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ABSTRACT

Exploration of groundwater in countries with scarce water resources requires the implementation of effective tools that
save time and money. In this study, geographic information systems (GIS) tools and remote sensing data were used to
prepare and analyze digital layers of lithology, geological structure, drainage and topography to detect the most pro-
mising sites for groundwater exploration in an arid basin in Jordan. A separate map of existing wells was intersected
with the generated maps to calculate the percentage of wells in each interval of density and count of lineaments and
drainage. Different GIS functions of intersection and spatial query were then applied to produce the final map for the
most promising sites for groundwater exploration. The possibility of using digital classification of remote sensing data
for mapping the most promising sites for groundwater exploration was also investigated by applying unsupervised clas-
sification to a Landsat ETM+ image. Results showed that spatial distribution of the most promising sites for groundwa-
ter exploration was dependent on the interrelated factors of lithology, topography and geologic structure. The most
promising sites were distributed within 4% of the study area. The highest percentage of groundwater wells was within
the alluvial and wadi sediments, which were accurately detected by the digitally classified ETM+. The study showed
that remote sensing and GI S provided efficient tools for mapping promising sites for groundwater exploration. However,
the data of groundwater wells would contribute to refining the final locations of the most promising sites.
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1. Introduction the adverse impacts of the expected climate change in the
near future [3]. Without developing water resources, the

Development of water resources represents a challenge expected annual water deficit will reach 488 and 769

for planners and decision-makers in countries with high
population growth and water scarcity. In Jordan, the
problem of water scarcity is being faced in all sectors and
the current share of water is extremely low (145 m® per
capita per year), as the country is dominated by an arid
climate with low annual rainfall (Figure 1) [1]. There-
fore, a considerable part of the agricultural production in
the country depends on the available groundwater re-
sources. The estimated safe annual yield from all renew-
able groundwater is 275 million cubic meters (MCM)
while the annual withdrawal is 418 MCM [2]. The non-
renewable fossil aquifers are also providing 143 MCM
per year for the coming 50 years[3].

At a population growth of 2.4%, an obvious increase
in water demand is expected and the problem of water
shortage will worsen with time [2,3], particularly under
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MCM in years 2030 and 2050, respectively [3].

Currently, groundwater provides more than 45% of the
total water resources in Jordan. The development of
groundwater resources requires studies and surveys that
identify areas with high potential for exploration to an-
ticipate the inevitable geophysical surveys, which are
expensive and time consuming. Groundwater exploration,
however, has many problems such as the paucity of ex-
isting data and the high cost of data gathering [4]. There-
fore, the integration of geologic and hydrogeological
surveys with remote sensing data and geographic infor-
mation systems (GIS) can contribute efficiently to these
studies [4-6].

Remote sensing and GIS provide important data and
tools for groundwater exploration [7-12]. Remotely
sensed data of medium resolution are valuable sources
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Figure 1. Location of the study area (a) and itsland use/cover (b) and topography (c).

for creating maps of geological structures [4,13,14].
Maps of lithology, Slope and drainage patterns can be
also extracted from remote sensing data of aerial pho-
tography and medium to high resolution satellite imagery,
depending on the scale of the study and the available re-
sources. Conversion of maps into digital layers will en-
able the analysis of these maps by GIS tools. Implemen-
tation of spatia functions, query and intersection will
produce maps of potential locations for groundwater ex-
ploration, based on different criteria that integrate maps
of lineaments, topography, and lithology.

One approach for identifying potential sites for
groundwater exploration is based on analyzing length
density, frequency of lineament and drainage lines den-
sity to reflect different probabilities of groundwater po-
tential in various parts of the area under consideration
[7-9]. This approach was used in Jordan to identify pro-
mising sites with high potential for groundwater explora-
tion [8,15]. Another approach for identifying these pro-
mising sites is based on analyzing hydro-geomorpho-
logical conditions to locate potential zones for ground-
water recharge after applying a qualitative classification
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to the final map [11,14]. Reference [16] showed that this
approach was useful in identifying areas for artificial
recharge of groundwater, known as managed aquifer
recharge (MAR).

In this study, remote sensing techniques and GIS tools
are implemented to identify sites for groundwater explo-
ration in Al-Wala basin in Jordan. The study aims to
identify promising sites for groundwater exploration
based on hydrogeological data. Also, it adds to the pre-
vious studies and efforts in Jordan by correlating loca-
tions with high potential with spectral classes derived
from the digital classification of remotely sensed data of
Landsat Enhanced Thematic Mapper Plus (ETM+). In
terms of GIS approach, the study utilizes ground data to
refine the selection of sites based on groundwater yield
of the existing wells.

2. Study Area
2.1. Location and Climate

The study covered Al-Wala basin in the middle parts of
Jordan (Figure 1). The total area of the basin is 1900 kmz.
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The basin has a flat topography in the east and steep
dlopes in the west. Altitude of study area varies from 321
m below sea level at the eastern shoreline of the Dead
Sea (lowest point on earth) to 997 m in the eastern parts
of the study area.

The basin is dominated by an arid Mediterranean cli-
mate with relatively cold winters and hot summers. The
mean monthly air temperature ranges from 6°C in Janu-
ary up to 22°C in August, with a mean annual air tem-
perature of 15.0°C. With exception to northwestern parts,
the mean annua rainfall is 100 - 200 mm, occurring
mainly during winter season (October-April). The mean
annual potential evaporation ranges from 1600 mm in the
western parts to 2000 mm in the east and 2200 mm at the
outlet near the Dead Sea. In terms of land use, about 47%
of the basin is used as open rangelands. Agricultura ac-
tivity is also taking place in the basin where rainfed cul-
tivation of wheat and barley is practiced in 38% of the
basin (Figure 1). Irrigated areas form 3% of the total
area of the basin, while 7% of the basin is urban.

2.2. Geology

The basin is characterized by the strata of Belga group
and partly of Ajlun group (Table 1). The groups are
mainly dominated by cretaceous carbonate rocks that

Table 1. Lithostratigraphic units and formations of the
study area with percentage wellsin each formation.

Group Formation unit Wells (%)
Soil (S) 10.6
Calcrete (Ct) 0.0
Alluvial Gravels (Alg) <0.1
Alluvia Fans (Alf) <0.1
Alluvium and Wadi Sediments (Al) 18.9
Travertine (Tr) <0.1
Fluviatile & Lacustrine Gravels (Pl) 25.6
Belga Basalt (B) <0.1
Wadi Shallalah Chalk (WSC) <0.1
Madaba Cal careous Breccia (MCB) <0.1
Umm Rijam Chert-Limestone (URC) 8.3
Muwaggar Chalk-Marl (MCM) 14.1
Al Hisa Phosphorite (AHP) 111
Amman Silicified Limestone (ASL) 18
Wadi Umm Ghudran (WG) 6.7
Wadi As Sir Limestone (WSL) 25
Ajlun Fuhays/Hummar/Shuayb (F/H/S) 0.2
Na ur Limestone Formation (NL) <0.1
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outcrop in most of the study area [17]. The oldest rock
that outcrops in the study area is the upper Wadi As Sir
Limestone (WSL) formation, deposited in an agitated
marine environment, from the Turonian age. The lower
part is composed of marl, marly limestone, coquina, mic-
rite, sand and dolomicrite with chert nodules that has an
average thickness of 62 m. The upper part is composed
of limestone, dolomitic limestone and fossiloferous lime-
stone with an average thickness of about 4.5 m [18].

An abrupt change in sedimentation resulting from an
extensive Coniacian marine transgression marks the base
of Belq group where a predominantly chalky unit of
Wadi Umm Ghudran (WG) formation of Coniacian-
Santonian age overlies Ajlun group. This formation con-
sists of Mujib Chalk, brecciated dolomitic limestone, and
Dhiban Chalk with fish teeth outcropping all over the
basin area. The formations of Belga group include Al
Hisa Phoshorite formation (AHP), (Campanian age),
which consists of dark grayish chert, marly limestone and
phosphate, and the Muwaqgar Chalk Marl formation
(MCM) (Maastrichtian age), which consists of marl and
chalk with chalky and micritic limestone concretions.
Also, it includes Madaba Calcareous Breccia (MCB) (M.
Eocene age), which consists of brecciated and partly
conglomeratic clasts of phosphate, limestone, chert and
chalk in a mudstone matrix located on hills, slopes and
along some wadis in Madaba area.

The geology of the study area has some unique forma-
tions that include basdltic flows of Pleistocene, as vol-
canic tuffs restricted to the upper courses of Wadi Al
Haidan. Quaternary Superficial Deposits (Pleistocene age)
of Fluviatile and Lacustrine Gravels (Pl) cover most of
the wadis of the basin, particularly in the east. Aridic
soils are dominating the low rainfal zones, while dark
brown Mediterranean soils are dominating the high rain-
fall zones.

2.3. Hydrogeology

Groundwater of the basin flows from the eastern and
northern highlands towards south and west till it reaches
its downstream in the Dead Sea (Figure 2). Drainage
pattern in the study area is modified by the direction of
topographic displacement caused by the major faults so
that it is directed towards faulted areas. The main wadis
flow only in winter season and are directed ultimately
westwards (Figure 1). The most important aquifersin the
area are those within the upper cretaceous of Amman-
Wadi As Sir Limestone formations, with the intervening
Wadi Umm Ghudran and overlaying Muwaggar Chalk
Marl formations, forming agquicludes [17,18].

The main source of groundwater is the aquifer system
of Amman-Wadi As Sir formation known as B2/A7 ag-
uifer system. Two recharge systems for this aquifer are
recognized as follows:
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Figure 2. Major geological structures, groundwater wells
and direction of groundwater movement in Al-Wala basin.

1) Amman-Madaba, which is the main recharge sys
tem in the basin that includes the northwestern mountains
in the basin. Groundwater of this recharge system flows
southwards to Wadi Al-Walaand Al-Haidan (Figure 2).

2) Libb-Thiban, in which groundwater flows from the
east and south towards Al-Haidan and through Al-Wala
main stream.

Ground water is the main source of water that is util-
ized for agriculture and municipal uses. The official re-
cords of Ministry of Water and Irrigation (MWI) for year
2010 show that the study area has 590 groundwater wells
[19]. Fourteen springs are found in the downstream area
in Al-Haidan. Water extracted from springs is used for
both irrigation and domestic purposes.

Groundwater of the basin is highly important as water
is pumped from Al-Haidan groundwater wells to supply
drinking water to Madaba and southern parts of Amman.
The MWI constructed Al-Wala dam, which became op-
erational in the year 2003, to improve groundwater re-
charge. The current capacity of the dam is 9 MCM and
the stored water is naturally and artificially recharging
groundwater of Al-Haidan and other wells that are util-
ized for drinking and irrigation.

The future plan of MWI is to raise the height of the
dam to store 26 MCM. The water will mainly be utilized
for groundwater recharge in Al-Haidan and in the up-
stream area in the middle and the southern parts of the
basin. Also, about 6 MCM will be utilized for irrigating
fodder crops in the Jordan Valley [20]. Therefore, iden-
tifying the areas with high potential for groundwater ex-
ploration is of high importance for supporting agricul-
tural activities in the area and for developing drinking
water resources for the cities of Madaba and Amman.

Copyright © 2013 SciRes.

3. Methodology

The methodology of this study was based on two ap-
proaches. The first was based on GIS, where layers of
lithology, drainage patterns and lineaments were used to
derive the most promising sites for groundwater explora-
tion, as described by References [5,8]. Additionally, data
on water quality and quantity were used to verify sites
for groundwater exploration. The second part of the stu-
dy was based on digital image processing (DIP) of re-
mote sensing data to identify the spectral class that was
highly correlated with the sites identified by the GIS
tools. The first approach is based on the hypothesis that
lineaments and drainage patterns would be the most im-
portant factors for evaluating the potential concentration
of water in the fracture zone aquifer, while the second
approach was proposed as a rapid method with minimum
inputs for groundwater exploration. The following sec-
tions describe the methodology in more details.

3.1. Data Collection and Preparation

Hard copy maps of geology, topography and hydrology,
covering the study area at a scale of 1:50,000, were ac-
quired, scanned and geo-referenced in GIS. A satellite
image of Landsat 7 ETM+ covering study area, except a
small part in the east, was downloaded from the USGS
website. The ETM+ imagery data which were used in
this study included the visible (1, 2 and 3), the shortwave
infrared (SWIR), the middle infrared (MIR) and the pan-
chromatic bands. The spatial resolutions for these bands
were 30 m for the visible to infrared and 15 m for the
panchromatic. Geometric correction was carried out for
the image using ground control points (GCP's) collected
by a global positioning system (GPS). In total, fifteen
points were used to correct the image using a second
order transformation and the nearest neighbor resampling
method [21].

A digital elevation model (DEM) at 30 m resolution,
avallable from the data of the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER),
was downloaded from the website of the provider (http://
asterweb.jpl.nasa.gov/gdem.asp). The DEM was used to
generate a layer of streams network of the basin. The
layer was overlaid over the geo-referenced topographic
maps in GISto correct the positional shifts. Line smooth-
ing functions were also applied and manual editing was
carried out for some of the streams which were either
incorrectly delineated or had positional shifts. Data edit-
ing and improvement were aso carried out for the layer
of lineaments features (faults) using the panchromatic
band of the ETM+, which was utilized to increase the
details of this GIS layer.

Data on groundwater wells were obtained from the
MWI. The data were transferred into spreadsheets and
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included the coordinates of wells, salinity of water and
yield of well in cubic meters per hour (m*h). The yield
was classified into three intervals following the criteria
of the MWI for groundwater wells used in irrigation. The
intervals were 35 mh or less for low, 35 - 70 m¥h for
the medium and above 70 m¥h for the high yield. The
spreadsheet was transferred into a point layer in GIS and
included the records for 560 wells.

3.2. Application of GIS

The output digital maps included layers of lineaments,
stream (drainage) network and lithological formations
with all attributes associated with each layer. Figure 2
shows the lineament map, produced from this stage, and
included all types of faults and strikes in the study area.
The digital map of lineament was analyzed within GIS to
identify types of structures in relation to ground water
existence. Following this stage, all maps were rasterized
to derive count (per-km?) and length density (mvkn?) for
both lineaments and stream network. Each of the output
maps was reclassified into a new map with ten equal in-
tervals of count and density.

The map of wells was intersected with the density
maps of lineaments and drainage lines. The intersection
results were then summarized in spreadsheets to calculate
percentages of wells within each density interval of
structure lines and drainage patterns. The same procedure
of intersection was applied to determine the number and
percentage of wells in each lithological unit. The inter-
vals of count and density with maximum number of wells
and the units of lithology were intersected to identify
possible sites for groundwater exploration based on data
of both medium and high yield wells. The output sites
were based on the existence of 50% of wells or more
within an interval or two for the medium and high yield
groundwater wells. Wells with high levels of water salin-
ity were excluded from the analysis. The final map was
refined after considering dtitudes, derived from the
DEM, with maximum occurrence of medium and high
yield of groundwater wells.

3.3. Application of Remote Sensing

The ETM+ imagery was transformed into three Principal
Components (PC’s), known as “Eigen Channels’, which
accounted for all variations of the selected bands of the
ETM+. This was mainly performed to reduce data auto-
correlation and dimensionality into fewer interpretable
bands [21,22]. The unsupervised image classification
was then applied to the output PC's using the Iterative
Self-Organizing Data Analysis Technique (ISODATA)
clustering algorithm to group the ETM+ grey levelsinto
fewer classes, which were then identified in relation to
lithological units using the existing geological maps and
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field visits.

The overal accuracy of the classification was assessed
through a confusion matrix [21] by comparing a humber
of random points of classified pixels with existing geo-
logical maps and ground data. The output layer from the
digital classification was intersected with the layer of the
promising sites of groundwater wells to identify the class
where most of these sites were located. The unsupervised
classification was used as a rapid method that would
automatically identify al possible spectral classes that
corresponded to lithological formations in the study area.
Therefore, results from DIP were intersected with results
from GIS analysis of layers of lineaments and streams to
assess the degree of agreement between the two methods.

4. Results and Discussion
4.1. Lithology and Geological Structures

Results of intersecting the maps of wells and lithological
formations are summarized in Table 1. Results showed
that less than 26% of the wells were distributed in the
fluviatile and lacustrine gravels, while about 19% of the
wells in the study area existed in Alluvium and sur-
rounding Wadi sediments (Table 1).

The intersection results also showed that about 76% of
wells in the above mentioned formations were character-
ized by medium and high water yields. These results
agreed with References [7,23] who found that most po-
tentially excellent aquifers were found in valleys with
thick sand or gravels covers. In Jordan, results of this
study also confirmed the findings of References [8,15]
who concluded that wells with high yield were found in
thick coarse grained alluvial materials. These formations
were expected to act as conduits for groundwater from
deep to shallow aquifers. Therefore, most of the wells
with good yield were found in these formations.

Analysis of lithological formation showed that struc-
ture features were observed above ground with consid-
erable displacements found in Paleozoic formations.
These were totally or partially absent in Mesozoic or
Cretaceous lithological formations. This could be attrib-
uted to the stronger effect of stresses and faulting on
older rock formations, as explained by Reference [5].
The stresses caused a deformation in the rock layers and
produced geological structures that were identified and
mapped as lineaments on the ETM+ imagery. Summary
of the magjor fault in the study areais shownin Table 2.

In the study area, most sedimentary rocks had been
deposited as horizontal strata. In various parts of the
study area, subsequent uplifting and tilting caused the
strata to be inclined. Furthermore, more than 70% of the
main geologic structures were faults with tics showing
downthrows side, faults inferred beneath superficial de-
posits and lineaments that were visible on the ETM+
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Table 2. Major fault groupsin the study area.

Fault group name

Description

Wadi Zarga Main Fault
Rumeil Fault

Wadi Al-Wala

Linear strike slip fault changes from areverse to normal while moving from east to west.
Normal fault extending for about 9 km with a downthrown of about 250 m near Wadi Rumeil area.

Normal and reverse sets of faults with a downthrown to the south.

A strike slip fault with dextral movement, starts with a reverse displacement and changes to a normal while moving from

Az-Zafaran

east to west. Displacement is more than 150 m near the desert highway where Muaggar chalk

marl is faulted against Amman Silicified Limestone formation.

Wadi Al Falij

Numerous small faults trending northeast-southwest in marble deposits.

imagery. All these structures were expected to form
zones of high permeability layers which would recharge
groundwater aquifers.

4.2. Distribution of Wellswithin Count and
Density Intervals

Results showed that wells with high yield were mainly
located in Al-Haidan in the downstream area, while wells
with low and medium yields were distributed all over the
study area (Figure 3). Results of intersecting wells with
counts and densities of lineaments and streams are pre-
sented in Table 3. In terms of lineaments count, wells
were mainly found within the intervals of low count.
Although this was unexpected, however it could be at-
tributed to the fact that the lineaments count was aready
very low (less than 3.4 lineaments per km?). On the other
hand, the relationship between lineaments density and
groundwater wells showed that 50% of groundwater
wells were located within the lowest density interval.
This could be explained by factor of topography, as
many of the low and medium yield wells were located in
flat areas in the northern part of the study area (Figure 3),
where geological structures were not detected. In this
part of the study area slope was less than 2% which
would promote water infiltration and groundwater re-
charge [8,24]. In addition to topography, the high rainfall
and the lithological formations (Holocene-recent aluvial
and wadi sediments) enhanced groundwater recharge.
Although a considerable number of wells were found
in the northern parts of the study area, however, most of
the wells were characterized by low or medium yield.
The high yield wells, on the other hand, were mainly
within the moderate to high density of lineaments in the
middle parts of the study area or in the low lineament
density in the downstream area. In the middle parts of the
study area, the high densities of lineaments were acting
as points of groundwater recharge. In both locations,
69% of the wells were located in areas with an altitude of
650 - 750 m above sea level. None of the wells with high
yield, on the other hand, occurred in atitudes of more
than 750 m. This could be attributed to the direction of
groundwater movement which was towards the south-
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western parts of the study area (Figure 2). Similar find-
ings of the impacts of topography on groundwater re-
charge were also indicated by References[11,15].

The combined impacts of topography, the high density
of lineament and the aluvial deposits resulted in the
presence of high yield wells in the middle parts of the
study area around the main stream of Al-Wala. These
results agreed with References [8,15] which indicated
strong relationships between lineament density and loca
tions of groundwater wells. In this study, none of the
medium to high yield wells occurred in intervals that
succeeded 5725 m/km? (Interval 6) (Table 3).

Querying groundwater wells with the map of drainage
density showed that most of the groundwater wells were
within the intervals of moderate drainage count and den-
sity (Table 3). The medium yield wells were mainly lo-
cated within interval 5, while the high yield wells were
mainly located within interval 4. Generaly, drainage
pattern is areflection of the infiltration/precipitation ratio.
This ratio is also controlled largely by permeability,
which isin turn afunction of the rock type and fracturing
of the underlying rock or surface bedrock [7]. When
comparing two terrain types, the one that contains the
greatest drainage density is usually less permeable [7].
Therefore, this fact would imply that in groundwater ex-
ploration it would be important to combine the lineament
map with drainage and lithological formations maps to
identify the target sites of groundwater exploration, as
explained in the next section. By this, variationsin lithol-
ogy, geologic history and response of bedrocks to stress-
es from folding to fracturing would be considered in
groundwater exploration.

4.3. Intersection of Mapsfor Identifying
Promising Sites

Results of intersecting the intervals of lineament and
drainage count and density with the lithology and altitude
are presented in Figure 4. The output of intersection
presents the locations of promising sites for groundwater
exploration. The map includes two classes that present
medium and high probability sites based on the data of
groundwater wells.
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Figure 3. Distribution of groundwater wells within the layers of lineament count (a); lineament density (b); stream count (c)
and stream density (d).

Table 3. Percent of wellswithin the different intervals of lineament and stream counts (per -km?) and densities (m/km?).

Interval Lineament Wells Linean_went Wells Stream Wells Stream density Wells

count (%) density (%) count (%) (%)
1 0.00-0.34 36.7 0-954 50.3 0.00- 0.75 13 0- 866 19
2 0.34-0.67 12.2 954 - 1908 20.2 0.76 - 1.49 43 867 - 1733 5.6
3 0.68 - 1.02 20.5 1909 - 2862 12.0 1.50-2.24 8.0 1734 - 2599 15.7
4 1.02-1.35 9.6 2863 - 3816 7.2 2.25-2.98 14.7 2600 - 3466 331
5 1.36-1.68 122 3817 - 4770 5.3 2.99-373 245 3467 - 4332 232
6 1.69 - 2.02 53 4771 - 5725 3.7 3.74-4.47 28.0 4333 - 5199 131
7 2.03-2.36 24 5726 - 6679 0.8 448-522 14.9 5200 - 6065 5.6
8 2.37-270 0.5 6680 - 7633 0.3 5.23-5.96 3.2 6066 - 6931 16
9 2.71-3.03 0.5 7634 - 8587 0.0 5.97-6.71 0.8 6932 - 7798 0.5
10 3.04-3.37 0.0 8588 - 9541 0.3 6.72-7.45 0.3 7799 - 8664 0.0
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Figure 4. Locations of promising sites for groundwater ex-
ploration in Al-Wala based on the intersection of linea-
ments, lithology, drainage and altitude.

Results from this GI S approach showed that promising
sites for groundwater exploration were distributed in dif-
ferent parts of the study area. However, most of the high
yield sites were in the middle part of the study area on
the main stream of Al-Wala. This part of the study area,
mainly located within the formations of the fluviatile and
lacustrine gravels (Pl), was characterized by medium
density of lineaments and streams, with altitudes ranging
between 680 to 710 m. A small area of high yield was
predicted in the southwestern part of the study area near
Al-Wala dam. This area was classified as a high yield
site due to its lower dtitude and its occurrence on alu-
vial deposits (Pl) with relatively moderate lineament
densities (2863 - 3816 m/km?).

The medium yield sites, on the other hand, were
mainly distributed within the alluvium and wadi sedi-
ments (Al) and at altitudes range of 750 - 850 m. In terms
of areas, the high yield sites had a total area of 26 km?
while the medium yield sites had a total area of 50 km?.
These figures represent 1.4% and 2.6% of the study area
for both high and medium yield sites, respectively.

4.4. Digital Classification of ETM +

Initial results of the unsupervised classification of the
first three PC's, which accounted for all variations in the
ETM+ image, produced a layer with ten spectral classes.
The output layer (Figure 5) was compared with the map
of lithological formations in the study area, and subse-
quently the final number of classes in the output layer
was merged to 5, after considering class separation using

Copyright © 2013 SciRes.
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Figure 5. Distribution of alluvial formations and the most
promising sites for groundwater exploration within the
spectral classes of the unsupervised classification of the
ETM+ image.

the method of transformed divergence [21]. Table 4
summarizes the final classes and the major lithological
units represented by each class. Classification accuracy
varied from one class to another, with an overall accu-
racy of 76%. The variation in class accuracy was mainly
attributed to the spectral mixing between classes and the
accuracy of the original geologic maps.

Distribution of groundwater wells within the classified
PC image (Table 4) showed that about 28% of ground-
water wells were mainly located within class 5, repre-
senting alluvial formations and mapped with high accu-
racy. This figure was very close to results obtained from
map intersection within GIS, which showed that 30% of
groundwater wells were located within the aluvial for-
mations.

Results showed that 71% and 52% of the promising
sites for medium and high yield, respectively, were lo-
cated within class 5. Also, 65% of the alluvial formations
were located within this class. Therefore, outputs from
digital classification would provide important thematic
layers that could serve the purpose of identifying prom-
ising sites for groundwater exploration in basins similar
to Al-Wala, particularly in locations where digital layers
of geology might not be available. Other factors and data,
however, should complement the DIP techniques. This
was evident by the results of this study as the outputs
from the unsupervised classification were not related to
promising locations in the downstream area, where to-
pography and lineament density were the main factorsin
identifying promising sites for groundwater exploration.

5. Conclusions and Recommendations

Results from this study showed the significant roles of
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Table 4. Lithological description of the major classes produced from the unsupervised classification of principal components

and the per centage of wellsin each class.

Class Description Lithological Formations Mapping Accuracy (%) V\Esol)s* V\ésol )S*
1 Lithologic formations of late Cretaceous. WG, ASL, AHP, MCM 738 29.8 337
2 Ajlun Group formations from Cenomanian to Turonian. NL, F/H/S, WSL 68.9 75 2.7
s Hitloge omatonscf e Moo e
4 Lithologic formations of Tertiary (middle part of Belga Group). URC, MCB, WSC, B 70.8 14.1 8.3
5 Holocene-Recent alluvial and wadi sediments. Al, Alf, Alg, S 95.0 279 29.5

*Based on intersection with thematic classes of unsupervised classification; “Based on intersection with lithological map (Table 1).

GI S tools and remote sensing data in identifying promis-
ing sites for groundwater exploration. The study pro-
vided an example that integrated real data on groundwa-
ter quantity and quality to refine the selection of the tar-
get sites. These data showed that sites with possible high
yield were related to moderate intervals of lineament and
stream densities. The other important data that affected
the spatial distribution of the promising sites were lithol-
ogy and topography. The study showed that GIS tools
were very useful in refining the intervals of lineament
and stream densities and in identifying the most promis-
ing sites based on data of existing groundwater well.
Remote sensing data, on the other hand, could provide
important information on geology and topography. There-
fore, these tools and data sources would be recommended
for groundwater exploration, as they would provide
timely and cost effective tools for identifying and nar-
rowing the target areas for groundwater exploration be-
fore carrying out further investigations.
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