Arabian Journal of Geosciences (2020) 13: 385
https://doi.org/10.1007/s12517-020-05359-x

ORIGINAL PAPER

®

Check for
updates

Investigation of groundwater potential and groundwater pollution
risk using the multi-criteria method: a case study (the Alasehir
sub-basin, western Turkey)

Ali Can Demirkesen’ - Seda Budak' - Celalettin Simsek? - Alper Baba*

Received: 24 May 2019 /Accepted: 25 April 2020/ Published online: 19 May 2020
© Saudi Society for Geosciences 2020

Abstract

Determination of the groundwater potential (GWP) and groundwater pollution risk (GWPR) areas is a very important
tool in the semi-arid regions in the world. Like many countries in the world, most of the major settlements in the
cities of Turkey are located in permeable alluvial plains. Therefore, significant groundwater pollution is encountered
in an alluvial plain containing settlements and industrial sites. This study focuses on the determination of the GWP
and GWPR areas in the Alasehir sub-basin, which is one of the economically important districts of the Aegean
region, located in the Gediz River basin in western Turkey. In this study, the GWP and the GWPR areas were
identified and a GWP index map was generated. The GWP areas in the study basin were determined using different
proxies as a multi-criteria method based on geographic information system (GIS) integrated with remote sensing
(RS). The result of the study indicates that the most GWP locations in the basin are seen in the west and southeast
of the study region. Based on these results, it is understood that the significant GWP and GWPR areas are near the
big settlement districts such as Alasehir and Salihli. In particular, the 115-ha organized industrial zone located in the
Salihli district is an important factor of the potential for consuming and contaminating water resources. This study
method is so important for the selection of both city and industrial areas as well as for regional environmental
planning in terms of the GWPR management.
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Introduction

Responsible Editor: Broder J. Merkel Planning a city has a close relation to social and economic

structures, land use/cover (LULC), and physical earth struc-
tures affecting the city. Unplanned cities, which are developed
with avoiding these parameters, cause adverse effects on both
humans and their environment. It is important to minimize the
adverse impacts that may occur in the planning of areas such
as housing and residential areas, industrial facilities (waste
storage, energy production, etc.), and agricultural areas as well
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this will only be possible by determining and evaluating all
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kinds of information and the existing natural resources of the
urban area. Although the groundwater resource is one of the
most important natural resources, the importance of planning
has not been noticed for a long time, because it is not visible
like other natural resources above the ground. The groundwa-
ter resource and its pollution risk directly or indirectly affect
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all species living around them. Therefore, it is also directly
related to urban development. This relationship, which has
been on the agenda with the acceleration of urban develop-
ment in the 1900s, still plays an important role today (Frans
1999; Carmon et al. 1997).

Determination of the GWP is associated with multi-prox-
ies. This situation requires the necessity of a multi-criteria
decision-making method. When this situation is considered,
it is the main problem to consider which multi-criteria deci-
sion-making method is the most appropriate for the study.
Then, the proxies required for the analysis of the GWP are
determined and the weights of each identified proxies are de-
termined depending on the impact on the GWP analysis.
Another important stage is to check whether the geo-
information obtained as a result of the operations are efficient
and accurate or not. Finally, in the light of the geo-information
obtained, it is expected that the current LULC will be com-
pared and examined and that it will be able to produce robust
decisions for future developments. There are many multi-
variate studies used to determine the GWP. One of the exam-
ples of these studies is the work done by Ramu and Vinay in
Karnataka in 2014. In this study, they used a GIS-based multi-
criteria method to determine the GWP. In the study, nine dif-
ferent variables were used. These proxies (parameters, vari-
ables) can be listed as drainage density, elevation, geology,
geomorphology, LULC, lineaments, dykes, rainfall pattern,
slope gradient, and soil texture. Also, in this study, Saaty’s
analytic hierarchy process (AHP) (Ramu and Vinay 2015;
Saaty 1980, 2008, 2012) was used to determine the effects
of variables.

Similarly, Fashae et al. (2013) investigated the GWP in
Southwest Nigeria with using multi-criteria decision analysis.
The variables used in this study are geology, rainfall, geomor-
phology, soil, drainage density, lineament density, land use,
slope, and drainage. Also, Mandal et al. (2016) conducted a
study using a similar multi-criteria decision analysis technique
in the basin of the Balasore region of India. Waikar and
Nilawar (2017) used GIS and RS techniques to determine
the GWP in India. They have used six parameters. These
include geomorphology, slope, drainage density, lineament
density, LULC, and geology. To identify the GWP, they have
divided the final map into five categories: excellent, good,
moderate, poor, and very poor.

One of the variables that are the most related to the ground-
water is vegetation. Normalized Difference Vegetation Index
(NDVI), which is an important part of this study and which
can be obtained by RS techniques, is data information that is
commonly used in the groundwater and surface water
detection. Fu and Burgher (2015) analyzed the 23-year period
variation of climatic factors and groundwater in the study of
semi-arid riparian fields in the Naomi Bvadasin of Australia.
They used Landsat-7 and Landsat-5 satellite imageries (image
bands) between 1987 and 2010 to make NDVI calculation.
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In another study that focused on the NDVI variable,
Ardakani and Ekhtesasi (2016) used GIS and RS techniques,
too. They used five basic parameters to determine the GWP.
These parameters can be listed as lithology, geomorphology,
slope, NDVI, and NDWI. They created a thematic map for
each parameter and divided each map into four classes includ-
ing “very good,” good,” “moderate,” and “poor.” They used
QUEST (Quest: unbiased and efficient statistical tree) (Huajie
et al. 2016) to determine how and what effect each variable
will have on the resultant map. As a result, a thematic map of
the Chaoyang Province, which provides insight on the GWP,
was created. Besides, similar to this study, Dhar et al. (2015)
performed a hydro-environmental assessment of a regional
groundwater aquifer: Hirakud command area in India.

Another important variable in the literature is hydraulic
conductivity. Although this variable is more commonly used
in the detection of groundwater pollution risk areas, it is said
to have a significant effect on the GWP. Ahmed et al. (2017)
used a DRASTIC model which is a type of method to deter-
mine the groundwater pollution potential in Saudi Arabia.
Expansion of the word DRASTIC includes depth to ground-
water, recharge, aquifer media, soil media, topography, the
impact of the vadose zone, and conductivity. The DRASTIC
model is a multi-criteria decision method that is very often
used to detect the GWP presence and potential pollution haz-
ards. Baris (2008) used the DRASTIC model to determine
groundwater pollution risk and integrated water quality in
the Tahtal1 Dam basin. In addition, Ath (2010) used the
DRASTIC model to determine the groundwater pollution risk
in the Erzin plain. In this study, in addition, RS methods such
as NDVI and MNDWI were used together. Unlike previous
studies, in this study, more variables were used and each var-
iable was classified and visualized by assigning the GWP
index values from 1 to 5 where 1: very low; 2: low; 3: mod-
erate; 4: high; and 5: very high. A weighted image overlay
process was also employed for each variable to process multi-
criteria decision-making. Also, no other studies related to city
planning have been found in the studies on this subject. In this
sense, this study can be also regarded as a pioneering work for
urban planning to manage the groundwater resources and their
pollution risk.

The objective of this study is to provide a multi-criteria
weighted overlay method for determining the groundwater
potential (GWP) and groundwater pollution risk (GWPR)
areas in the alluvial plain. The area chosen for the study is
the Alasehir sub-basin, located in the Gediz River basin in
western Turkey, because this area has a rich GWP with an
aquifer under fertile agricultural alluvial soils and it is also
under the GWPR due to industrial settlements over there.
This study involves the determination of the GWP by consid-
ering multi-proxies as multi-criteria used by a weighted image
overlay analysis (Demirkesen and Evrendilek 2017). A multi-
criteria evaluation approach is required to incorporate more
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than one proxy into the analysis. For this purpose, the method
to be used in this study is a multi-criteria decision-making
method. This method is based on geographic information sys-
tem (GIS) integrated with remote sensing (RS). As a result of
the research, all the ten proxies were decided and selected to
be employed in the analysis. Each proxy was examined in
terms of its impact on determination of the GWP, and finally,
with a combined evaluation of all the ten proxies, a conclusion
was made on the GWP of the Alasehir sub-basin. Then, the
GWPR areas were interpreted and discussed. In conclusion,
the results and findings seem to be satisfactory and consistent
with both the previous studies and the available existing geo-
information.

In this study, the GWP and GWPR areas were identified and
a GWP index map was generated. The GWP areas were deter-
mined using different proxies as a multi-criteria method based
on geographic information system (GIS) integrated with remote
sensing (RS). The method used in this study includes 10 proxies
that play important roles on the determination of the GWP
areas: (1) normalized difference vegetation index (NDVI), (2)
modified normalized difference water index (MNDWI), (3)
land use/cover (LULC), (4) lineament, (5) topography (digital
elevation model—DEM), (6) slope, (7) drainage, (8) lithology,
(9) hydraulic conductivity, and (10) soil types.

The study shows the significant GWP and GWPR areas are
near the big settlement districts such as Alasehir and Salihli. In
particular, the 115-ha organized industrial zone located in the
Salihli district is an important factor of the potential for con-
suming and contaminating water resources. The study method
is therefore so important for the selection of city and industrial
areas as well as regional environmental planning in terms of
the GWPR management for future studies.

The study area

The study area, the Alasehir sub-basin, is one of the five sub-
basins of the Gediz River basin, located in the western Turkey
(Fig. 1). The Gediz River basin covers an area of 1,713,697 ha
and is located between 38° 04’-39° 13’ north latitudes and 26°
42'-29° 45' east longitudes.

The Mediterranean climate type is seen in the Alasehir
Basin, a sub-basin of the Gediz River basin. The average
temperature of the basin is about 15 °C in winter. The average
temperature difference is about 30 °C in summer. According
to the observations of the meteorological station in the basin,
the total annual rainfall ranges from 450 to 800 mm. Summers
are dry and winters are rainy. Most of the rain falls during the
winter season (DSI 2016; COB 2008).

Geology of the study area

The basement of the Gediz River basin is the Paleozoic-aged
Menderes Metamorphic consisting of gneiss, schist, and

marble (Baba and Sozbilir 2012). The Neogene sedimentary
layer overlays the basement rocks with unconformity in the
study area (Fig. 2). The Alasehir Plain is full of Neogene
sedimentary rocks that contain sandstone, conglomerate,
claystone, limestone, and volcanic layers (Seyitoglu et al.
2000). Quaternary-aged unconsolidated sediments cover these
units along the plain. This alluvium material consists mostly
of gravelly and clayey sands (Rabet et al. 2017).

The marble layers in the metamorphic series are highly
permeable and considered to be geothermal reservoir rock in
the study area. The Neogene sediments consist of sedimentary
layers including sandy clayey levels with low permeability
layer. Especially, claystone levels of the Neogene sediments
are very thick impermeable layers for the geothermal system.
The permeability of the alluvial layer is changing depending
on the material properties. Especially, the west coast of the
plain has a very high permeability where it contains sand and
gravel sediments.

The alluvial layer is the most important and most suitable
aquifer for groundwater resources. Groundwater is provided
by shallow wells with depths ranging from 120 to 150 m from
this aquifer. The groundwater discharge rate of these wells is
ranged from 5.0 to 30 L/s (Ozen et al. 2012; Baba et al. 2016;
Rabet et al. 2017). The general groundwater flow direction in
the alluvial aquifer system is from west to east. The ground-
water flow path is determined by the alluvial sediments with a
high permeability value.

Vegetation of the study area

In Fig. 3, showing an infrared false-color composite image,
RGB = 754 in 3-D of Landsat-8 Operational Land Imager
(OLI) (2018) satellite image bands acquired in September
2017, where forest areas appear in dark green. Agricultural
vegetation crops are in both light green and turquoise colors.
Bare rocks appear in purple and pink colors. Water bodies
such as lakes appear in dark blue. The regions with all types
of bright green colors represent healthier vegetation. Purple
and pink colors refer to areas that do not contain any vegeta-
tion (Barsi et al. 2014). However, in particular, it can be seen
that the alluvial soils in the study area are mostly covered with
vineyards.

Materials and methods

Data processing

In the study, the GWP areas in the Alaschir sub-basin were
determined by using a multi-criteria approach, in other words,
a weighted image overlay method that focuses on a GIS meth-

od integrated with RS (Demirkesen and Evrendilek 2017), and
the accuracy and efficiency of the results obtained at the end of
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Fig. 1 Location map of the Alasehir sub-basin in the Gediz River Basin, Turkey

the study were checked. In this context, the data used, the
sources of the data, and the procedures applied to the data
are summarized in Fig. 4 and Table 1 where ED50 Datum,
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UTM Projection with 35N Zone, and 30-m grid size resolu-
tion for all kinds of images and DEMs were used for geo-
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Fig. 2 Geological map of the Alagehir sub-basin (modified from Rabet et al. 2017)

Proxies used in the study

In the study, a multi-criteria approach was used to determine the
GWP and its analysis for decision-making. The criteria (proxies,
parameters, or variables) that may be most related to the GWP
indicators were selected. In order to determine the significant

degrees of weights of the proxies, two studies with similar proxies
were inspired by this study. The first of these is the GWP analysis
of Waikar and Nilawar in India (2017). The second is the ground-
water pollution potential analysis carried out by Ahmed et al.
(2017) in Saudi Arabia. The method used to obtain the GWP is
expressed by the formula as a weighted image overlay:

Fig. 3 Landsat-8 OLI RGB =
754, a false color composite
image in 3-D of the study area,
where pink areas: bare rock; dark
green areas: forest; light green and
turquoise areas: vegetation/crop;
and dark blue areas: water body
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Fig. 4 The data processing
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GWP = Y \W,P; = WIP1 + W2P2 + .... + W10P10 (1)

where GWP — groundwater potential

n = 10 — the number of the proxies.

P; — proxies. i = 1....10

W; — weight coefficients of the proxies, where weight co-
efficients range from 1 to 5. These range values are assigned as
user-defined according to significance to the GWP. All the ten
proxies and their weight coefficients were determined by the
literature search, and the calculation methods of these proxies
are explained later on. The details of the GWP index values and
class intervals of the resultant maps can be seen in Table 1,
which illustrates the detailed properties of all the ten proxies.

The GWP map was generated by using all the ten proxies
and their weights. The weighted image overlay computation
of the GWP was performed by the formula below:

GWP = Y, W,P; = 2*PNDVI + 2*PMNDWI
+ 2*PLULC + 3 *PLineament
+ 2*PTopography + 4*PSlope
+ 3*PDrainage + 5*PLithology
+ 4*PHydraulic Conductivity
+ 2#PSoil Types (2)

@ Springer
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¥

IFinaI map of the GWP in Alasehir Basin I

Normalized difference vegetation index—proxy 1

Vegetation can give an idea about the GWP richness. If the
amount of the groundwater in the study area is high, this will
have a positive effect on the vegetation that continues its de-
velopment on the alluvial soils in that area. It is possible to
observe vegetation dynamics by using RS methods. One of
the most common RS methods used for this purpose is NDVI
(Normalized Difference Vegetation Index) (Figs. 5, 6, and 7
and Table 1).

* General NDVI formula:

NDVI = (NIR-RED)/(NIR + RED) (Huajic et al.2016).

(3)
* For Landsat-8 OLI:
NDVI thematic image map
= (Band 5—Band 4)/(Band 5 + Band 4) 4)

* Calculation method: bands obtained from Landsat-8 OLI
multi-spectral satellite images were operationalized
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Table 1

Summary of the proxy properties and the final GWP index values

<0 Water
. 0-0.17 Bare rock (inactive vegetation)
Normalized 21 Landsat-8 OLI | Idrisi Selva / Image 0.18-0.24 2 Crop type 1 (healthy vegetation)
difference N
. -1to1 | September | multi-spectral | calculator tool by NDVI
_ vegetation 2017 image data formula 0.25-0.34 3 Crop type 2 (healthier vegetation)
index (NDVI)
0.35-0.44 Forest type 1 (active vegetation)
> 0.44 Forest type 2 (very active vegetation)
<-0.25 No water
Modified
nomalized | o oo | 21 | Landsat-8OLI| Idrisi Selva / Image 025-021 |2 Less water
difference 0 29 September | multi-spectral | calculator tool by MNDWI -0.2-0.11 3 Moderate water
water index : 2017 image data formula -
-0.1-0.12 High water
(MNDWI) eh -
>0.12 The highest water
Settlement Urban and rural settlements
Bare rock 2 Bare rock
~ Land 21 Landsat-8 OLI | Maxlike (multi-spectral Crop 1 Vegetation type 1
133%52 Use | September | multi-spectral | image classification) tool i S € - P
Type 2017 image data was used in Idrisi Selva Crop 2 3 Vegetation type 2
Forest Forest
Water Lakes and rivers (water bodies)
Digit‘al > 1500 Areas furthest to lineaments (the lowest value)
Meters elevation -
! model (DEM) . 700 - 1500 2 Low index value
(distanc d Landsat Lineaments were 300700 Mod ind N
Lineament esto 2018 r:ﬂlti-s ectral determined using ASTER 7 3 crote Tndex value
the Hi-sp £ DEM and Landsat multi- 100 - 300 High index value
lineame 1mage o spectral image data
" Alagehir sub-
nts) basin / ASTER Areas closest to the lineaments (the highest value)
DEM 1-100
Meter > 1000 Very high elevated areas in the region.
(elevati Digital elevation 500 - 1000 2 High elevated areas in the region.
ons model (DEM) of | Idrisi Selva / GIS analysis - -
Topography from 2018 Alasehir sub-basin / and classification tool 200 - 500 3 Moderate elevated areas in the region.
the sea ASTER DEM 120 - 200 Low elevated areas in the region.
level) 52-120 Very low elevated areas in the region.
>29 Most sloping areas in the region (the lowest value)
Digital elevation 20-29 2 Low index value
model (DEM) of .. -
Slope Degree | 2018 Alasehir sub-basin / Idrisi Selva / Slope tool 10-19 3 Moderate index value
ASTER DEM 5-9 High index value
<5 Least sloping areas in the region (the highest value)
Other values Sub-tributaries of lower hierarchical drainage
) Strahler Digital elevation ArcGIS / Hydrology 4th order stream 2 Low index value
Drainage stream | 2018 model (DEM) of analysis tool and buffer 3rd order stream 3 Mod ind I
hierarchy d Alagehir sub-basin / s i erate index value
order ASTER DEM operations 2nd order stream The Alasehir creek (higher index value)
1st order stream The Gediz river (the highest index value)
Rock type 1 Paleozoic units containing local groundwater
Rock type 2 Neogene crushed units containing local groundwater
. Cracked rock 2 Volcanic rocks containing local groundwater
. Aquifer Izmir DSI GIS Available data were used in X S
Lithology type 2018 layers ArcGIS Karst rock type 1 Paleozoic marbles containing local groundwater
Karst rock type 2 3 Neogene limestones containing local groundwater
Granular units Alluvial units with extensive groundwater
Water Lakes
No data No data
01046 0-6 Lowest hydraulic conductivity values
Hydraulic TUBITAK project/ | Available data were used in - . .
conductivity M];ter/ 2018 No: 115Y065 ArcGIS 6-20 Moderate hydraulic conductivity values
ay 20-35 High hydraulic conductivity values
35-46 Highest hydraulic conductivity values
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No data No data
8th class soil Water collection area
7th class soil P) Very sloping, stony, dry, swamp
i . Lable d di 6th class soil Woodland, meadow, very sloping, wet or too dry
Soil types Soi 2018 [zmir DSI GIS Available data were used in 2 | 5th class soil Stiffness and wetness, flat land
type layers ArcGIS
4th class soil Very sloping, poor drainage
3rd class soil Medium slope, low water retention capacity
2nd class soil Low slope, medium thick soil
Ist class soil 1% less slope, loamy, good water holding capacity.
32-50 Very low vulnerable for groundwater
it Idrisi Selva / Image 51-65 Low vulnerable for groundwater
ait Cllzss Each of all ten calculator tool (variables of
groundwater | index | 2018 . y 66 - 80 3 Moderate vulnerable for groundwater
— —— proxies all ten proxies were -
pote summed) 81-95 High vulnerable for groundwater
maps/images
>96 Very high vulnerable for groundwater

according to the formula by the image calculator tool in
Idris Selva system (2018) which is software of RS inte-
grated with GIS.

* In our case, in the classification of the NDVI image: 0—
0.17 was assigned to the GWP index value 1 due to bare
rock (inactive vegetation); 0.17-0.24 was assigned to the
GWP index value 2 due to crop type 1; 0.24-0.34 was
assigned to the GWP index value 3 due to crop type 2;
0.34-0.44 was assigned to the GWP index value 5 due to
forest (active vegetation); bigger than 0.44 was assigned to
the GWP index value 5 due to forest (very active vegeta-
tion). In classification of the NDVI image, less values than
zero (i.e., negative values) were assigned to 4 as the GWP
index value because there is no vegetation, but water
bodies.

Basically, NDVI is dependent on the reflectance of the
infrared rays of the vegetation in a region. Green leaves, which

Fig. 5 NDVI thematic map
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are healthy and denser, reflect near infra-red (NIR) band en-
ergy and absorb the red light (red band) by means of the
chlorophyll which prevents the plant from overheating (Fu
and Burgher 2015). In an unhealthy vegetation, this will be
the opposite. In an area, when the NDVI formula is applied,
higher values will express a healthier vegetation. NDVI values
vary ranging from — 1 to + 1 and NDV1 (Fig. 5). Negative
values can be identified with the water surface (Jin et al.
2011).

As the NDVI value decreases, the GWP decreases.
Considering this, the highest NDVI values were assigned as
5 points of the GWP index value and the lowest NDVI values
were assigned as 1 point of the GWP index value. However,
as the negative values indicate lakes and surface water de-
posits, negative values were assigned as 4 points as exception-
al. The weight coefficient of the NDVI proxy was assigned as
2 (W) = 2) according to significance to the GWP (Figs. 5, 6,
and 7 and Table 1).
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Fig.6 Classification of the NDVI 590000 610000
thematic map (Fig. 5) with the z
defined legend of LULC

Modified normalized difference water index—proxy 2

Modified Normalized Difference Water Index (MNDWI)
(Figs. 8 and 9) is a RS method like NDVI. The purpose of
this index is to distinguish water areas and built-up areas.
MNDWTI is a modified version of Normalized Difference
Water Index (NDWI) developed by Mc Feeters (1996) for
the middle infra-red (MIR) band (Xu 2006).

The MIR band used in the MNDWTI calculation provides a
more pronounced contrast than the NIR band used in the
NDWI calculation. The positive values indicate the water
areas and the most negative values represent the built-up
areas. Soil and vegetation take the remaining values (Xu
20006).

Fig. 7 Re-classification of the
NDVI thematic map classes (Fig.
6) with the index values of the
GWP. Where the legend values
indicate 1: very low; 2: low; 3: a e
moderate; 4: high; and 5: very g + ;
high

0000¥Z¥

0000ZZy
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MNDWI = (GREEN-SWIR)/(GREEN + SWIR) (5)

e For Landsat-8 OLI:

MNDWTI thematic image map
= (Band 3-Band 6)/(Band 3 + Band 6)
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Fig. 8 MNDWI thematic map
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* Calculation method: bands obtained from Landsat-8 OLI
multi-spectral satellite images were operationalized ac-
cording to the formula computed by the image calculator
tool in Idris Selva software.

* The highest values represent the maximum surface
water potential and the lowest values indicate the
least surface water potential. For this reason, the
lowest-rated pixels were assigned as 1 point as the
GWP index value and the highest-rated pixels were
scored as 5 points. The weight coefficient of the
MNDWI proxy was assigned as 2 (W, = 2) accord-
ing to significance to the GWP (Figs. 8 and 9 and
Table 1).

Fig. 9 Classification of the 610000

MNDWI thematic map (Fig. 8)
with the index values of the GWP
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Land use/cover—proxy 3

Land use/cover (LULC) data (Figs. 10 and 11) gives informa-
tion about the use of general landfill. Land uses such as the
existing settlements, forests, agricultural soils, and surface
texture affect the water permeability. Thus, land use/cover
provides information about the GWP (Mandal et al. 2016).

Calculation method: the data obtained from Landsat-8 OLI
multi-spectral satellite imagery was classified using the
maxlike tool in Idrisi Selva software as maximum likelihood
supervised classification method (Idrisi Selva 2018).

The areas with the highest GWP are designated as forest
and water. The lowest GWP index values were assigned to
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Fig. 10 Land use/cover (LULC)

thematic map
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settlements and bare rock areas. The weight coefficient of the
LULC proxy was assigned as 2 (W3 = 2) according to signif-
icance to the GWP (Figs. 10 and 11 and Table 1).

Lineament—proxy 4

Lineaments (Figs. 12, 13, and 14) are seen in rocky regions
on the earth. They may occur naturally, such as fault lines,
fractures, cracks, drainage networks, and main stream
channels. In general, lineaments are caused by increased
permeability and porosity in areas exposed to localized
weather conditions. Lineaments, due to their high porosity
and permeability, are suitable flow areas for groundwater
(Ndatuwong and Yadav 2014).

Fig. 11 Classification of the land 610000

use/cover (LULC) thematic map
(Fig. 10) with the index values of
the GWP
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* Calculation method: the shaded Aster DEM and satellite
image data were used to determine the lincaments (Fig. 12).

* The proximity to lineaments refers to an increase in the
GWP. For this reason, the GWP index value 5 was assigned
to the regions at closest distance to lineaments and 1 point
was assigned to the farthest regions. The weight coefficient
of the lineament proxy was assigned as 3 (W, = 3) accord-
ing to significance to the GWP (Figs. 12, 13, and 14 and
Table 1). The distance unit is meter.

Topography—proxy 5

The DEM (Figs. 15 and 16) indicates the topography,
which controls the surface flow direction and humidity
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Fig. 12 Lineament thematic map 590000 610000
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of a region (Ardakani and Ekhtesasi 2016). When it rains,
the water flows from high elevations to lower elevations.
Therefore, water tends to accumulate at low heights
(Ghodratabadi and Feizi 2015)

* Calculation method: the Aster DEM data was classified
into the five GWP index values by considering the eleva-
tions that show the topographic characteristics, indicating
sudden changes in elevations and slopes (Figs. 15 and 16).

* In this proxy, the GWP index value 5 was assigned to the
lowest elevations (heights) and the GWP index value 1
was assigned to the highest elevations. The weight coeffi-
cient of the topography proxy was assigned as 2 (W5 = 2)

Fig. 13 Distances from the $00000 ‘ 610000
lineaments, where the distance
unit is meter
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according to significance to the GWP (Figs. 15 and 16 and
Table 1). The elevation unit is meter.

Slope—proxy 6

The slope degree (Figs. 17 and 18) has impacts on the flow of
water and the discharge into groundwater. It causes the soil
surface to be too inclined and the water to flow without being
absorbed by the soil. Thus, the surface water in the sloping
areas is not stored too much. Therefore, the GWP is expected
to be high in flat and pit areas (Huajie et al. 2016).
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Fig. 14 Classification of the 590000 610000

lineament map (Fig. 13) with
the index values of the GWP
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Calculation method: the Aster DEM data was used for
finding slope degrees and their analysis for classification
(Figs. 17 and 18).

The GWP decreases as the slope increases. For this rea-
son, the GWP index value 5 was assigned to the lowest
slope degree values and 1 point was assigned to the
highest slope degree values. The weight coefficient of
the slope proxy was assigned as 4 (W = 4) according to
significance to the GWP (Figs. 17 and 18 and Table 1).

Drainage—proxy 7

Drainage networks (Figs. 19, 20, and 21) help identify the
watershed and give an idea about the structural geology

Fig. 15 Topography (DEM) the- SHU000 610000

matic map, where the elevation
unit is meter
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and determine the direction of the water flow. Besides, the
types and densities of the drainages give information
about the permeability of the soil. Thick drainage tissue
is formed in porous and permeable rock formations, and
thinner drainage tissues are formed in less permeable
rocks (Waikar and Nilawar 2014).

+ Calculation method: the Aster DEM data was used to ex-
tract the drainages using by the hydrology analysis tool in
ArcGIS software (ArcGIS 2018). Then, drainages were
imported into the Idrisi Selva system for further processes.

* The Gediz River and its surroundings have a GWP index
value of 5, which is the highest value in the scoring be-
cause it has 1st degree drainage order hierarchy. After that,
the Alasehir Creek and its surroundings come with 4
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Fig. 16 Classification of the
topography (DEM) thematic map
(Fig. 15) with the index values of
the GWP
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points. The GWP index values increase as the stream order
degree rank increases. The remaining areas have a value of
1. The weight coefficient of the drainage proxy was
assigned as 4 (W; = 4) according to significance to the
GWP. Also, note that drainage lines were buffered with
200 m before the process. Instead, the distance operation
could be applied from the drainages (Figs. 19, 20, and 21
and Table 1).

Lithology—proxy 8

Lithology (Figs. 22 and 23) describes the physical properties
of the surface such as texture, color, and grain size. Physical

Fig. 17 Slope thematic map, 590000 610000

where the slope unit is degree
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properties will affect the ability to infiltration, the amount of
the groundwater. Lithology, in a sense, defines the porous
permeability of the geological formation (Aneesh and Deka
2015). For example, while granular structures show more per-
meable properties, structures such as rock and clay soils show
less permeable property.

Calculation method: lithology data obtained from the
TUBITAK Project (2018) was classified for getting the
GWP index values.

The GWP index value 1 for the rocks which have less
permeability was assigned to rocks with Paleozoic and
Neogene features. The GWP index value 2 was assigned
to jointed rock areas. Areas with lakes and puddles were
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Fig. 18 Classification of the slope
thematic map (Fig. 17) with the
index values of the GWP
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assigned to the GWP index value 5, and value 4 was
assigned to granular units. The karstic rocks were assigned
to 3 points. The weight coefficient of the lithology proxy
was assigned as maximum value, 5 (Wg = 5) according to
significance to the GWP (Figs. 22 and 23 and Table 1).

Hydraulic conductivity—proxy 9

The hydraulic conductivity (Figs. 24 and 25) is the propor-
tionality constant that defines the liquid flow in an environ-
ment dependent on permeability and the physical properties of
the aquifer. Hydraulic conductivity determines the velocity of

Fig. 19 Drainage thematic map 500000
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groundwater in the region and the water conductivity of the
aquifer material (Ahmed et al. 2017and Bear 2007).
Therefore, the high hydraulic conductivity value means more
GWP in the region. In particular, the high hydraulic conduc-
tivity value lies in the border of the alluvial soils, which can be
called as the aquifer border.

* Calculation method: hydraulic conductivity data obtained
from the TUBITAK Project (2018) was classified for get-
ting the GWP index values.

* The highest hydraulic conductivity values were assigned
to the GWP index value 5 and the smallest values were
assigned to 1 point (Table 1). The weight coefficient of the
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Fig. 20 The drainage thematic

670000

map in the Strahler hierarchical
order
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hydraulic conductivity proxy was assigned as 4 (Wy = 4)
according to significance to the GWP. The hydraulic con-
ductivity unit is meter/day.

Soil types—proxy 10

Different types of soils (Figs. 26 and 27) have different per-
meability, structure, and drainage. These affect groundwater
levels. Soil classification in this section is based on land-use
capability classification system.

The first-class soils have less slope than 1% and have good
drainage, permeability, and water holding capacity. The

Fig. 21 Classification of the 610000

hierarchical drainage map (Fig.
20) with the index values of the
GWP
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second-class soils are slightly more inclined than the first-
class soils. The third-class soils have a moderate slope but
the water holding capacity is lower than the first and second-
class soils. The fourth-grade soils are highly inclined and have
poor drainage. The fifth-class soils are soils that have a slope
of less than 1% and can be found in forested areas. The sixth-
grade soils are too sloped, too wet, or too dry. Seventh-grade
soils are more sloping, dry, or swampy soils. Eighth-grade
soils serve as a catchment basin.

* Calculation method: soil type data obtained from both the
DSI (2018) and TOB (2018) was classified for getting the
GWP index values.
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$90000 610000

Fig. 22 Lithology thematic map
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» The classification for the GWP index values is as that the
first-, fifth-, and eighth-class soils have the GWP index
value 5, the second- and the third-class soils have 4 points,
the fourth- and sixth-class soils have 3 points, the second-
class soils have 2 points, and the remaining areas have 1
point. The weight coefficient of the proxy of soil types
was assigned as 2 (W = 2) according to significance to
the GWP (Figs. 26 and 27 and Table 1).

Results and discussion

The result of the study (Figs. 28, 29, 30, and 31) indicates that
the most GWP areas in the basin are seen in the west and

$90000 610000

Fig. 23 Classification of the
lithology thematic map (Fig. 22)
with the index values of the GWP
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southeast of the study region. Based on these results, it is
understood that the significant groundwater potential (GWP)
and groundwater pollution risk (GWPR) areas are near the big
settlement districts such as Alagehir and Salihli. In particular,
the 115-ha organized industrial zone located in the Salihli
district is an important factor of the potential for consuming
and contaminating water resources. Therefore, the study is so
important for the selection of city and industrial areas as well
as regional environmental planning in terms of the GWPR
management.

In this section, the final output image, the GWP is
visualized and interpreted for decision-making.
Comparing the final image with the available existing
groundwater level data, the accuracy and efficiency of
the method are seen consistent.
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Fig. 24 Hydraulic conductivity 610000
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thematic map, where the
hydraulic conductivity unit is
meter/day
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All the GWP index maps (Figs. 28, 29, and 30) were
generated and visualized as well as interpreted by using
all the ten proxies. Then, the summed image map of all
the ten GWP maps (Fig. 29) was computed by the raster
calculator tool in GIS.

The resultant final GWP map (Fig. 30) was obtained by
the reclassification of summation of the GWP index maps
of all the ten proxies, where the pixel values range from
30 to 121 (Fig. 29). The pixels with a value of 30 indicate
areas with the lowest GWP, and those with a value of 121
indicate areas with the highest GWP. Therefore, this final
image was reclassified into the five GWP index values as

$90000 610000

Fig. 25 Classification of the
hydraulic conductivity thematic
map (Fig. 24) with the index
values of the GWP
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categories of (1) very low, (2) low, (3) moderate, (4) high,
and (5) very high (Fig. 30 and Table 1).

The study indicates that the best proxy for detecting the
GWP is the drainage, as the worst proxy is the MNDWIL.
Therefore, the MNDWI proxy may be ignorable for the fur-
ther studies. But, the study indicates that the drainage proxy is
a must for the future works.

When interpreting the final GWP image map (Fig. 30),
it may say that the areas having the highest GWP index
values are the drainage areas within the alluvial boundary,
namely the aquifer and the Alasehir Creek surroundings.
Higher GWP index values are observed within the alluvial
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Fig. 26 Soil type thematic map

(DSI 2018; TOB 2018)
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boundary. For comparison of the GWP map with the
LULC thematic map (Fig. 10), when interpreting the out-
put images of the study, the land-use classification image
map of the study area looks like consistent with previous
information data.

Currently, the settlements in the basin have been established
mostly within the alluvial boundary, namely within the aquifer
where the GWP is high. These regions can be listed as northeast
of Salihli, southeast of Alasehir, and around Derekdy.
Generally, agricultural lands are concentrated in the areas with-
in the alluvial border. It is seen that the most productive agri-
cultural lands are located near the settlements of Salihli and
Alagehir. These areas have very high GWP index values.

590000 610000

Fig. 27 Classification of the soil
type thematic map (Fig. 26) with
the index values of the GWP
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In addition, in the south of the area, there is high GWP in
the region outside the Alagehir Basin. In this area, just like
areas within the alluvial border, the ground consists of granule
units. Besides, elevation and slope are suitable for
groundwater.

In the south of the alluvial boundary, it is observed that the
forested areas are dense. Although the forest areas are dense,
the GWP in this section is lower than the area within the
alluvial boundary. This is because the slope and elevation in
this region is higher. Besides, it is possible to mention the
effect of soil types and lithology in this area.

Areas with the lowest GWP are marked as bare rocks
in the LULC thematic map. These areas are poor in
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Fig. 28 Classification maps for each of all the ten proxies with the sub-basin border and the index values of the GWP
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600000

Fig. 29 Summed groundwater
potential (GWP) thematic map as
the weighted image overlay using
all the ten proxies
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vegetation. In addition, the soil is weak in terms of per-
meability and surface texture is not very suitable to ac-
cumulate groundwater.

Alagehir, Salihli, and Derekoy districts within the al-
luvial border have the highest GWP. These settlements
are urban areas that have impacts on groundwater re-
sources. In particular, the 115-ha organized industrial
zone located in the Salihli district is an important factor
of the potential for consuming and contaminate water
resources (Fig. 31). Figure 31 shows the groundwater
pollution risk because of both the industrial areas and
settlements in the basin. Besides, the villages, agricultur-
al lands, and forest areas in the region are directly related

Fig. 30 Classification of the
weighted image overlay (Fig. 29)
with the index values of the GWP
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to the water condition. Degradation of the quality of the
groundwater presence and excessive consumption of wa-
ter under the pressure of settlement and industry in the
region will also reduce the quality and quantity of agri-
cultural products. In addition, as a result of the plans and
applications made without considering the presence of
groundwater, damage will occur in buildings and infra-
structure units, which will increase the cost. In this case,
the prerequisite for ensuring the sustainability of eco-
nomic development, agricultural production, and efficient
use of groundwater resource in the region that has very
high GWP in the Gediz River basin should be carefully
evaluated.
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Fig. 31 Groundwater pollution 600000

risk (GWPR) map with the in-
dustrial settlements areas
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Conclusions

The determination of the groundwater potential (GWP) is a big
problem in the semi-arid regions because the water resources
depend on the environmental, political, social, and economic
issues. Many geological and environmental parameters play an
important role in determining the GWP and GWPR areas of the
alluvial aquifers. Therefore, The GIS is an indispensable tool
for the evaluation of these parameters together. The final resul-
tant map gives some opportunities for an easy understanding of
the GWP and GWPR areas, and management and expanding
areas of settlements on alluvial plains. It also indicates the most
suitable site for the industrial area for assessing the overall
parameters. In this regard, the multi-criteria (weighted image
overlay) method, used for this study area, was applied for the
determination of the GWP areas.

In the study, first of all, the general properties of the alluvial
aquifer were investigated. The existence of multiple factors
affecting the presence of the groundwater directed the study
to use the multi-criteria decision-making method. According
to this result, it can be said that the results of the study are
generally informative and satisfactory.

According to this analysis, it has found out that the GWP
zone in the aquifer is high to very high and mostly suitable for
the GWP. When the pollution risk was considered, all of the
Alagehir alluvial aquifers show high to very high pollution risk
and big settlement districts such as Alasehir and Salihli loca-
tions on a very high pollution risk zone. This study showed that
this wrong selection of settlement areas could influence the
groundwater quality within the big GWP zone. Especially,
the big industrial sites located in a very high pollution risk zone
and that might cause groundwater pollution within the alluvial
aquifer. This study showed that alluvial aquifer consisting of
the big GWP zone should be protected from the industrial and
settlement areas for the next generation.
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Units such as residential areas and industrial facilities, lo-
cated in the areas with the high GWP, are directly affected by
the groundwater and also directly affecting the GWP, vice
versa. This situation may endanger both the local GWP and
the health of the people of the basin with an uncontrolled
planning approach. In this context, it is important to ensure
the construction and land-use restriction in the areas with high
GWP and to prevent uncontrolled well drilling. The use of
areas with high infiltration as a garden, recreation, or agricul-
tural area will be more useful for the presence of the ground-
water. Also, it can be possible to increase the production effi-
ciency in the villages and other agricultural settlements, but
only if the groundwater and surface water presence are ana-
lyzed correctly and shaping the existing and future plan
decisions.

The study method and the results are therefore so important
for the selection of city and industrial areas as well as regional
environmental planning in terms of the GWPR management
for future studies.
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