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Abstract: This study aimed to investigate groundwater vulnerability to pollution in the Upper Kelkit
Valley (NE Turkey). For this purpose, vulnerability index maps were created using the generic DRAS-
TIC and AHP-DRASTICLu models. The latter model was suggested by adding a parameter to the
DRASTIC model and weighting its parameters with the analytical hierarchy process with the GIS
technique. The results showed that areas with high and very high vulnerabilities are concentrated
around the Kelkit Stream, which flows from east to west in the central part of the study area. In con-
trast, areas with low and very low vulnerability classes are located in the northern and southern parts
of the study area. To validate the model results, a physicochemical characterization of groundwater
samples and their corresponding vulnerability index values were statistically compared using the
Spearman correlation method. In addition, the single-parameter sensitivity method was applied to
analyze the models’ sensitivities. Results revealed a stronger correlation between the vulnerability
index values of the AHP-DRASTICLu model (compared to the DRASTIC model) in terms of sulfate
(R? = 0.75) and chloride (R? = 0.76), while there was a slightly weaker correlation for the electrical
conductivity (R? = 0.65) values of the groundwater samples. Sensitivity analysis indicated that
the vadose zone, aquifer media, and land use are the most influential parameters responsible for
the highest variation in the vulnerability index. Generally speaking, the results indicated that the
AHP-DRASTICLu model performs better than the DRASTIC model for investigating groundwater
vulnerability to pollution in the Upper Kelkit Valley.

Keywords: groundwater vulnerability; DRASTIC model; AHP-DRASTICLu model; Geographic
Information System; single-parameter sensitivity analysis

1. Introduction

The ever-increasing population on a global scale has resulted in an increase in needs
and therefore an increase in the resulting waste. This situation creates significant pressure
on the environment, and this pressure is increasing day by day. In addition, climate change,
in which the increasing population also has a large share, puts tremendous pressure on
the environment [1]. This pressure mainly affects water resources [2]. Climate change
projections reveal that the precipitation that Turkey receives in the future will decrease,
leading to a decrease in water resources and, thus, the amount of usable water [3]. Model
projections based on the IPCC—A2 pessimistic scenario show that there will be a 16% and
27% reduction in water potentials in Turkey by 2050 and 2075, respectively. This decrease
in water potential due to the pressure of climate change [4] reveals the importance of using
the existing water resources more effectively. In addition, keeping the quality of available
water resources at a functional level is essential for this case.

Freshwater resources for human systems and ecosystems consist of groundwater
and surface water resources. Groundwater supplies approximately half of the world’s
drinking water resources [5] and about 43% of all the water effectively used for irrigation [6].
Groundwater has a lower pollution potential compared to surface water, but polluted
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groundwater takes a longer to clean up [7]. Especially in the ever-increasing agricultural
activities, the water leaking into the ground due to fertilizers and pesticides used for
product development and protection also reduces groundwater quality [8,9]. In addition,
anthropogenic wastes in areas where industry and urbanization are intense and also
decrease groundwater quality [10].

One of the universal human rights is access to safe fresh water [11]. In addition, an
extended access to safe drinking water and sanitation is mentioned in the Sustainable
Development Goals [12]. Sustainable freshwater management has gained a significant
importance both on a regional [13] and global scale [14-16] and, thus, “Integrated Water
Resources Management” has become a scientific paradigm. Groundwater vulnerability
assessments can be integrated into Integrated Water Resources Management with tiered
approaches to assess vulnerability, hazard potential, and risk.

Margat began studies on groundwater vulnerability to surface pollutants in the 1960s
in France [17]. However, this kind of study did not gain popularity until the 1990s due to
applicability restrictions. In parallel with the advancements in computer systems in the
1990s, with the development of remote sensing/GIS software, new methodologies began to
emerge in groundwater vulnerability studies and started to be applied in various regions
of the world [18-20]. Among these methods, the most popular of the overlay-and-index-
based methods are SINTACS [21], AVI[19], GOD [22], and DRASTIC [23] applied to porous
aquifers and EPIK [24], PI [25], and COP [26] models applied to karstic aquifers. All these
methods can be performed within a GIS-based framework where they are used to identify
areas more vulnerable to pollution than others or to select the most suitable areas for
well sites and/or hazardous land use activities. The most widely used method worldwide
among all the overlay-and-index-based methods is the DRASTIC method [27-30], which
combines seven hydrogeological parameters (D: depth of water table; R: net recharge; A:
aquifer media; S: soil media; T: topography; I: impact of the vadose zone; C: hydraulic
conductivity) that are thought to affect the vulnerability of all regions.

In recent years, the number of multidimensional evaluation studies on groundwa-
ter vulnerability to pollution has increased. Many researchers suggested changes in the
algorithms to develop the generic DRASTIC model, and new DRASTIC-based models
were introduced [31-39]. Many studies have been published using the analytical hierarchy
process (AHP) [40,41], fuzzy analytical hierarchy process (FAHP) [42,43], evidential belief
function (EBF) [44], and logistic regression (LR) [45]. All these methods have been applied
to adjust the rate and weight of the criteria and subcriteria in the DRASTIC-based models
depending on local hydrogeological conditions.

The analytical hierarchy process method, the most widely used method among the
Multicriteria decision making (MCDM) methods, provides excellent convenience in deter-
mining the weight values of the criteria on the groundwater vulnerability of the models by
pairwise comparisons depending on the hydrogeoenvironmental conditions of the study
area. When the AHP method is integrated into the Geographic Information System, it
becomes a tool for decision makers to develop sustainable environmental policies as an
efficient machine learning technology.

In this study, the impact of standard weights and rates and AHP-based optimized
weights and rates on the development of groundwater vulnerability mapping was com-
pared and analyzed using generic DRASTIC and AHP-DRASTICLu models for the Upper
Kelkit Valley (North Turkey). The data obtained in both models were compared statistically
with the physicochemical content of the groundwater samples taken from the study area,
and the statistically related parameters were determined along with which model was more
correlated with the observed groundwater physicochemical analysis results. The Upper
Kelkit Valley has a semi-arid climate in the northeast of Turkey. Compared to other large
basins in Turkey, it is a region prone to water scarcity [3]. Regarding land use classes, more
than half of the study area is of the farming activity class. The livelihoods of the majority
of the local people depend on farming activity. Considering the population growth, an
increase in the amount of agricultural activities, and therefore also in the chemical fertilizers
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used for product development, will be inevitable. Such activities on the land surface can dis-
rupt essential natural ecosystem functions [46] and pose a threat to human health through a
variety of exposure pathways [47]. In addition, groundwater is also used as drinking water
in some parts of the study area. Therefore, studies on groundwater pollution in the Upper
Kelkit Valley are a necessity for the proper management of groundwater and environmental
planning. In addition, there are no studies on groundwater vulnerability in any terms
in the region, and this study is a completely new attempt with the DRASTICLu model
optimized with the combination of the AHP. Further, this new model, produced by adding
land use criteria to the generic DRASTIC model and progressing the rates and weights
of all criteria and subcriteria using the AHP, compared to previous models, will provide
excellent convenience for groundwater vulnerability assessments in the areas similar to the
UKV in terms of hydrogeoenvironmental conditions.

Overall, this study aims to establish a groundwater vulnerability map of the Upper
Kelkit Valley and provide proven bases for sustainable water management. In addition,
modifying the generic DRASTIC model to create a more accurate groundwater vulnerability
assessment model is also one of the aims of this study. Furthermore, this study aims to
assess the relative importance of the parameters used in the models through sensitivity
analysis for assessing aquifer vulnerability.

2. Materials and Methods
2.1. Description of the Study Area

The Upper Kelkit Valley (UKV) forms the upper parts of the Kelkit Valley, representing
the upper parts of the Yesilirmak Basin, one of Turkey’s 25 largest river basins. The UKV
extends between latitudes 40°03'45”-40°13'00" N and longitudes 39°12/03"-39°42'13" E
and is located on the border of the Giimiishane and Bayburt provinces (Figure 1). The
topographic heights of the UKV, which covers an area of 445 km?, vary between 1357 and
2297 m a.m.s.l. (Figure 2a). In the study area with generally low land slope, the slopes vary
between 0 and 18° in approximately 60% of its area (Figure 2b, Table 1).

39°24'0"E 3 4:‘ 0°E

Bulgaria

Mediterranean

Black Sea

= 40°12'0"N

q
I; = 40°08'0"N
Wy —
i
Legend

[ study area
— Kelkit river

~ Road

T T T A Groundwater well

Figure 1. The location map of the Upper Kelkit Valley (UKV) includes the location of the wells for
use to measure the distance to groundwater.

The study area is located on the border of the Black Sea and the Eastern Anatolia
Region and has transitional climatic conditions. Summers are cool; winters are quite cold
and rainy. The meteorological measurements between 2003 and 2021 showed that the
average annual precipitation in the Kelkit region was 300 mm and the average annual
temperature was 6.5 °C [48]. The most common soil type in the study area is brown soil
covering an area of 77% (Figure 2¢, Table 1). The rest consists of brown forest soil, bare rock,
colluvium, noncalcic brown forest soil, alluvium, settlement, and floodplain (Figure 2c).
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Table 1. Basic characteristics of the Upper Kelkit Valley (UKV).

Characteristics Unit Value  Characteristics Unit Value
The study area (total) km? 445 Soil type

Meteorology Brown soil % area 77.12
Precipitation (total mean) mm/year 300 Brown forest soil % area 5.84
Temperature (mean) °C 6.5 Bare rock % area 5.25
Slope range Colluvium % area 4.69
0°-2° % area 6.28 Noncalcic brown forest soil % area 2.16
2°-6° % area 18.61 Alluvium % area 3.03
6°-12° % area 21.08 Settlement % area 0.96
12°-18° % area 15.02  Floodplain % area 0.94
>18° % area 39.01 Geology

Elevation range (a.m.s.l.) Kelkit Formation % area 44.01
1357-1500 m % area 25.03 Berdiga Formation % area 28.36
1500-1750 m % area 54.72  Senkoy Formation % area 15.30
1750-2000 % area 17.62  Alluvium % area 11.18
2000-2297 m % area 2.64 Kose Granite % area 1.15

The UKV can be described as a rural area considering the settled population and
land use classes. The UKV includes the Kelkit and Kose districts, which have popula-
tions of 44,068 and 7774, respectively [49]. The populations of these districts in 2007 were
41,664 (Kelkit) and 7270 (Kose), and their population growth rates are 12.64% (Kelkit) and
10.9% (Kose) [49]. This population increases even more during the summer seasons with
the visits of relatives (i.e., grandparents, parents, siblings, children, and grandchildren)
of citizens living in other cities or abroad. Arable land (35.55%) and agricultural lands
(17.69%) are the land use classes that cover more than half of the UKV. Arable land, the
most common land use type, is located around the Kelkit Stream, the main stream along
the northeast-southwest direction of the UKV, in regions with an average slope of 4.5°
and elevations between 1360 m and 1914 m. The rest are agricultural areas, open space,
natural grassland, pastures, shrub, forest, settlement, water bodies, mines, and dump
areas (Figure 3d).

Depth to water level contour (m)
Elevation range (m)
- 297

B s

0 3 6 12km =0

Noncalcic brown forest soil
I Settiement

Figure 2. Maps showing (a) digital elevation model with the depth to groundwater table contour,
(b) slope in degree, (c) soil type [50], and (d) geology—modified from [51].
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Figure 3. Spatial distribution of land use classes and areas covered in 2000 (a), 2006 (b), 2012 (c), and
2018 (d) in the Upper Kelkit Valley [52-55].

Considering the temporal changes of the land use types in the study area [52-55],
the 20002018 period witnessed a notable decrease in open spaces (29.96% and 18.61%)
along with an increase in pastures (3.06% and 9.54%) and arable land (31.64% and 35.55%)
(Figure 3, Table 2). The study area’s residents mostly live from agriculture and animal
husbandry activities. The increase in the agricultural and pasture areas in the study area
through time can be explained by the increasing population growth rate and the fact that
agriculture and animal husbandry are the main sources of income in the region . Irrigation
water needed for the execution of farming activities is provided from the Kelkit Stream and
its branches passing through the middle of the study area and from underground water
wells. In addition, a large portion of the residents in the study area use the groundwater
resources as drinking water.

Table 2. Land use classes and areas covered by years in the Upper Kelkit Valley [52-55].

Land Use/Land Classes 2000 2006 2012 2018 *
Agricultural area 20.35 19.50 17.74 17.69
Arable land 31.64 33.60 35.55 35.55
Forest 0.92 0.93 0.94 0.94
Natural grassland 10.97 10.37 10.53 10.53
Open field 29.96 18.44 18.61 18.61
Pasture 3.06 9.95 9.54 9.54
Settlement 0.74 1.07 1.13 1.13
Shrub 2.30 5.69 5.84 5.84
Water body 0.06 0.06 0.06 0.06
Mine and dump site - 0.39 0.11 0.11

* Land use classes used for the AHP-DRASTICLu model.
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The lithological basement unit in the study area is the Late-Carboniferous-aged Kose
Granite [56,57], which is abundantly cracked and partially weathered [58] and crops out
around the Kgse settlement area in the north of the UKV. The Senkdy Formation spreading
in different regions of the north and south of the study area [58], consisting of Liassic
volcano sediments [59-61], overlies this unit unconformably. The Senkody Formation is con-
formably overlain by the Berdiga Formation [60—-64], which is Jurassic-Lower Cretaceous-
aged shallow platform carbonates. The Berdiga Formation mainly consists of limestone,
dolomite, and dolomitic limestone layers with conglomerate, sandstone, and silt succes-
sions that cover large areas in the northern and southern parts of the study area (Figure 2d,
Table 1). The Early-Middle-Eocene-aged Kelkit Formation (Figure 2d, Table 1), which
outcrops in an east-west direction in the central parts of the study area, unconformably
overlies the Senkoy and Berdiga Formations [51,65]. The formation mainly consists of vol-
canic and volcano-sedimentary rocks with abundantly fractured structures [58]. Alluviums
(Figure 2d), which contain fragments of surrounding rocks from clay to coarse pebbles and
generally outcrop along the Kelkit Stream, form the quaternary units in the study area [58].

According to the aquifer classification, considering the lithologies of the geologic for-
mations in the UKV, the common aquifer types are the unconsolidated aquifer representing
the alluvial material around Kelkit Stream, the semi-consolidated aquifer formed by the
units of the Kelkit Formation surrounding this alluvial unit, and the karstic aquifer repre-
senting the Berdiga Formation scattered around the semi-consolidated aquifer unit in the
northern and southern parts. In the study area, groundwater wells are mainly concentrated
on unconsolidated and semi-consolidated aquifers around the Kelkit Stream. Groundwater
abstracted from these aquifers and Kelkit Stream water is the primary water source for
agricultural and domestic use in the region. The Kelkit Stream, which flows through the
study area in the northeast-southwest direction with a perennial annual average discharge
rate of 0.403 m?/s [66], has an approximately 36 km main channel and its tributaries. Near
the stream zone, the depth of groundwater is usually less than 1 m, and it rises to 99 m in
areas with high altitudes (Figure 2a). Groundwater recharge to the aquifer is chiefly due to
precipitation, subsurface inflows from the recharge area and Kelkit Stream channels, and
agricultural irrigation.

2.2. Vulnerability Assessment Using DRASTIC and AHP-DRASTICLu Models

One of the most common methods used to estimate the vulnerability of aquifers to pollution
is the US Environmental Protection Agency’s DRASTIC [23] model. Although this model, which
is a grid-cell-based overlay and index model, was not GIS-integrated at first, it was later modified
by different researchers to various forms with the integration of GIS to further improve its
pollution prediction capabilities in different physical environments [31-33,67]. In this study,
both the DRASTIC model and the AHP-DRASTICLu model, which is a modified version of
the DRASTIC model with the analytic hierarchy process, one of the multicriteria decision-
making methods, were applied to the UKV to determine the groundwater vulnerability
to pollution.

The DRASTIC method has two primary stages. First, the hydrogeological and geo-
morphological mappable parameters affecting groundwater pollution are classified. Then,
using the determined coefficients, the parameters are weighted, and the vulnerability index
is calculated [23].

Each letter of the word DRASTIC represents a hydrogeologically and morphologically
mappable parameter [23]. These parameters are listed as follows:

D: Depth to water table, R: Net recharge, A: Aquifer media, S: Soil media, T: Topogra-
phy, I: Impact of vadose zone, C: Hydraulic conductivity. In the method, each parameter
is rated (r), and weighted (w), and vulnerability maps are created on the GIS platform
using the formula shown in Equation (1) determined for DRASTIC vulnerability index
(DV;) calculation [23].

In the rating (r) stage, each parameter of the DRASTIC model is considered a factor
affecting pollution, and values ranging from 1 to 10 are assigned to these factors according
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to their relative pollution potential (Tables 3 and 4). “1” represents low potential, and
“10” represents high potential. In the weighting (w) stage, weight values ranging from
“1” (lowest importance) to “5” (highest importance) are assigned to each parameter that
makes up the DRASTIC model, depending on their effects in transporting land-based

pollutants to groundwater (Tables 3 and 4).

Table 3. The pairwise comparison matrix and normalized weight (w;) of the AHP-DRASTICLu model
criteria and weight (w;) of DRASTIC model criteria.

Main Criteria ® ® @ ©® @ O (© @ ATFDRASTICLu DRASTIC
1 1

(D) Depth to water table 1 0.248 5

(R) Net recharge 1/2 1 0.143 4

(A) Aquifer media 1/3 1/2 1 0.081 3

(S) Soil media 1/7 1/3 1/2 1 0.047 2

(T) Topography 1/9 1/6 1/4 1/3 1 0.024 1

(I) Impact of vadose zone 1 2 4 3 7 1 0.237 5

(C) Hydraulic conductivity  1/3 1/3 1/2 2 3 1/4 1 0.065 3

(Lu) Land use classes 1/2 1 3 5 6 1/2 2 1 0.154

The most important subcriteria and their values are written in bold.

Table 4. The pairwise comparison matrix and normalized weight (w;), standardized ratings (r;) and

total weight (r; X w;) of the subcriteria of AHP-DRASTICLu and DRASTIC models.

AHP-DRASTICLu DRASTIC
Subcriteria M @ G @ 6G) 6 @ 6 9 a0
¥ w;j r; X W;j 1 w; r; X wj

Depth to water table (m)
(1) 0-1.52 1 0.352 0.0876 10 50
(2) 1.524.57 1/2 1 0.231 0.0573 9 45
(3) 4.57-9.14 1/31/2 1 0.157  o4g 00389 7 5 35

(4)9.14-15.24 1/41/31/2 1 0.112 ) 0.0278 5 25

(5) 15.24-22.86 1/51/41/31/2 1 0.075 0.0186 3 15
(6) 22.86-30.48 1/7 1/51/41/4 1/2 1 0.051 0.0126 2 10
(7) 30.48< 1/91/7 1/7 1/6 1/6 1/5 1 0.022 0.0055 1 5
Net recharge
(1) Very low 1 0.041 0.0059 1 4
( ) Low 2 1 0.056 143 0.0081 3 4 12

(3) Moderate 3 5 1 0.149 ' 0.0213 5 20
(4) High 7 6 2 1 0.276 0.0395 8 32
(5) Very high 9 7 5 2 1 0.478 0.0684 10 40
Aquifer media
(1) Alluvium 1 0.433 0.0351 8 24
(2) Massive limestone 1/2°1 0.255 0.081 0.0208 7 3 21
(3) Badded sandstone, limestone, and shale 1/31/2 1 0.174 ’ 0.0141 6 18
(4) Igneous 1/7 1/51/4 1 0.046 0.0037 4 12
(5) Weathered metamorphic/igneous 1/51/31/33 1 0.091 0.0074 5 15
Soil media
(1) Alluvium 1 0.145 0.0068 9 18
(2) Brown soil 1/5 1 0.047 0.0022 5 10
(3) Bare rock 3 5 1 0.263 0.0124 10 20
(4) Floodplain 2 4 1/21 0.172  0.047  0.0082 9 2 18
(4) Colluvium 1/33 1/31/41 0.079 0.0037 6 12
( ) Brown forest soil 1/51/21/51/51/3 1 0.035 0.0016 3 6

(6) Noncalcic brown forest soil 1/51/21/51/51/31 1 0.037 0.0017 3 6

(7) Settlement 2 5 1/23 5 4 3 1 0.221 0.0104 10 20
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Table 4. Cont.

AHP-DRASTICLu DRASTIC

Subcriteria @ @2 B @ G) 6 (7 B (9 @0
¥ wij r; X w; ri w; r; X w;

Topography (slope %)
(1)0-2 1 0.424 0.0102 10 10
(2) 2-6 1/2 1 0.287 o4 0.0069 9 1 9
(3) 6-12 1/31/21 0.162 ' 0.0039 5 5
(4) 12-18 1/51/51/2 1 0.086 0.0022 3 3
(5) 18< 1/51/61/51/3 1 0.042 0.0010 1 1
Impact of vadose zone
(1) Alluvium 1 0.431 0.1022 8 40
(2) Limestone 1/3 1 0.229 0.237 0.0543 6 5 30
(3) Badded limestone, sandstone and shale 1/22 1 0.198 ’ 0.0469 5 25
(4) Igneous 1/7 1/3 1/5 1 0.044 0.0105 4 20
(5) Weathered Metamorphic/igneous 1/51/21/34 1 0.098 0.0232 5 25
Hydraulic conductivity (m/d)
(1) 0.04075-4.075 1 0.032 0.0021 1 3
(2) 4.075-12.225 2 1 0.047 0.0031 2 6
(3) 12.225-28.525 3 3 1 0.083  0.065 0.0054 4 3 12
(4) 28.525-40.75 5 4 3 1 0.143 0.0094 6 18
(5) 40.75-81.5 7 5 4 3 1 0.243 0.0158 8 24
(6) 81.5< 9 7 6 5 3 1 0.453 0.0294 10 30
Land use classes
(1) Agricultural area 1 0.192 0.0296
(2) Arable land 1/2 1 0.135 0.0208
(3) Forestry 1/41/3 1 0.064 0.0099
(4) Mine, dump site 1/31/24 1 0.126 0.0194
(5) Natural grassland 1/31/21/21/3 1 0.046 0154 0.0071
(6) Open field 1/51/41/31/52 1 0.053 0.0082
(7) Pasture 1/41/31/21/41 2 1 0.055 0.0085
(8) Settlement 2 3 5 3 4 4 5 1 0.257 0.0396
(9) Shrub 1/41/42 1/32 1/21/21/51 0.054 0.0083
(10) Water body 1/7 1/6 1/41/41/31/51/41/91/4 1 0.018 0.0028

The most important subcriteria and their values are written in bold.

In the AHP-DRASTICLu model, the land use classes parameter, an environmental
factor that impacts groundwater pollution, was added to Aller’s generic DRASTIC model.
The rate and weight values of the main criteria (parameter) and their subcriteria were
assigned with the analytical hierarchy process (AHP) method, which is one of the multicri-
teria decision-making methods. An AHP-DRASTICLu vulnerability index (AHP-DV;) map
was created by applying Equation (2) on the GIS platform to the rate (r) and weight (w)
values calculated by the AHP for each main parameter of the AHP-DRASTICLu model.
The methodology used in generic DRASTIC and AHP-DRASTICLu index maps is depicted
in Figure 4.

DV; = (Dr x Dy) + (Rr X Ry) + (Ar X Aw) + (S¢ X Sw) + (Tr x Tyw) + (Ir X L) + (Cr x Cy) 1)

AHP-DV; = (D; X Dy) + Ry X Ry) + (Ar X Aw) + (St X Sw) + (Ty X Ty) + Iy X L) + (C; X Cy) + (Luy X Luy)  (2)

2.3. Weight Assignment and Normalisation of DRASTICLu Criteria Using AHP

The analytical hierarchy process method [68], which is based on pairwise comparisons
in line with expert opinions, provides great convenience in making complex decisions. The
first stage of the AHP is determining the necessary criteria in line with the main target
and forming pairwise comparison matrices (Equation (3)) of the selected criteria. Thus, the
complex decision-making process between the criteria is reduced to a single level, and the
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criteria against each other is assigned using values ranging from 1 to 9 (Table 5).
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Figure 4. Methodology flowcharts for groundwater vulnerability analysis using GIS-based generic
DRASTIC and AHP-DRASTICLu models.

Table 5. Saaty’s 1-9 scale of relative importance.

Scale Judgment Explanation

1 Equally Two criteria contribute equally to the goal

3 Slightly Criterion 1 is slightly more important than criterion 2

5 Strongly Criterion 1 is strongly important compared to criterion 2

7 Very Strongly Criterion 1 is very strongly important compared to criterion 2
9 Extremely Criterion 1 is extremely important compared to criterion 2
2,4,6,8 Intermediate Intermediate values between two adjacent numbers

In Equation (3), ap, shows the nth indicator unit, and anp, is the judgment matrix element.
The second stage of the AHP methodology is to define the normalized weights using
the geometric mean of the criteria (Equation (4)).

Gm

Wy = =1
" o1 G

(4)

In Equation (4), W is the eigenvector and Gy, is the geometric mean of the ith row of
the judgment.

The third and final stage of the AHP calculations is to test the consistency of the
normalizations of the criteria. The consistency ratio (CR) (Equation (5)) is used in the
consistency test. A CR less than 0.10 indicates that the normalized weight values of the
criteria are consistent after pairwise comparisons, while a CR greater than 0.10 suggests
that paired comparisons should be redesigned.

CI
CR= )
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In Equation (5), CR is the consistency ratio, CI is the consistency index calculated using
Equation (6), and RI is the random consistency index (see Table 6).

Atmax — 1
Cl= —— 6
1 (6)
Table 6. Random consistency index (RI) ratio of the different values of n [68].
Order 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

In Equation (6), Ayay is the maximum eigenvalue of the judgment matrix, which is
calculated using Equation (7).

1 n Ai X w;
Amax= n Zi:l Tz @)

The main criteria (8 criteria) of the AHP-DRASTICLu model and pairwise comparison
matrices of the subcriteria of these criteria, standardized rating (r), and normalized weight
(w) values are given in Tables 3 and 4. As a result of the consistency tests of the pairwise

comparisons of each criterion, it was determined that the CR values were lower than 0.10,
and the values of the consistency test calculations (Ayuax, CI, and CR) are given in Table 7.

Table 7. The number of criteria and their subcriteria (1), maximum eigenvalue of the judgment matrix
(Amax), consistency index (CI), random consistency index (RI), and consistency ratio (CR) for the
criteria DRASTICLu model.

Criteria n Amax CI RI CR

DRASTICLu 8 8.29 0.041 1.40 0.029
Depth to water table 7 7.52 0.088 1.35 0.065
Net recharge 5 525 0.063 1.11 0.056
Aquifer media 5 5.42 0.060 1.11 0.054
Soil media 8 8.82 0.117 1.40 0.083
Topography 5 5.18 0.045 1.11 0.040
Impact of vadose zone 5 5.32 0.080 1.11 0.072
Hydraulic conductivity 6 6.52 0.103 1.25 0.082
Land use classes 10 11.15 0.128 1.49 0.086

2.4. Data Preparation and Integration into a GIS Database

In this study, the basic datasets required to create the eight criteria layers used to
determine the aquifer vulnerability to pollution have been obtained from different sources
at various scales and resolutions (see Table 8). Each data layer was georeferenced within a
GIS environment (ArcGIS 10.3.1) using the UTM projection system (Zone 37N) and WGS84
datum, and all operations (storage, integration, conversion, manipulation, analysis, and
visualization) were performed using related plugins (such as 3D Analyst, Spatial Analyst,
and Geostatistical Analyst) available in the software. The basic criteria layers in the GIS
(D,R, A, S, T, 1, C, Lu) used in this study consist of a grid format consisting of cells with a
resolution of 25 x 25 m.

The depth to water table refers to the distance from the surface to the groundwater
table. The distance values measured in 40 different groundwater wells (Figure 1) scattered
in the study area were used as basic data to create the depth to water table (D) layer in the
UKYV. Vector-based data transferred into the ArcGIS environment in point data format were
interpolated using the kriging method, and the study area’s depth to water table layer was
created. Afterward, this grid layer was reclassified and divided into seven classes, and
by assigning rating values (Table 4) to each class, “D” layers were created for the generic
DRASTIC and AHP-DRASTICLu models (Figure 5a).
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Table 8. Time-series and spatial data used to set up and evaluate the DRASTIC and AHP-DRASTICLu
models in the Upper Kelkit Valley (UKV).

Data Type Sources Format Period/Date Produced Parameter
Groundwater wells data On-site measurement Table 2022 Depth to water table (D)
. Turkish State of Rainfall amount for net
Average annual rainfall Meteorological Service [48] Table 2003-2021 recharge (R)
Turkish Ministry of National Topography (slope %) for
Topographical sheets Defense General Command of Map 1989 and 1990 nefr e%: haP;' }; (R) pe o
Maps (H42d, H43c, 142b, and 143a) g
. General Directorate of Soil permeability for net
Soil map Rural Services [50] Map 2001 recharge (R)
Geology map [51] Map 1993 Aquifer media (A)
. General Directorate of . .
Soil texture Rural Services [50] Map 2001 Soil media (S)
Turkish Ministry of National
Topographical sheets Defense General Command of Map 1989 and 1990 Topography (slope %) (T)

Maps (H42d, H43c, 142b, and 143a)
Geological profile [51] Map 1993
Geology map and borehole data  [51,63,69] Map and table 1992, 1993, and 2015
Land use map CORINE Land use land classes [55] ~ Map 2018

Impact of vadose zone (I)
Hydraulic conductivity (C)
Land use (Lu)

Depth to water table (D) @ Net recharge (R) Aquifer media (A)

£
Drj AHP-Dr;
1 o022

Drj AHP-Dr, i AHP-Rr,
5 0112 w1 0041 Arj AHP-Ar,
7 0157 3 0056 N4 0046
w0231 5 0149 5 0091
0 03 mms 0276

Soil media (S)

Arj AHP-Ar,
6 0174

7 0255
s 0433

Soil media (S) Topography (T)

AHP-sT,

0079 . Trj AHP-Tr,
0145 Tri AHP-TY, 5 0162
0172 W1 0042 W o287

3 0088 10 0424

Impact of vadose zone (1) Hydraulic conductivity (C)

AHP-Ir,
0.150

Cri AHP-Cr;
4 0083

AHP-Ir;

6 W 0.047 [0 0257 6 0143
s 0.107 . o438 s 0243
@ Land use classes (Lu)
e N
0 3 6 12km
wé&u
/ ’l - 4 - §
N
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AHP-Lur, 0126
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0055 W 0192
0064 WM 0.257

Figure 5. Rated thematic maps of UKV’s groundwater vulnerability models: (a) depth to water table
(D); (b) net recharge (R); (c) aquifer media (A); (d,e) soil media (S); (f) topography (slope %) (T);
(g/h) impact of vadose zone (I); (i) hydraulic conductivity (C); (j) land use classes (Lu). ri: generic
DRASTIC model rating value; AHP-ri: AHP-DRASTICLu model rating value.
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The net recharge represents the annual total amount of water that infiltrates the vadose
region and reaches the groundwater table [23]. The net recharge, one of the most important
factors in transporting pollutants to groundwater, can be calculated by many different
methods. In this study, the net recharge (R) layer of the study area was generated using the
technique of Piscopo [70] (Equation (8)).

RV=RA+T+SP ®)

In Equation (8), RV is the potential recharge value, RA is rainfall amount, T is the
topography (slope percentage), and SP is the soil permeability.

The precipitation amount layer of the study area was created by transferring the
annual total average of the precipitation measured between 2003 and 2021 at Kelkit and
Kose meteorological stations to the GIS environment. Depending on the precipitation
amount of 300 mm/year throughout the study area, the RA value was assigned to the
relevant criterion layer as “1” according to Table 9. The topography layer has been derived
from the digital elevation model of the study area using the 3D analysis plugin in the
ArcGIS environment.

Table 9. The criteria used in estimating the recharge potential according to Piscopo’s [70] method,
the ranges of the criteria, and the weights of these ranges.

Rainfall Amount (mm/yr) Topography (% Slope) Soil Permeability Recharge Value (RV—Unitless)
Range Rate Range Rate Range Rate Range Rate Definition
>850 4 <2 4 High 5 11-13 10 Very High
700-850 2 2-10 3 Moderately High 4 9-11 8 High
500-700 2 10-33 2 Moderate 3 7-9 5 Moderate
<500 1 >33 1 Low 2 5-7 3 Low
Very Low 1 3-5 1 Very Low

The digital elevation model of the study area was created by the “topo to raster con-
version” plugin, which is available in ArcGIS, using vector data produced by digitizing the
isohips of maps H42d, H43c, 142b, and 143a published by the Turkish Ministry of National
Defense General Command of Maps. Afterward, this topography layer was divided into
four different classes, as shown in Table 9. The T layer required for RV calculation was
created by assigning the relevant rating value to the classes in the relevant range.

The soil permeability layers of the study area were obtained by digitizing the 1/25,000
scaled soil characteristics map of Turkey [50] in the ArcGIS environment. Depending on
the texture characteristics of the soil types in the study area [71-73], they were divided into
five classes: high, moderately high, moderate, low, and very low in terms of permeability.
Then, the SP layer of the study area was created by assigning the rating values of each class
(Table 9) to the relevant cells.

Finally, these RA, T, and SP layers were collected by the raster calculator plugin in
ArcGIS, as shown in Equation (8). The last layer obtained was reclassified according to
the RV ranges shown in Table 9. Then, “R” layers were created for the generic DRASTIC
and AHP-DRASTICLu models by assigning the relevant rating values (Table 4) to the class
ranges (Figure 5b).

The aquifer media represent the consolidated or unconsolidated material that forms
the aquifer in the saturated zone [23]. The aquifer media (A) layer of the study area has
been derived from the lithological units represented by the formations indicated in the
1/25,000-scaled geological map of the region [51]. The layer created in vector format with
digitization in the ArcGIS environment was converted into the grid format with the help of
the “feature to raster” plugin, and the “A” layers were created for the generic DRASTIC
and AHP-DRASTICLu models by assigning the rating values (Table 4) to the relevant
classes (Figure 5c¢).

The soil media (S) represent the uppermost layer of the vadose zone and are one of the
most important control mechanisms in water infiltration into the ground and groundwater
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recharge [23,74]. The UKV’s soil media (S) layer was derived from the 1/25,000-scaled soil
characteristics map of Turkey [50] in vector format. Soil classes in the study area were
classified according to the texture properties (clay loam for noncalcic brown forest and
brown forest soils; loam for brown soil; sand for floodplain; sandy loam for alluvium and
colluvium; thin or absent for settlement and bare rock) specified in some studies in the
literature [71-73]. Afterward, this layer was converted into the grid format in the ArcGIS
environment, and the soil media (S) layers of the study area were created for both models
by assigning the rating values shown in Table 4 to the relevant classes (Figure 5d,e).

Topography refers to the slope of the land surface. The digital elevation model of the
study area was used to create the topography (T) layers for the models of the UKV. Using
the digital elevation model, the slope map was created with the help of the 3D Analysis
tool in the ArcGIS software. Then, the slope map was divided into the classes indicated in
Table 4, and the study area’s topography (T) layers were created by assigning the rating
values to the relevant classes (Figure 5f).

The vadose zone refers to the unsaturated or discontinuously saturated region between
the groundwater table and the soil horizon [27]. The vadose zone material is one of the
most significant mechanisms controlling transit time and the amount of pollutants and
water leaking into the groundwater from the land surface [23]. The impact of the vadose
zone (I) layers in the UKV has been derived using the vadose zone materials specified in
the geological map of the study area [51]. The layer in vector format was converted into
the grid format, then the “I” layers of the study area were created by assigning the rating
values shown in Table 4 to the relevant classes (Figure 5g,h).

The hydraulic conductivity (C) is the capacity of the aquifer to transmit water [75]. The
hydraulic conductivity layer of the UKV has been derived from lithological units [51,63]
and well logs obtained from geotechnical studies [69] in the study area. The “C” layer of
the study area was created by converting the layer in vector format into the grid format
and assigning the rating values shown in Table 4 to the relevant classes (Figure 5i).

CORINE [55] land use land classes (LULCs) data in grid format were used as the
basic data to create the land use classes (Lu) layer of the study area. The “Lu” layer of the
study area was formed by assigning the rating values shown in Table 4 to the relevant
classes (Figure 5j).

2.5. Comparison and Validation of Generic DRASTIC and AHP-DRASTICLu Models

The similarity analysis of the generic DRASTIC and AHP-DRASTICLu model maps of
the study area has been conducted by pairwise statistical comparisons under the Spearman
correlation method [76]. In addition, the groundwater vulnerability indexes of both models
have been validated with the Spearman correlation method using the sulfate, chloride,
nitrate, and electrical conductivity of the groundwater samples collected from 20 wells
(Figure 6) in the study area in November 2022 and the vulnerability index values belonging
to the well locations.

= AHP-DV; Classes
I 0042-0092 Low
00%2-0.117 Verylow
@ Sampling location 01170164 Moderate
0 3 6 12km 125-146  Hgh 0164-0215 High
W 146-193  Veryhigh I 0215-0.302 Very high

Figure 6. Classified groundwater vulnerability index (DVi) maps of the Upper Kelkit Valley (UKV):
(a) generic DRASTIC model; (b) AHP-DRASTICLu model.
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2.6. Sensitivity Analysis

An effective assessment tool is sensitivity analysis, which examines the contribution of
individual variables and input parameters to the resultant output of an analytical model [77].
The sensitivity analysis validates and evaluates the uniformity of the analytical results
of vulnerability maps [77]. It provides an efficient foresight to identify the most effective
indicators of vulnerability and then explore how to deal with pollution and aquifer crisis
management. In this study, the single-parameter sensitivity analysis, first introduced by
Napolitane and Fabbri [77], was applied to check the accuracy of the vulnerability maps
created by the DRASTIC and AHP-DRASTICLu models.

Single-parameter sensitivity analysis aims to compare the effective weights of different
parameters with the theoretical weights assigned by the corresponding model [27]. The
effective weight of each parameter was calculated by Equation (9) [77]:

W = (P, x Py/V) x 100 )

In Equation (9), W is the effective weighting of each parameter, P, and P, are the rating
and weighting values of each parameter, respectively, and V is the overall vulnerability index.

3. Results and Discussion
3.1. Weighted Thematic Maps of the Criteria

The distances from the surface to the water table in the UKV vary between 0.5 m and
99.9 m. According to the generic DRASTIC method [23], the “Depth to water table” classes
and covered areas in the UKV are 0.07% for 0-1.52 m, 0.42% for 1.52-4.57 m, 1.09% for
4.57-9.14 m, 9.14-4.88% for 15.24 m, 20.06% for 15.24-22.86 m, 29.72% for 22.86-30.48 m,
and 43.76% for 30.48 m. Shallow depths (with relatively high rating values) are observed
around the Kelkit Stream flowing east to west of the study area. In contrast, the classes
with the deeper parts (with relatively low rating values) are topographically higher regions
in the northern and southern parts of the study area (Figure 5a).

The depth to groundwater table indicates the distance at which the surface-borne
pollutants will reach the groundwater, and groundwater is more vulnerable to pollution
in areas with low distances [78]. Water and pollutants travel a longer pathway to reach
the groundwater table in deeper groundwater table environments. This case allows more
time for the pollutant to detoxify as it flows through the soil layers, indicating groundwater
is less vulnerable to pollution [79]. In generic DRASTIC and AHP-DRASTICLu models,
classes with low distances from the surface to groundwater have higher weight values,
while classes with greater distance have lower weight values (Table 4).

Medium and high net recharge (R) classes are observed in the regions where the
alluvial units formed by the Kelkit Stream accumulating the fragments that tore from
the surrounding rocks around its bed, whereas the other parts generally have a very low
net recharge, class “R” values (Figure 5b). In both groundwater vulnerability models
established for the UKV, low net recharge (R) classes have low weight values, whereas high
net recharge classes have high weight values (Table 4). While 66.41% of the study area is
represented by the very low net recharge (R) class, 29.24% is in the low class, 3.78% is in
the medium class, and 0.57% is in the high class. The amount of recharge water leaking
to the aquifer affects the amount of pollutants transported to the aquifer [80]. The higher
the recharge water amount, the higher the vulnerability of groundwater to pollution and
vice versa [81].

The geological formations in the study area were divided into “Alluvium”, “Massive
limestone”, “Badded sandstone, limestone and shale”, and “Igneous and Weathered meta-
morphic/igneous” classes according to the aquifer media (A) classification in the generic
DRASTIC method in terms of their lithological properties. These classes cover 11.18%,
28.36%, 44.01%, 1.16%, and 15.30% of the study area, respectively.

The aquifer media classes in the UKV are as follows: the alluvial aquifer, by the
alluvium units located around the Kelkit Stream; the “Badded sandstone, limestone, and
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shale” aquifer, by the conglomerate, sandstone, sandy limestone, shale, and tuff, which
surround the alluvial aquifer and are referred to as the Kelkit Formation in the region;
the “Massive limestone” aquifer, by the limestones of the Berdiga Formation, which is a
karstic aquifer cropping out in topographically higher areas in the study area; the “Igneous”
aquifer, by the granites covering a relatively small area in the northeast of the study
area; and the “Weathered metamorphic/igneous” aquifer, by the “Senkdy Formation”
units, which cover areas in the northern and southern parts of the study area, which
generally consist of basaltic and pyroclastic rocks with abundant cracks and fractures
(Figures 2d and 5c). While the alluvium aquifer class has the highest weight value in the
aquifer media criterion for both models, the lowest value belongs to the “igneous” aquifer
class (Table 4). The flow path of water below the surface is controlled by factors such as
the hydraulic conductivity of the aquifer and gradient [82]. Since the fine-grained and
low-permeability aquifer material is more resistant to the infiltration of pollution into the
aquifer, the pollution vulnerability is lower in these systems.

The most common soil class in the UKV is brown soil with a loam texture, which
covers approximately 3/4 of the study area. This class, which has a rating of “5” according
to the generic DRASTIC method, has a rating of “0.047” according to the AHP-DRASTICLu
model (Table 4). The rest of the soil classes with areas they cover in the UKV are noncalcic
brown forest and brown forest soil with a clay loam texture of 6%, floodplain with a sand
texture of 0.94%, alluvium and colluvium with a sandy loam texture of 7.72%, and bare rock
and settlement represented by thin or absent classes of 6.21%. In soils with more coarse-
grained materials, such as sand and gravel, the water infiltration capacity will be higher,
and the vulnerability of groundwater to pollution is higher in these systems [83]. However,
the presence of organic materials, such as clay and organic matter, creates resistance against
water infiltration to the ground, reducing pollution vulnerability in groundwater [33,84].
Among the soil classes in the UKV, the highest vulnerability rating value belongs to the bare
rock and settlement classes, represented by “thin or absent” for both models. In contrast,
the lowest rating values are for noncalcic brown forest and brown forest soils depicting the
clay loam texture spread in different regions of the UKV (Table 4 and Figure 5d,e).

The topography layer of the UKV was classified into five groups according to land
slope (%) ranges: 0-2%, 2-6%, 6-12%, 12-18%, and >18%. These classes occupy the areas
of 6.28%, 18.61%, 21.08%, 15.02%, and 39.01% in the UKYV, respectively (Table 1). The
topography criterion is one of the most critical factors controlling the water residence time
on the land surface [85]. In the land with a low slope, the water stays on the surface longer,
so the amount of surface water infiltrating underground will be greater. Thus, the amount
of pollutants that can leak into the groundwater also increases [81]. In the northern and
southern parts of the study area, the slope of the land is high in topographically high
regions, and the rating values of the topography classes are low in both generic DRASTIC
and AHP-DRASTICLu models in these areas (Figure 5f). In the middle parts of the study
area, the land slopes along the east-west extension belt are lower, and the topography class
rating values are higher for both models in these areas (Figure 5f).

The vadose zone materials in the UKV were grouped into five different classes, namely
“Alluvium”, “Massive limestone”, “Badded limestone, sandstone and shale”, “Igneous”,
and “Weathered Metamorphic/igneous”, as specified in the DRASTIC method. These
classes cover 11.18%, 28.36%, 44.01%, 1.15%, and 15.30% of the UKYV, respectively. The
fact that the vadose zone consists of units with a high permeability, such as sand and
gravel, allows pollutants to reach the groundwater in larger quantities and in a shorter
time. This situation indicates that the vulnerability of groundwater to pollution in these
regions is higher [23]. Among the vadose zone classes in the UKV, the most vulnerable
class for groundwater pollution is “Alluvium”, and the rating values are “8” for the generic
DRASTIC model and “0.438” for the AHP-DRASTICLu model. In contrast, the class with
the lowest vulnerability is “Igneous”, and the rating value of this class is “4” for the generic
DRASTIC model and “0.047” for the AHP-DRASTICLu model (Figure 5g,h).
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The movement of water and pollutants through the aquifer is greatly affected by
hydraulic conductivity. The higher the hydraulic conductivity of an aquifer, the more
pollutants could be transmitted to groundwater and, therefore, the higher the groundwater
vulnerability to pollution [10,33,85]. The hydraulic conductivity values of the UKV
were classified into three different classes: 12.225-28.525 m/d, 28.525-40.75 m/d, and
40.75-81.5 m/d. While the highest hydraulic conductivity class has the highest rating
values of vulnerability for both the generic DRASTIC (8) and AHP-DRASTICLu (0.243)
models, the class with the lowest hydraulic conductivity values has the lowest ratings
for both models (4 for the DRASTIC and 0.083 for the AHP-DRASTICLu) (Table 4). The
areas with the highest hydraulic conductivity rating values and, therefore, the areas most
vulnerable to pollution in terms of hydraulic conductivity, are located around the Kelkit
Stream, which is the main stream of the study area (Figure 5i). This class covers 11.17% of
the study area. However, the lowest vulnerable areas in terms of hydraulic conductivity
cover approximately 3/4 of the UKV.

Land use classes can be a source of pollutants and can control the way water [86] and
pollutants reach the groundwater [10,87,88]. Anthropogenic effects, such as domestic and
industrial wastes, improper design of septic tanks, and agricultural activities, especially
pesticides, may affect the groundwater quality and cause it to become polluted [38]. A large
part of the UKV consists of farming activity classes (35.5% of UKV is arable land, and 17.7%
of UKV is agricultural area), and these classes are located at the central part of the study
area along an east-west extending belt with a low land slope (Figure 3d). These classes are
highly vulnerable to pollution, and the rating values in the AHP-DRASTICLu model are
“0.192” for “agricultural area” and “0.135” for “arable land” (Table 4). The highest rating
value of the land use classes criteria belongs to the settlement with “0.257”. The rating
values for the other land use classes, “forestry”, “mine, dump site”, “natural grassland”,
“open field”, “pasture”, “shrub”, and “water body”, are “0.064”, “0.126”, “0.046”, “0.053”,
“0.055”, “0.054”, and “0.018”, respectively (Table 4). The spatial distributions of rated land
use classes are shown in Figure 5j.

3.2. The Groundwater Vulnerability Maps of DRASTIC and AHP-DRASTICLu Models

“Depth to water table”, “Net recharge”, and “Impact of vadose zone” criteria, com-
pared to the other criteria used in the DRASTIC and AHP-DRASTICLu models, in addition
to the “Land use” criterion with its impact in AHP-DRASTICLu model, are more decisive
factors on groundwater vulnerability to pollution according to their theoretical weights.
Many previous studies have shown that these criteria are dominant factors in groundwater
vulnerability to pollution [10,31,33,88]. The generic DRASTIC index (DV;) values of the
study area obtained as a result of the analysis range between “64” and “193”, and the
AHP-DRASTICLu index (AHP-DV;) values vary between “0.042” and “0.302” (Figure 6).
These vulnerability index maps of the UKV were reclassified into five categories (very high
vulnerability, high vulnerability, moderate vulnerability, low vulnerability, and very low
vulnerability) to help better understand the spatial distribution patterns of the different
vulnerability categories. The areal distributions (% area of the UKV) of these classes were
1.42%, 5.48%, 7.80%, 34.31%, and 50.98%, respectively, according to the generic DRASTIC
vulnerability index classification, and they were 3.90%, 8.02%, 31.78%, 29.86%, and 26.44%,
respectively, according to the AHP-DRASTICLu vulnerability index classification.

As aresult of both models, classes with high to very high vulnerabilities were observed
along the east-west belt formed along the Kelkit Stream in the study area (Figure 6). The
areas represented by these classes are generally land use classes related to farming activity
with a very low topographic slope (with averages of 2° for the DRASTIC model and 4° for
AHP-DRASTICLu model), dominated by alluvium and floodplain soil classes and areas
with relatively shallow water table depths where residential areas are the dominant land use
classes. Similar results were reported in the previous studies on groundwater vulnerability
in northern Turkey [85] and in the arid /semi-arid regions with climatic conditions similar
to the UKV [33,67,89].
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The moderate vulnerability class of the AHP-DRASTICLu model covers a larger area
than the DRASTIC model. These classes mainly extend to the high vulnerability class
borders with the east-west trending hills in the northern and southern parts of the study
area, where the topographical slope begins to increase relatively. The average slope of
the moderate vulnerability class of the DRASTIC model is 7°, while it is 6° in the AHP-
DRASTICLu model. The dominant aquifer type in these areas consists of clastic rocks
containing fine-grained materials. The predominant soil class is “brown soil”, and the
most common land use classes are “arable land” and “agricultural area” in the moderate
vulnerability areas of the UKV.

In the northern and southern parts of the study area, the vulnerability varies from
low to very low on the east-west trending hill range, where the topographic heights and
slopes are relatively high (Figure 6). In areas representing this class, the distances to the
groundwater table are relatively greater (an average of 34 m for the DRASTIC model, and
an average of 38 m for the AHP-DRASTICLu model).

3.3. Models” Comparison and Validation

In order to test the accuracy of the vulnerability index maps obtained, 20 different
groundwater samples scattered over the area in November 2022 were gathered (Figure 6),
and their physicochemical contents were analyzed. The analysis results and vulnerability
index values were compared using the Spearman correlation method.

The sulfate concentrations of the groundwater samples collected from the study area
varied from 15.12 mg/L to 115.14 mg/L, the chloride concentrations of the samples ranged
between 4.89 mg/L and 58.63 mg/L, the nitrate concentrations of the samples ranged
between 0.51 mg/L and 200.45 mg/L, and the electrical conductivity values ranged between
499 uS/cm and 1450 uS/cm. While calcium sulfates, such as gypsum and anhydrite,
are the most common sources of sulfates in natural waters, barium sulfates, strontium
sulfates, the oxidation of pyrite minerals, volcanoes, geothermal fields, the burning of fossil
fuels, and the oxidation of sulfates in soil or organic wastes are also sources of sulfate
in natural water [90,91]. Apart from these factors, the sulfate concentration in surface
water and groundwater may increase due to industrial and domestic wastes and sulfate-
containing fertilizers used in agriculture [92-94]. Chloride leaching from chemical fertilizers
in agricultural soils or wastewater discharged to the land surface may increase the chloride
concentration in groundwater [95]. The most common nitrate sources in groundwater are
inorganic and organic fertilizers used in agricultural activities, organic materials in the
soil, industrial wastes, solid waste disposal areas, highways, and sewage waters [96-98].
The electrical conductivity of water represents the dissolved ion concentration in the water.
The dissolved ion concentration in water with high electrical conductivity is high and
vice versa [90,99].

As a result of the correlation analysis, it was observed that there was a strong correla-
tion between the vulnerability index values of both models and the sulfate, chloride, and
electrical conductivity contents of the groundwater samples, whereas the nitrate values
and vulnerability index values were not correlated. In the UKV, the correlation coeffi-
cients between sulfate concentrations of groundwater samples and generic DRASTIC and
AHP-DRASTICLu index values are “0.661” and “0.752”, respectively; the correlation coeffi-
cients between chloride concentrations and generic DRASTIC and AHP-DRASTICLu index
values are “0.684” and “0.758”, respectively; the correlation coefficients between nitrate
concentrations and generic DRASTIC and AHP-DRASTICLu index values are “—0.245” and
“—0.151", respectively; and the correlation coefficients between the electrical conductivity
and DRASTIC and AHP-DRASTICLu index values are calculated as “0.678”, and “0.652”,
respectively (Table 10). The correlation coefficient between the DRASTICLu index values
and the generic DRASTIC index values is “0.931”. Considering the correlation analysis
results, it was seen that the AHP-DRASTICLu model provides more accurate results than
the DRASTIC model in terms of the sulfate and chloride contents of the groundwater except
for the electrical conductivity in the UKV.
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Table 10. The Spearman correlation results between sulfate concentrations, chloride concentrations,
nitrate concentrations, electrical conductivity, and aquifer vulnerability maps: DRASTIC index and
AHP-DRASTICLu index.

DRASTIC AHP-DRASTICLu
DRASTIC 1
AHP-DRASTICLu 0.931 1
Sulfate 0.661 0.752
Chloride 0.684 0.758
Nitrate —0.245 —0.151
Electrical conductivity 0.678 0.652

In many studies conducted to determine the groundwater vulnerability to pollution,
the nitrate [31,100,101], sulfate [102-104], and chloride [29,105] concentrations of groundwa-
ter were used to validate the model results. It was seen that the vulnerability index values
were highly correlated with sulfate in some areas [106,107], chloride in some areas [35,108],
and nitrate in some areas [36,109]. These differences suggest groundwater vulnerability
models respond differently in different climatic and hydrogeoenvironmental areas.

3.4. Single-Parameter Sensitivity Analysis

Single-parameter sensitivity analysis compares “theoretical” and “effective” weights.
Here, the effective weight is a function of the value of the single parameter compared
to other parameters and the weight the model assigns [27]. The effective weights of the
parameters of the DRASTIC and AHP-DRASTICLu models have deviated from theoretical
weights (Table 11). In the DRASTIC and AHP-DRASTICLu models, the impact of the vadose
zone parameter has a higher effective weight value (30.11% and 40.64%, respectively) than
the other parameter, as well as a higher value than the relevant theoretical weights. It
is seen that the impact of the vadose zone parameter is the most influential parameter
for the sensitivity assessment. Further, the effective weights of aquifer media (10.83%)
and hydraulic conductivity (15.34%) parameters in the DRASTIC model and the aquifer
media parameter (13.74%) in the AHP-DRASTICLu model show higher values than their
theoretical weights (Table 11). The effective weights of all other layers are lower than their
theoretical weights. These results show that the impact of the vadose zone parameter has
a very important role in both models, and it is important to obtain accurate and detailed
information on this factor. In addition, the high effective weight value (14.55%) of the
land use classes parameter in the AHP-DRASTICLu model has shown that including this
parameter in the model is quite accurate.

Table 11. Statistical summary of single-parameter sensitivity analysis.

Effective Weight %
Theoretical Weight ~ Theoretical Weight % -
Mean Min Max Mean
DRASTIC
D 5 21.73 9.81 3.34 41.43 521
R 4 17.39 6.85 2.51 26.35 4.03
A 3 13.04 20.10 11.55 26.12 2.05
S 2 8.69 10.83 5.86 27.48 3.14
T 1 4.34 3.72 0.13 13.92 3.03
I 5 21.73 30.11 15.38 37.49 3.71
C 3 13.04 15.34 7.52 24.67 3.52
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Table 11. Cont.

Effective Weight %
Theoretical Weight =~ Theoretical Weight % :
Mean Min Max Mean
AHP-DRASTICLu
D 0.248 24.82 9.39 2.63 47.26 5.88
R 01.143 14.31 6.27 2.34 32.19 2.63
A 0.081 8.14 13.74 3.45 24.74 5.52
S 0.047 471 2.32 0.49 23.12 2.68
T 0.024 2.40 2.31 0.32 19.72 2.11
I 0.237 23.71 40.64 10.27 59.37 9.80
C 0.065 6.50 6.28 292 14.38 2.98
Lu 0.154 15.41 14.55 1.69 51.39 8.01

4. Conclusions

In the present study, the groundwater vulnerability maps of the Upper Kelkit Valley
(UKV) have been derived using the generic DRASTIC model and the AHP-DRASTICLu
model, which is a modified model that adds the land use class criterion and the weighting of
the criteria by the analytical hierarchy process method. According to the vulnerability index
values obtained from both models, the study area was reclassified into five classes: very low,
low, moderate, high, and very high vulnerability. Considering the spatial distributions of
the vulnerability index, the areas covered by the very high, high, and moderate vulnerability
classes in the AHP-DRASTICLu model index map in the UKV are larger than in the generic
DRASTIC model index map. Both models show that the high to very high vulnerability
classes are extended along a belt around the Kelkit Stream in the middle parts of the study
area. In contrast, the lower vulnerability classes fall in the areas where the distance to
the groundwater is relatively higher, along the east-west trending hills in the north and
south of the study area. Particularly, the high and very high vulnerability classes are the
areas around the Kelkit district, which is the largest settlement of the study area and where
agricultural activities are intense . Considering these factors create a high pollution potential
for groundwater, it is recommended that water and land use management planning should
be more careful with an integrated management plan by all related persons, institutions,
and groups, from water users to decision makers.

In order to validate the model results, the physicochemical contents of the water
samples taken from different groundwater wells scattered in the study area and the vulner-
ability index values of each well location were statistically compared using the Spearman
correlation method. The comparison results showed a strong correlation between the
groundwater samples’ electrical conductivity, sulfate, and chloride concentrations and the
vulnerability indexes of both models. In addition, the correlation results showed that the
AHP-DRASTICLu model is more accurate than the generic DRASTIC model for groundwa-
ter vulnerability assessment of the UKV. Furthermore, the sensitivity analysis revealed that
the impacts of the vadose zone, aquifer media, and land use are the most influential pa-
rameters responsible for the highest variation in the vulnerability index. These parameters
are significant factors as they have a principal role in determining accurate and detailed
information for water and environmental planning.

The AHP method reduces the bias due to standard weights in the generic DRASTIC
model when combined with the DRASTIC model, one of the most effective methods for
vulnerability estimation in groundwater. In addition, adding the land use criterion to the
model simulates better the pressures that may cause groundwater pollution. In this sense,
with the AHP-DRASTICLU model used in this study, the groundwater vulnerability map
for the study area was simulated to be closer to the actual pollution vulnerability.

The fact that the AHP-DRASTICLu model, which was established by modifying
the generic DRASTIC model, provides more accurate results indicated that the AHP-
DRASTICLu model could be used more efficiently instead of the generic DRASTIC model.
However, the AHP-DRASTICLU model may give different results in different climatic and
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hydrogeoenvironmental areas. Therefore, AHP analyses should be rearranged according to
regional conditions.
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