + SwSr + TwTr + Iwlr + CwCr
Mc Where:
. MCM Dr = Rating to the depth to water table, Dw = Weight assigned to
1 E P the depth to water table.
= 2: Rr = Rating for ranges of aquifer recharge, Rw = Weights for the
— aquifer recharge.
B ure Ar = Rating assigned to aquifer media, Aw = Weight assigned to
B vs. aquifer media.
| Lg Sr = Rating for the soil media, Sw = Weight for soil media.
o0 %000 P P Tr=Rating for topography (slope), Tw = Weight assigned to topography.
0 25 5 10

JTM Coordinate System

Figure 2. Geologic map of the study area (after NRA, open files).

Ir=Rating assigned to vadose zone, Iw = Weight assigned to vadose zone.
Cr = Rating for rates of hydraulic conductivity, Cw = Weight given to
hydraulic conductivity.



Alsharifa Hind Mohammad, Omid Alkurdi and Elias Salameh

Table 2. DRASTIC index vulnerability index model; Aller et al., 1987).

Parameter Range Rating Relative
weighting
0-2m 7
2-5m 6
5-9m 5
Depth to water (D) 9-15m 4 5
15-23m 3
23-30m 2
>30m 1
3 1
4 2
5 3
Recharge by rainfall 6 4 4
7 5
8 6
9 7
Massive shale 2
Metamorphic/igneous 3
Weathered met./igneous 4
Bedded sandstone, Limestone, 6
. . Shale sequences 6
Aquiter media/(A) Ma.ssichsandstonc 6
Massive limestone 6
Sand and gravel 8
Basalt 9
Karst limestone 10 3
Soil thin or absent 10
Gravel 9
Sand 8
Peat )
Soil media (S) Shrinking and/or aggregated clay 4 2
Sandy loam 5
Loam Silty loam 4
Clay loam 3
Muck 2
Non-shrinking and non-aggregated clay 1
0-2% 7
2-6% 6
6-10% 5
Topography (T) 10-16% 3 1
16-25% 2
>25% 1
Confining layer 1
Silvclay 3
Shale 3
Limestone 6
Sandstone 6
]mpact of ygdggc zone Bedded lim(.‘slonc, sandstone shale 6 bl
Sand and gravel with significant silt & clay 6
Metamorphic / igncous 4
Sand and gravel 8
Vesicular basalt 9
Karst limestone 10
0.50°10" - 0.50*10° 1
0.50*10" - 0.15%10" 2
. - 0.15*107- 0.36*10" 4
Hydraulic conductivity 0.36°10°- 0.51°10" 6 3
0.51*10" - 0.10*10“ 8
>0.10*10~ 10
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The D factor; Depth to water table:

Depth to the water is the distance between the ground surface and
the groundwater table. The water level map is prepared by interpolating
well information obtained from the Water Authority of Jordan. These data
present a D factor map indicating the water table.

The rating for D decrease with increasing depth. The most vulnerable
D rates are pixels which are located in areas with the lowest depth to
water table and therefore higher potential to contamination. The rating of
different depth intervals are shown in Table 2.

Net Recharge — the “R” factor:

Precipitation is the primary source of groundwater because
priciptation rates ifiltrates through the ground surface and percolates down
to the water table. Net recharge represents the amount of water per unit area of
land which penetrates the soil cover and reaches the water table. Recharge water
is the principle vehicle for leaching and transporting contaminants vertically into
the groundwater and horizantally within the aquifer. Arears with higher rainfall
amounts pose higher potential and more vulnerable effects on the aquifer. Many
parameters affect the R factor. These parameters are rainfall and evaporation
and finally permeability, soil retention and thickness of the soil (Piscopo, 2001).

Components and there corresponding values and standardized
values are shown in Tables 2.

Aquifer media — the “A” factor:

This factor refers to the type of the layer that contains water whether it
is consolidated or unconsolidated rock serving as aquifers (sand and gravel
or limestone). The large grain size and the presence of fractures or openings
within the aquifer lead to higher permeability and lower attenuation
capacity of the aquifer media; for aquifer media e.g. massive shale (low
permeability) or sand and gravel (very high permeability) (Table 2).

Topography — the “T” factor:

Topographic digitized maps of a scale of 1:50000 were used to produce
digital version which were then converted into TIN feature and slope maps.
Table 6 shows the values of slopes interval, according to Aller et al., 1987.

Impact of the vadose zone — the “I” factor:

This is the zone above the water table. It is unsaturated or
discontinuously saturated with water, and determines the attenuation
characteristics of the material below the typical soil horizon and above the
water table. It is the region where pores and fractures are partially filled with
water and partly by air and where also water droplets are generally in vertical
a downward movement.Table 2 shows the ratings for each vadose zone.

Hydraulic Conductivity — the “C” factor:

This is the ability of the aquifer materials to transmit water. It controls the rate
at which groundwater flows under a given hydraulic gradient. The rate at which
the groundwater flows also controls the rate at which a contaminant moves away
from the source. Table 2 shows the ratings of the hydraulic conductivity. Values for
the hydraulic conductivity are calculated and modeled from aquifer pumping tests.

Final vulnerability classes:

The final vulnerability map is determined and classified into four
legend categories following Fritch et al (2000). This study divides the land
into: low, moderate, high or very high vulnerability as shown in Table 3.

Table 3. Values assigned to vulnerability classes (Aller et al., 1987)

DRASTIC Vulnerability Class
1-100 Low
101-140 Moderate
141-200 High
More than 200 Very High

F5

Results and discussion:

Oil shale is a general term indicating a sedimentary fine grained
rock containing a fossilized mixture of organic material that when heated
breaks down —like oil- to gas and other oil products after processing.

Difference between oil shale and normal oil is the burial time, which
indicates the process at which both formed and the depth at which burial
took place, in the case of the oil shale the burial was not deep enough or
not for long enough time to transform into oil.

A conservative estimate of oil shale reserves in the center of Jordan
is 47 billion tons, although the reserve estimates are not a direct indicator
it gives a general idea of the situation (NRA, open files).

Off-site processing of the oil shale generally referred to as Ex-
Situe. This is the widest spread processing technology. Since oil shale
processing entails mining the ore and shipping to fit facilities to undergo,
processing in order to produce a more productive material.

Two primary methods are used to process the oil shale into synthetic crude oil:

1. Retorting:

Retorting starts with drying and heating the oil shale at 500 -
600 degrees. Then the heated shale passes to a gasification stage,
where the residual organic carbon is oxidized at temperatures of less
than 1000 degrees; to prevent its fusion which forms masses of in
usable slag. Finally, the spent shale is cooled to 80 — 100 degrees and
passed through the lower parts of the retort and removed using a water
seal. The heat required to retort the shale is supplied by recycled fuel
gas resulting from the retorting process or combusting conventional
fossil fuels (Bsieso. M, 2006).

2. Circulating Fluidized Bed:

In this method, fine oil shale particles of a diameter less than 10
mm are introduced into a fluidized bed, these particles are separately
heated to about 800 degrees. After that it mixed with the raw oil shale,
causing it to break at 500 degrees. Oil vapor and shale gas are separated
and cooled to condense and collect the resulting oil.

Applying DRASTIC index for the current situation in Sewaqa
area; the D factor (Depth to water table) is determined from wells data
collected from the Ministry of Water and Irrigation (MWI) and analyzed
for all the aquifers in the study area. After that, the data was drawn to give
the final depth to water map. For the main aquifer in the study area, depth
to water table is more than 30 meters; hence according to the DRASTIC
index the D value for this depth is 1 which means there are a little to no
effects of the depth to the water level in the vulnerability ratings.

For producing the R factor map; which consists of the sub
factors of rainfall amounts, the slope of the topography and the soil
permeability; the study area is with rainfall rates less that 500 mm/yr
, which gives the value 1 for the building of the R map, in addition to
the rainfall, the soil types map according to the soil permeability which
reflects the values 1 and 2 according to the differences of the soil cover
in the study area, the most effective factor in building the R map in the
study area was the slope factor which vary from 1 to 3 in the located
aquifer. Applying that the R factor ranges from the value 1 to three and
distributed in the study area as shown in Figure 3.
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Figure 3. R -factor values and recharge zone distribution in the study area.

The information about the A- factor, which is the aquifer media
types was obtained from the Natural Resources Authority (NRA) the
geological maps with 1:50000 scale, from well data Jordan Water
Authority, (open files )Jand own observation during the field work.

The information was combined to determine the aquifers properties
and hence the A factor values. The study area aquifer media is bedded
and karstic limestone, the common media of the B2A7 aquifer, since
the study includes only 1 aquifer the map will also show a solid color
and a uniform value of 6 according to the used index.

For finding the S factor map; a soil map of Jordan which prepared by
MOA in 1993 was used as a base and along with field observations using
the grain size analysis, most of the soils in the study area are of the Loam
type; these reflect the value of 6 after Aller et al., 1987.

Producing the T factor map, the topographical setting of the study
area was done using digitized maps of a scale of 1:50000 to produce digital
version which were then converted into slope maps using the Arc GIS.Results
obtained from this factor reflects T values range from 1 in the areas with steep
slopes and up-to 7 in the gentle slopes areas as shown in Figure 4.
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Figure 4. Slopes and T factor distribution in the study area.

For the I factor; the impact of vadose zone, The National Water
Master Plan (1977), geologic maps NRA and field visits were used to obtain
the information of the vadose zone in the study area, many types of rocks
and sediments lay over the targeted aquifer which reflect many values of 1
factor, the distribution of these values are shown in Figure 5.

The final factor of the DRASTIC index is the C map which is the
hydraulic conductivity factor, this was produced by Bundesanstalt fiir
Geowissenschaften und Rohstoffe BGR (1997) which is the Federal Institute
for Geosciences and Natural Resources, they calculated the hydraulic
conductivity of the aquifer rocks and B2A7 conductivity was found to be
2*10-6 -- 1¥10 -4 m/s; which reflects the value of 1 according to DRASTIC.

The final DRASTIC vulnerability thematic layer is generated by
summing each DRASTIC thematic parameter. Each of these parameters
according to be already multiplied by its designated weight. Figure 6
shows the final vulnerability classes in the study area, dividing it into 2
classes of low and medium vulnerability classes (AlKurdi, 2013).
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Figure 5. I factor distribution in the study area.

But considering the geological structure in the area, which mainly
consisting of extensional faults (Figure7), makes the groundwater quite
vulnerable to human activities, especially along those faults.

Overlaying the final vulnerability map with the existing faults, shows
that the groundwater in the B2/A7 aquifer system will be endangered by
human activities including oil shale mining (AlKurdi, 2013).
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Figure 6. DRASTIC vulnerability classes in B2A7 aquifer for the study area
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In the case of the ex-situe oil shale mining; the oil shale in the study
area froms from the Muwaqqar (Chalk Marl) Formation; This Formation
is composed of marl, chalky limestone, micritic limestone and chert and
overlaid the main aquifer in the study area. Oil shale forms the lower parts of
this Formation. It crops out in some central parts of the area in addition to the
northern parts of the study area (Figure 8). Generally it underlies the whole
study area with a thickness ranging from 200 to 300 m. removing this amounts
of rocks from the outcropped areas will change the depth to water table in that
areas and so will increase the vulnerability values there. figure 9 shows the
new vulnerability map in which the areas that supposed to be mined in order
to extract the oil shale with its new vulnerability classes with extremely high
value in some of the mining areas which need high protection parameters to
be done in that areas during any activities to be done in the future.
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Figure 8. Mwaqqar chalk marl formation outcropped in the study area.
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Figure 9. Expected groundwater vulnerability in the study area in the
case of the ex- situe oil shale minig.

Hydrochemical analysis:

Ground water samples from seven wells and 10 surface water samples
were collected from the study area and were analyzed for their major, minor,
and trace elements. Electric conductivity (EC), pH value, and temperature
were measured directly on site using specialized digital equipment.

The temperature of the collected samples ranged from 25 C° to 28
C° for the surface water which is alongside the normal natural temperature
for the area. However, it was from 30.5 C° to 41.5 C° for the samples
collected from various wells in the study area.

Electrical conductivity, which reflects the total dissolved solids in
the target sample, was measured directly in the field for better accuracy of
the readings; it ranged from 148uS/cm to 180uS/cm for surface collected
samples, and from 1980 pS/cm to 2380 uS/cm for the ground water
samples. Sample pH ranged from 8 to 8.29 for the ground water samples
and from 8.41 to 9.2 for the surface water samples.

Calcium and Sodium are the dominant cations in the samples of
the ground water.

The calcium concentrations range from 136.8 mg/l to 453.3 mg/I for and
sodium from 156.5 mg/l to 228.7 mg/I. For the surface water samples calcium
ranged from 33.48 mg/l to 525 mg/l and sodium from 8.48 mg/l to 51.2 mg/1.

Chloride and sulfate are the anions dominating the samples in terms of
measured concentration, while for the ground water samples the concentrations
of chloride ranged from 125.5 mg/I to 183.4 mg/1 for sulfate from 242 mg/1 to
321 mg/l, the concentrations in surface water ranged from 6.8 mg/l to 31.6
mg/l and 1.2 mg/l to 1155 mg/1 for both chloride and sulfate respectively.

Furthermore, the other concentrations are represented in tables 4 and 5.

Trace elements group consists of boron (B), barium (Ba), iron (Fe),
manganese (Mn), strontium (Sr), phosphorus (P), and silicon (Si) were
determined in all of the samples. The concentrations were in ranges less
than 10 mg/l with Sr and Si being the major contributors with concentrations
of Sr from 2.75 mg/1 to 4.55 mg/l for well samples and from 0.16 mg/l up
to 2.34 mg/1 for surface water samples, Si ranged from 5.06 mg/1 to 9.84
mg/l in well retrieved samples and 2.71 mg/l up to 11.65 mg/l in surface
water samples, results of these analysis are provided in table 10.
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Table 4. Concentrations of anions in analyzed water samples, (mg/1).

sag’k Chloride Nitrate Sulfate Fluoride Bromide

1 125513 0.7 300 13 05
2 1563098 <06 314 08 06
3 183.4174 <06 21 09 L1
4 170.5854 <06 242 0.9 1

5 174.6756 <06 284 08 L1
6 154.8662 <06 256 1 06
7 164.8912 07 282 08 07
8 41.0624 46 1155 05 <02
9 6.80096 15 <i2 02 <02
10 18.69462 4 109 03 <02
i 14.89314 18 19 03 <02
2 16842 L5 59 02 <02
3 19.90564 L1 4 0.4 <02
14 2333018 <06 36 03 <02
is 14.7969 <06 12 03 <02
16 31.66296 18 117 05 <02
17 1830966 28 45 02 <02

Table 5. Major cations and trace elements in the collected samples (mg/1)

Sample

D B Ba Ca Fe K Na | Mg Mn B Si Sr

1 03029 0.116 ' 453.3  1.187 3.977 156.5 67.4 02967 0.955 5.06 4.559

2 0.524  0.0352 156.1 0.1007 572 1949 80.1 <0,01 1.037 7.56 3.561
3 0.631 | 0.0794 201.1 0.4686 8.17 228.7 824 0.0376 1.409 9.84  3.923
4 0.625 | 0.0466 152  0.0328 6.25 212.7 758 <0,01 1.217 838 | 3.729
5 0.554 | 0.0424 154.1 0.1937 6.5 2178 754 <0,01 0978 927 342

6 0.4432  0.0647 1543 0.0531 849 193.1 74 <0,01 1.409 849 | 2.753

7 0.553 | 0.0514 136.8 0.62 6.44 2056 74.1 0.0249 1.107 9.5 | 3.336

8 0.1954  0.0466 525 | 0.3818 10.68 51.2 11.79 0.0862 1.146 6.28 2.349

9 <0,05 0.0516 33.48 0.58 3274 848 3.589 <0,01 1.102 4.106 0.1642
10 0.0648 0.1437 107.1 | 0.803 9.96 23.31 1024 02165 1.724 11.5  0.3522
11 0.0548  0.0922 44.78 1427 63 1857 644 0.0432 1502 7 | 0.2582
12 <0,05  0.1151 4222 0.712 556 21  8.08 0.8 0.554 7.1 02676
13 <0,05 ' 0.0442  40.27 0.907 4.621 24.82 551  0.0495 0.726 5.87  0.2206
14 0.0579 | 0.0879 69 | 0.707 4.05 29.09 54 @ 0.0594 0.866 542 0.2569

15 <0,05  0.0845 585 2397 3.737 1845 7 0.1137 | 1.61 11.65 0.2205
16 0.124  0.0893 60.6 0.3714 4.864 39.48 877 <0,01 1.132 271 0.558
17 <0,05  0.0704  47.11 0.836 5.95 22.83 8.05 0.0832 0.68 7.09 0.2799

Conclusion:

Results that are obtained by this work concluded by that the study
area by applying the normal DRASTIC index shows two vulnerability
classes which are low and moderate because of the deep water table and the
limited recharge ability in the area in addition to other DRASTIC factors,
but in the case of applying the modified DRASTIC index which considers the
geological features into account increase the vulnerability classes by converting
some areas to highly vulnerable areas to the human activities because of the
existing geological structures which are weak zones that may allow pollutants
to reach easily to the water table. In addition to the structural features; adding

the possibility to the oil shale mining from the outcropped areas in the
study area decrease the depth to water table by removing the vadose zone
that is existed over the targeted aquifer and which will directly affect the
vulnerability values in that areas. This work in very important to be a
reference point to the option of using the ex-situe oilshale mining; this will
shed the light on the groundwater vulnerability of the areas that was covered
by the oilshale bed and that will be removed after the mining process.
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