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Abstract: The research purpose is to assess and delineate groundwater potential zones (GWPZs) in
the saline soil area in the districts of Non-Thai, Non-Sung, Non-Daeng, Khong, and Kham Sakae Saeng,
Nakhon Ratchasima province, Thailand, using remote sensing (RS), geographical information system
(GIS), and analytical hierarchy process (AHP) techniques. The GWPZs were created by combining
multiple influencing factors such as slope, landforms, annual rainfall, soil texture class, drainage
density, geology, hydrogeological unit, land use/land cover, groundwater potential, and normalized
difference vegetation index of the study area. The AHP technique was used to determine the weights
of various thematic layers to identify the groundwater potential zone. The weights of the thematic
layers in descending order consisted of hydrogeological unit (17.61%), geology (17.10%),
groundwater potential (12.09%), soil texture class (12.09%), drainage density (8.55%), landforms
(8.46%), land use/land cover (6.05%), slope (6.01%), annual rainfall (6.01%), and normalized
difference vegetation index (6.01%), respectively. The acceptable consistency ratio (CR) is used to
evaluate the reliability of AHP techniques, and which coefficient of determination (R?) of 0.7131 was
used to validate the salinity data of 17 groundwater wells. The overall weightage of the AHP technique
assessment was classified into 5 categories of the GWPZs including very high potential, high potential,
moderate potential, poor potential, and very poor potential. The mostly groundwater quality
distribution represented a moderate potential of about 1,101 km? (46.01%) to a poor potential of about
1,114 km? (46.57%) from the 2,390 km? of the study area located throughout the study area especially
Kham Sakae Saeng, Non-Thai, and Non-Sung districts.
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1. Introduction

The Khorat Plateau is located in northeastern Thailand and is split into two depositional basins
by the Phu Phan Range. The Sakon Nakhon Basin is in the north and the Khorat Basin is in the south
(Figure 1). The salinity of water and soil problems in this area are caused by human and natural
activities. Human activities that contributed to soil salinization include wastewater from private and
municipal septic systems, as well as certain usage of agricultural pesticides. The nature is mainly
caused by the evaporitic environment of the Maha Sarakham Formation [1] as shown in Figure 2.
Because water can be recharged and discharged through soil and rock [2]. These soil or rock-water
interactions affected saline water and soil in the saline soil area, especially during the dry season,
exposed on the ground in various locations [2]. The soil salinization problems are a major critical issue
that is becoming more widespread in northeastern Thailand, especially in Nakhon Ratchasima province.
The major causes of salinity in the study area are salts dissolving in groundwater and accumulating on
the ground surface; sodium chloride; and shallow groundwater table depth. Electrical surveys and
groundwater map in Nakhon Ratchasima Province by Wannakomol [3] represented those nine districts
of Nakhon Ratchasima are affected by the shallow level of saline groundwater including Si Khio, Dan
Khun Thot, Phra Thong Kham, Kham Sakae Saeng, Non-Sung, Phimai, Kham Thale So, Muang
Nakhon Ratchasima, and Chaloem Phra Kiat districts. These areas are overlayed in the moderate to
strongly saline soil of the Khorat Plateau (Figure 1).
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Figure 1. Saline soil area of Khorat Plateau (Modified from DMR [4]).
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The Khorat Plateau is defined by a huge expanse of Mesozoic era (Late Triassic to Cretaceous)
continental sedimentary rocks of the Khorat Group [5] from bottom to top (Figure 2A), Nam Phong
Formation consists of reddish-brown micaceous sandstone, conglomerate, siltstone, and mudstone.
Phu Kradung Formation consists predominantly of maroon siltstone while sandstone and conglomerate
are subordinate. Phra Wihan Formation consists of dominant white, coarse-grained, well-sorted
sandstone and rare siltstone, mudstone, and conglomerate. Sao Khua Formation consists of an
alternation of reddish-brown conglomeratic sandstone with lime-nodule clasts, siltstone, and mudstone.
Phu Phan Formation consists mainly of light-buff to brown, medium- to coarse-grained, well-sorted
sandstone. Khok Kruat Formation is the end of the Khorat Group accumulation consisting mainly of
light grey to light brown, fine to medium-grained micaceous or arkose sandstone interbedded with
siltstone and mudstone with subordinate conglomerate beds. After that, the inversion in the Mid-
Cretaceous led to a restricted depositional basin containing red beds. Subsequently, the associated rock
salt layers of the Maha Sarakham Formation were deposited under a hypersaline land-locked,
lacustrine basin in arid conditions. The basin was subsequently covered by the Phu Tok Formation in
the Late Cretaceous under an arid desert environment (Figure 2B).

Groundwater aquifers in Nakhon Ratchasima province consisted of unconsolidated and consolidated
aquifers: unconsolidated aquifers can be found in alluvial and high terrace deposits, and consolidated
aquifers can be found in the Maha Sarakham and Khok Kruat Formation [5] as shown in Figure 2A.

The Maha Sarakham Formation is divided into three distinct depositional members: the Lower
Member, the Middle Member, and the Upper Member, which are mainly comprised of evaporites
separated by red-colored siliciclastic (Figure 2B). Each of the evaporative members has beds made up
of pseudomorphs, the replacement of gypsum by halite. While such beds are widespread in both basins,
the replaced beds are the thickest. [1].

The traditional approach to groundwater investigation using geological, hydrogeological, and
geophysical approaches is costly due to the excessive cost of drilling, time-consuming, and complicated
for regional groundwater exploration fields [6]. Meanwhile, the intercorporate all filed data by using the
modeling process constitutes the most effective tool for such analysis to solve modern hydrogeological
problems such as SWAT-MODFLOW, GSFLOW, MIKE SHE, and HydroGeoSphere (HGS) are the
most common models for surface water-groundwater simulation analysis [7].

Remote Sensing (RS) and Geographic Information Systems (GIS) were the one convenient and
simple method to help locate the groundwater potential zones. Because remote sensors cannot directly
detect groundwater, its presence is inferred from various surface properties gathered from satellite
imagery, such as geology, landforms, soils, land use/land cover, surface water bodies, and others that
operate as indicators of groundwater occurrence [8].

The RS and GIS have also proven to be the primary tools for creating thematic maps from satellite
images. Various techniques, including weighted overlay analysis, multiple influencing factors, and
analytical hierarchy process, can be used to assess groundwater potential zones. The analytical
hierarchy process (AHP) technique is one of Multi-Criteria Decision Analysis (MCDA) [9] and is most
widely used and popular for utilized to assign the relative relevance of each criterion for zoning
groundwater potential recharge regions. MCDA technique was used for defining groundwater
prospecting zones [10].

However, few studies have been undertaken in the saline soil area to delineate the potential zones
of groundwater occurrence [11]. Therefore, this research aimed to examine and delineate groundwater
potential zones by using RS/GIS and the AHP approach according to combining multiple influencing
factors such as slope, landforms, annual rainfall, soil texture class, drainage density, geology,
hydrogeological unit, land use/land cover, groundwater potential, and normalized difference vegetation
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index of the study area. This research will provide essential information to the population, government
agencies, and the commercial sector to promote sustainable groundwater management and optimal
locations for borehole drilling. Furthermore, the results of this study are critical for the proper
administration, management, and long-term usage of groundwater resources in the saline soil area of
Nakhon Ratchasima province, Thailand.
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Figure 2. (A) Stratigraphy of the Khorat Basin, and (B) Lithostratigraphy of the Maha
Sarakham Formation (Modified from El Tabakh Utha-Aroon and Schreiber [1]).

2. Materials and methods
2.1. Study area

The saline soil area is in Nakhon Ratchasima province in northeastern Thailand, located between
818000 E to 888000 E and 1664000 N to 1722000N (UTM zone 47 N). The study area is approximately
2,390 km? and covers the districts of Non-Thai, Non-Sung, Non-Daeng, Khong, and Kham Sakae
Saeng, Nakhon Ratchasima province (Figure 3). This is one of many areas affected by the salinity of
the Maha Sarakham Formation. The average temperature was 27.40 °C, with a relative humidity of
71% and an annual rainfall of 1,028.10 ml. Between November and May, the weather is typically dry,
with little rain forecast for much of the region. The dry season here is divided into two parts: the cool
season (November to February), when it can get chilly at night, and the hot season (March to May)
when temperatures can approach 40 °C. The rainy season lasts from May to November. The southwest
monsoon dominates the region, and rainfall is at its heaviest during this season. The rain normally falls
in the form of brief showers that last an hour or two. Rainfall can become heavier and more consistent
as the rainy season develops, with peak amounts typically occurring in August and September.
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In this study, the field data of geological and geophysical investigation [3], geohydrology [4], and
groundwater and soil analysis [12] were collected and used to intercorporate all data by using the
RS/GIS and analytical hierarchy process (AHP) techniques for assess and delineate groundwater
potential zones (GWPZs) in the study area.
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Figure 3. The study area of saline soils area in Nakhon Ratchasima province, Thailand.
2.2. Data collection and preparation

Secondary data for groundwater potential mapping in the study area were obtained by
examining the literature and available online materials. Ten factors were gathered from online
sources. The slope was created from ASTER GDEM [13], the landforms were collected from the
SRTM Landform dataset [14], the annual rainfall was collected from Royal Irrigation Department
(RID), and the soil texture class was collected from the Soil Texture Classes (USDA system) according
to Hengl [15], the drainage density was extracted from stream networks from ASTER GDEM [13], the
geology was collected from the Department of Groundwater Resources (DGR), the hydrogeological
unit was collected from the Department of Groundwater Resources (DGR), the land use/land cover
was collected from the Sentinel-2 Land Use and Land Cover map created by Esri, Microsoft, and
Impact Observatory, the groundwater potential was collected from Department of Groundwater
Resources (DGR), and the normalized difference vegetation index was collected from Sentinel-2
images were all obtained from reliable sources (Table 1).

Thematic layers were projected to the same projections, and raster layers were transformed into
vectors (polygons). The drainage density and slope were created in ArcGIS from GDEM. The Google
Earth engine and the Python API were used to collect landforms, soil texture class, land use/land cover,
and normalized difference vegetation index. Rainfall was collected from Royal Irrigation Department
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(RID). Geology, groundwater quality, and hydrogeological units were obtained from the Department
of Groundwater Resources (DGR) and were digitized in ArcGIS.

Table 1. The data type and data sources of the factors for groundwater potential mapping.

No. Influencing factors Data type Scale/Resolution  Source

1 Slope Raster 30 m ASTER GDEM
2 Landforms Raster 90 m SRTM

3 Annual rainfall XML - RID

4 Soil texture class Raster 10 m Hengl’s dataset
5 Drainage density Vector 30m ASTER GDEM
6 Geology WMS 1:50,000 DGR

7 Hydrogeological unit WMS 1:50,000 DGR

8 Land use /land cover Raster 10 m ESRI

9 Groundwater potential WMS 1:50,000 DGR

10 Normalized Difference vegetation index  Raster 10 m Generated from Sentinel-2

Note: ASTER: The Advanced Spaceborne Thermal Emission and Reflection Radiometer, GDEM: Global Digital Elevation
Model, RID: Royal Irrigation Department, DGR: Department of Groundwater Resources.

Slope, landforms, rainfall, soil texture class, drainage density, geology, hydrogeological unit, land
use/land cover, groundwater potential, and normalized difference vegetation index are essential
elements in controlling groundwater quality in the study area. As Table 2 shown all thematic layers
and their subclasses were classified and weighted based on their influence on groundwater potential.
Each thematic layer and subclass were weighted based on the AHP technique as shown by expert
judgment of relative intensity of importance (Table 3), and its impact on groundwater potential
occurrence. As Table 4 shows the different values of n of Saaty’s Random Consistency Index (RCI). A
CR of 0.10 or less (for n = 5) is regarded acceptable, as is a CR of 0.09 or less (for n = 4), or 0.05 or
less (for n = 3). Otherwise, each criterion’s relative relevance will be reconsidered to increase
judgmental consistency and avoid inconsistency. These thematic layers were overlaid in ArcGIS's
analyst tool. The delineated map was classed into different zones ranging from very poor to very high
groundwater quality. To identify the groundwater potentiality in the study area, the map was overlaid
with the administrative district of Nakhon Ratchasima. The delineated groundwater potential zones
were validated using borehole/well data collected in the field.

2.3. Influencing factors of groundwater recharge potential

Groundwater occurrences are controlled by geology, structure, geomorphology, and drainage
density, while recharge is influenced by land use, rainfall, and infiltration rate [16]. The number
of thematic layers used varies based on the availability of data for each researcher. Slope,
landforms, annual rainfall, soil texture class, drainage density, geology, hydrogeological unit, land
use/land cover, groundwater potential, and normalized difference vegetation index (Table 2) were
used in this study to investigate groundwater potential zone analysis. The relationships between
these influencing factors are weighted based on past research. A factor with a higher weight has a
greater impact, while a factor with a lower weight has a smaller impact on the potential interaction
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of groundwater. Weighted overlay analysis in ArcGIS is used to compute the integration of these
factors with their potential weights.

Table 2. Classification of weighted factors influencing the groundwater potential.

No. Influencing factors Feature Groundwater  Feature normalized
prospect weight
1 Slope <11% 4 0.40
11-22% 3 0.30
22-44% 2 0.20
>44% 1 0.10
2 Landforms Upper slope (warm) 2 1.11
Upper slope (flat) 2 1.26
Lower slope (warm) 3 1.63
Lower slope (flat) 3 1.79
Valley 4 2.16
Valley (narrow) 5 2.21
3 Annual rainfall Low rainfall 1 0.10
Medium rainfall 2 0.20
High rainfall 3 0.30
Very High rainfall 4 0.40
4 Soil texture class Clay 1 0.09
Clayey Loam 2 0.36
Sandy Clay Loam 2 0.55
Loam 3 0.64
Sandy Loam 3 0.82
5 Drainage density Very Fine 1 0.17
Fine 2 0.33
6 Geology Kk 1 0.13
KTms 3 0.38
Q1 2 0.25
Q2 2 0.25
7 Hydrogeological unit Qfd 1 0.25
8 Land use/land cover Ms 3 0.75
No Data 1 0.06
Water 5 0.28
Grass 3 0.17
Flooded Vegetation 4 0.22
Scrub/Shrub 3 0.17
Built Area 1 0.06
9 Groundwater potential G2 (Yield 2—10 and TDS 500-1,500 ppm) 1 0.10
R2 (Yield 2-10 and TDS > 1,500 ppm) 2 0.20
G1 (Yield <2 and TDS 500-1,500 ppm) 3 0.30
R1 (Yield <2 and TDS > 1,500 ppm) 4 0.40
10 Normalized Water 5 0.33
difference bare soil 4 0.27
vegetation index sparse vegetation 3 0.20
moderate vegetation 2 0.13
dense vegetation 1 0.07

AIMS Geosciences
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2.3.1. Slope map

The slope of a surface is the highest rate of change in height across a region of the surface, and it
is the main topographical factor that influences land stability [17]. Because terrain slope is one of the
main factors influencing groundwater infiltration into the subsurface, it is an appropriate groundwater
indicator [18]. Surface runoff is gradual in moderate slope areas, providing more time for rainwater to
percolate, whereas steep slope areas encourage strong runoff, allowing less residence time for
rainwater and hence slightly less infiltration [19]. The ASTER Global Digital Elevation Model (GDEM)
with a spatial resolution of 30 m was used to create a slope map of the area (Table 1).

The slope map was prepared and classified using ArcGIS spatial analyst tools. The weightage was
assigned in the attribute table based on its impact on the potential occurrence of groundwater. The
slopes are divided into four categories. Most of the study area has a pleasant slope of 5 degrees or less
of2,115.48 km? (88.90%), 5-10 degrees of 253.61 km? (10.66%), 1020 degrees of 10.41 km? (0.44%),
and greater than 20 degrees of 0.24 km? (0.01%) as shown in Table 1 and Figure 4A.

2.3.2. Landform map

Landform investigations are one of the most important parts of assessing both surface and
groundwater resources. Landform mapping helps identify and categorize various landforms and
structural features that are supportive of groundwater occurrences [20]. An integrated study of
landform development and geology can help identify the presence of permeable and porous zones [20].
A landform categorization that leads to the definition of hydro-morphological features is useful for
assessing groundwater resources since it considers both morphological and lithological aspects. The
study of landforms significantly influences the groundwater region, slope, relief, depth of weathering,
type of deposited materials, the thickness of deposition, and the assemblage of various landforms.
Landform data collected from The SRTM Landform dataset [14] was given total and individual
weightage based on its influence on groundwater occurrence. The landform data was collected and
processed using the Google Earth engine and the Python API. The ArcGIS attribute table was used to
arrange the values.

In this study, the landform map was divided into six landform features: 11.54 km? of the upper
slope (warm) (0.48%), 888.30 km? of the upper slope (flat) (37.17%), 4.45 km? of the lower slope
(warm) (0.19%), 1,084.20 km? of the lower slope (flat) (45.37%), 385.52 km? of the valley (16.13%),
and 15.62 km? of the valley (narrow) (0.65%) as shown in Table 2 and Figure 4B.

2.3.3.  Annual rainfall map

Rainfall is crucial in the hydrologic cycle because it influences groundwater potential. The
prospect of groundwater recharge is high when rainfall is high and low when rainfall is low [21].
Annual rainfall is collected by the Royal Irrigation Department (RID). Spatial analyst tools on ArcGIS
were utilized to interpolate and reclassify data.

The annual rainfall map was projected after being cropped to the study area’s extent and was
collected in millimeters and reclassified into four groups according to natural breaks (Jenks): 186—193
mm (Low rainfall) of 154.45 km? (6.47%), 193—199 mm (Medium rainfall) of 722.25 km? (30.23%),
199-204 mm (High rainfall) of 890.51 km? (37.28%), and 204-206 mm (Very High rainfall) of 621.75
km? (26.03%) as shown in Table 2 and Figure 4C.
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2.3.4. Soil texture class map

Soil is a natural resource that is an influential factor in delineating groundwater potential zones. It
also plays an important role in groundwater recharge [22]. Sandy loam has a high infiltration rate and
good groundwater potential zones, whereas clay has a low infiltration rate but less groundwater potential.
The Google Earth engine and the Python API were used to collect and process the soil texture class.

According to Hengl’s [15] study, the soil map was classified into five classes: clay, clayey loam,
sandy clay loam, loam, and sandy loam as shown in Table 2 and Figure 4D.

More than one-third of the area is covered by 809.42 km? of sandy clay loam (SaClLo) (33.87%),
714.10 km? of loam (Lo) (29.88%), 527.55 km? of sandy loam (SaLo) (22.07%), 328.14 km? of clayey
loam (ClLo) (13.73%), and 10.66 km? of clay (Cl) (0.45%).

2.3.5. Drainage density map

Drainage density is described as the close spacing of stream networks and their relationship to
surface runoff and permeability [23]. Because it is an inverse function of permeability, it is an important
parameter in determining the groundwater potential zone. The drainage characteristics of the basin
influence the subsurface hydrological condition of any region, which leads to the interpretation of
groundwater conditions. Rain infiltration is reduced if the rock is less permeable [24]. The drainage
density was determined in ArcGIS’ spatial analyst tool under the hydrology tool. ArcMap was used to
extract stream networks from the global digital elevation model (GDEM). Following line density
preparation, the drainage density was calculated from the derived stream network.

The drainage density map was divided into three density classes based on their effect on
groundwater occurrence: 0.00-0.75 km/km? (Very fine) of 1,131.51 km? (47.33%), 0.75—1.50 km/km?
(Fine) of 1,245.09 km? (52.08%), and 1.50—1.86 km/km? (Coarse) of 13.93 km? (0.58%) as shown in
Table 2 and Figure 4E.

2.3.6. Geology map

According to Shaban and Khawlie [25], the type of rock exposed to the surface substantially
impacts groundwater recharge. Geology influences groundwater recharge by influencing water flow
percolation. Geology data was obtained from the Department of Mineral Resources (DMR) in Thailand
using the WFS (Web Feature Service) on a 1:50,000 scale then extracted and digitized.

The geology map was divided into four geological units: Pleistocene River terrace deposits (Q1)
of 190.24 km? (7.96%), Quaternary Alluvial deposits (Q2) of 1,266.95 km? (53.00%), Khok Kruat
Formation (Kk) of 10.57 km? (0.44%), and Maha Sarakham Formation (KTms) of 922.80 km?
(38.60%). Depending on the infiltration capacity and groundwater recharge potential, different scores
were assigned to different rock units as shown in Table 2 and Figure 4F.

2.3.7. Hydrogeological unit map
It is defined as any soil or rock unit or zone that has a particular influence on the storage or

circulation of groundwater due to its hydraulic properties. It is regarded as the primary dataset in
terms of groundwater potential. An aquifer is a formation or group of formations or part of a
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formation that contains sufficient saturated permeable material to provide large volumes of water to
wells and springs [26]. The hydrogeological unit was derived from Thailand’s Department of Mineral
Resources (DMR) at a scale of 1:50,000 using the WFS then extracted and digitized.
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The hydrogeological unit map was reclassified into two units based on groundwater quality, with
different scores assigned to each unit: 93.11 km? of Floodplain Deposits Aquifer (Qfd) (3.89%),
2,297.45 km? of Maha Sarakham Aquifer (Ms) (96.11%) as shown in Table 2 and Figure 5A.

2.3.8. Land use/land cover map

It impacts the runoff, infiltration, and groundwater recharge capacity of any watershed or
subbasin [27], and it also gives soil information such as soil moisture content, groundwater, surface
water, and an indicator of groundwater potential development [28]. Land use and land cover datasets
were obtained from the Sentinel-2 Land Use and Land Cover map created by Esri, Microsoft, and
Impact Observatory and processed using the google earth engine with the python API.

According to the LULC dataset, the land use/land cover map was classified into seven
categories: 24.91 km? of no data (1.04%), 11.29 km? of water (0.47%), 1.26 km? of grass (0.05%),
1,928.06 km? of flooded vegetation (80.67%), 221.71 km? of scrub/shrub (9.28%), 1.42 km? of build
area (0.06%), and 201.53 km? of cloud (8.43%). Cropland received a high score, whereas barren land
and settlements with low permeability received a lower score. Land use/land cover was clipped,
projected, and weighted in ArcGIS’ attribute table as shown in Table 2 and Figure 5B.

2.3.9. Groundwater potential map

A groundwater potential map was created using specific yield and TDS data. Specific yield is an
essential factor in land surface models for determining water table depth, which can strongly influence
the relationship between soil moisture and groundwater [29]. According to WHO guidelines, total
dissolved solids (TDS) of up to 500 ppm is the most desirable and up to 1,500 ppm is the maximum
allowed. The high concentration of TDS in the groundwater sample is due to salt leaching from the
soil, and residential sewage may percolate into the groundwater [30]. The groundwater potential was
obtained using the WFS data from Thailand’s Department of Mineral Resources (DMR) on a scale of
1:50,000 to extract and digitized.

The groundwater potential map is divided into four classes according to DMR datasets: 1936.65 km?
of G1 (Yield < 2 and TDS 500-1,500 ppm) (81.01%), 385.41 km? of G2 (Yield 2-10 and TDS 500-1,500
ppm) (16.12%), 59.96 km? of R1 (Yield < 2 and TDS > 1,500 ppm) (2.51%), and 8.54 km? of R2 (Yield
2-10 and TDS > 1,500 ppm) (0.36%) as shown in Table 2 and Figure 5C.

2.3.10. Normalized difference vegetation index map

Groundwater levels can be determined using NDVI, particularly in naturally vegetated
environments such as forests or shrubland. The NDVI reflected water availability is a major factor in
the growth of dense vegetation and vegetation cover. In areas where the water table is shallow, the
vegetation is natural, and in situ groundwater observations are unavailable, NDVI may be utilized as
a suitable indicator of groundwater storage conditions [31]. NDVI data was gathered from Sentinel-2
images and processed using the Google Earth Engine with the python AP
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Figure 5. (A) Hydrogeological unit map, (B) Land use/land cover map, (C) Groundwater
potential map, and (D) Normalized difference vegetation index map.

The NDVI map was reclassified into five classes, and different scores were assigned: 17.57 km?
of 0 or less (water) (0.74%), 3.23 km? of 0.00-0.03 (bare soil) (0.14%), 2,106.69 km? of 0.03-0.30
(sparse vegetation) (88.15%), 262.24 km? of 0.30-0.50 (moderate vegetation) (10.97%), 0.05 km? of
more than 0.50 (dense vegetation) (0.002%) as shown in Table 2 and Figure 5D.

2.4. Normalized weights for thematic layers
2.4.1. Analytic Hierarchy Process (AHP)

This AHP technique is the most widely used and popular Multi-Criteria Decision Analysis
(MCDA) technique for determining groundwater prospecting zones. The AHP technique was
developed by Saaty [32] to provide solutions to complex decision-making situations. The weights
assigned to various thematic maps and their features were determined based on a review of the
literature, previous research, and field experience, which were normalized using Saaty’s AHP
technique [33]. As shown in Table 5, the analytic hierarchy method evaluates each pair of variables in
a specific cluster at a time, based on Saaty’s scale of the relative intensity of importance. The final
weight of each thematic layer was calculated using the output matrix’s principal Eigenvalue (1). The
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consistency of the judgment matrix should be assessed using the consistency index (CI), which is
defined as
Amax —-n

L @)

where CI is the consistency index, A4, 1S the maximum of the judgment matrix’s principal
eigenvalues, which can be determined from the matrix, and n is the matrix’s order. The ratio of CI to
RCI for the same order matrix is known as the Consistency Ratio (CR) coefficient and is calculated
using equation (2).

CI

CR:R—CI

)
where RCI is the random consistency index.

Table 4 shows the value of RCI acquired from Saaty’s random consistency index (RCI) for
different values of n. ACR of 0.10 or less (for n = 5) is regarded acceptable, as is a CR of 0.09 or less
(forn=4) or 0.05 or less (for n = 3). Otherwise, each criterion’s relative relevance will be reconsidered
to increase judgmental consistency and avoid inconsistency.

Table 3. Saaty’s scale of the relative intensity of importance.

Intensity of Definition Explanation
importance
1 Equal importance Two elements contribute equally to the
objective
Moderate importance Experience and judgment slightly favor one element over another
Strong importance Experience and judgment strongly favor one element over another
Very strong importance One element is favored very strongly over another, its dominance

is demonstrated in practice
9 Extreme importance The evidence favoring one element over another is of the highest
possible order of affirmation

2,4, 6, and 8 can be used to express intermediate values

Note: Adapted from Goepel [32].

Table 4. Saaty’s Random Consistency Index (RCI).

n 1 2 3 4 5 6 7 8 9 10
RCI 0.00 0.00 0.58 0.89 1.12 1.24 1.32 1.41 1.45 1.49

Note: Adapted from Saaty [31].
2.4.2. Groundwater Potential Index (GWPI)

This GWPI is a dimensionless parameter used to estimate GWPZs in the study area. The weighted
linear combination technique is used to calculate the GWPI as shown in equation (3).
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GWPI = i zn:(AiBj) 3
i=1 1

]:

where A is the normalized weight of the i thematic layer, B is the rank value of each feature class
about the j class, m is the total number of thematic layers, and n is the total number of features
classes in the thematic layer.

2.4.3. Validation of the groundwater potential zones

In 2018, Thongwat [12] collected groundwater samples from a well-discharge in the saline soil
area of Nakhon Ratchasima province and analyzed salinity content. In this study, the delineated
groundwater potential zones were compared with the salinity content from well discharge for finding
the coefficient of determination (R?).

3. Results

The weightage was assigned to thematic layers and estimated values of the normalized weightage
using AHP techniques (Table 5). The maximum principal eigenvalue (A4 ) 1s 10.0012, the
consistency index (CI) is 0.000137, the random consistency index (RCI) is 1.49, and the consistency
ratio (CR) coefficient is 0.000092. This CR value result was acceptable due to its being less than 0.10
(for n = 5). In this study, the delineated groundwater potential zones were validated with the
groundwater salinity data of well discharge data collected from Thongwat [12]. The coefficient of
determination (R2) for 17 well discharges was found to be 0.7131 (Figure 6).

Table 5. Pairwise comparison matrix and significance weightage value of the thematic layers.

Matrix S1 Geol Lf AR STC DD HU LULC GP NDVI  Weights
S1 1.00 0.33 0.71 1.00 0.50 0.71 0.33 1.00 0.50 1.00 6.01%
Geol 2.83 1.00 2.00 2.83 1.40 2.00 1.00 2.83 1.40 2.83 17.10%
Lf 1.40 0.50 1.00 1.40 0.71 1.00 0.44 1.40 0.71 1.40 8.46%
AR 1.00 0.33 0.71 1.00 0.50 0.71 0.33 1.00 0.50 1.00 6.01%
STC 2.00 0.71 1.40 2.00 1.00 1.40 0.71 2.00 1.00 2.00 12.09%
DD 1.40 0.50 1.00 1.40 0.71 1.00 0.50 1.40 0.71 1.40 8.55%
HU 3.00 1.00 2.25 3.00 1.40 2.00 1.00 2.83 1.40 3.00 17.61%
LULC 1.00 0.33 0.71 1.00 0.50 0.71 0.33 1.00 0.50 1.00 6.05%
GP 2.00 0.71 1.40 2.00 1.00 1.40 0.71 2.00 1.00 2.00 12.09%

NDVI 1.00 0.33 0.71 1.00 0.50 0.71 0.33 1.00 0.50 1.00 6.01%

Note: Sl: Slope; Geol: Geology; Lf: Landforms; AR: Annual rainfall; STC: Soil texture class; DD: Drainage density;
HU: Hydrogeological unit; LULC: Land use/land cover; GP: Groundwater potential; NDVI: Normalized difference

vegetation index.
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Figure 6. Coefficient of determination (R?).

The slope, landforms, annual rainfall, soil texture class, drainage density, geology,
hydrogeological unit, land use/land cover, groundwater potential, and normalized difference
vegetation index of the study area were overlaid in ArcGIS software to evaluate the groundwater
potential zones of the saline soil area. The groundwater potential zones map was created by overlaying
10 thematic layers and using the AHP technique to provide weightage ranking and reclassify the
thematic layer in the ArcGIS attribute table. Each thematic layer was weighted according to its feature
classes. The weights of the thematic layers result in descending order consisting of hydrogeological
unit (17.61%), geology (17.10%), groundwater potential (12.09%), soil texture class (12.09%),
drainage density (8.55%), landforms (8.46%), land use/land cover (6.05%), slope (6.01%), annual
rainfall (6.01%), and normalized difference vegetation index (6.01%), respectively.

4. Discussion

Thematic layers were created using remote sensing (RS) and geographical information system
(GIS), and analytical hierarchy process (AHP) techniques were used to determine the weights of
various thematic layers to identify the groundwater potential zone (GWPZs) by combining multiple
influencing factors namely slope, landforms, annual rainfall, soil texture class, drainage density,
geology, hydrogeological unit, land use/land cover, groundwater potential, and normalized difference
vegetation index of the study area.

Groundwater potential zones (GWPZs) were reclassified into five categories based on their
overall weightage: very high potential, high potential, moderate potential, poor potential, and very poor
potential (Figure 7).
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Figure 7. Groundwater potential zones map of the study area.

(1) The very high potential covered 99.71 km? (4.16%) of this study area located in the southern
part of the Non-Sung district. (2) The high potential covered 40.17 km? (1.68%) located in the
northwestern part of the Non-Thai district and the northeastern part of the Non-Daeng district. (3) The
moderate potential covered 1,101.63 km? (46.01%), which is mostly located in the northern part of
Kham Sakae Saeng district, slightly in the northwestern part of the Khong district, and distributed
throughout the study area. (4) The poor potential covered 1,114.83 km? (46.57%) located in the central
parts and eastern parts of Non-Thai districts; the northern part of the Non-Sung district; the southern
part and eastern parts of Kham Sakae Saeng district; and the central part of Khong district. (5) The
very poor potential covered 37.74 km? (1.58%) located in the northeastern part of the Non-Thai district
and the central parts of the Khong district.

The GWPZs were validated using salinity content, which may influence groundwater potential.
The GWPZs were compared to salinity content data obtained by Thongwat [12] in 2018. As a result,
the research found an inverse relation between salinity content and groundwater potential zones in
Nakhon Ratchasima’s saline soil area. The zone with high groundwater potential has low salinity, while
the zone with low groundwater potential has high salinity.

In future studies, the model’s performance could be evaluated using different statistical models.
For example, the regression model gives a function that defines the relationship between one or more
independent variables and dependent variables, which could improve prediction accuracy. Statistical
model combiner provides the ability to take into consideration various criteria such as performance,
stability, and parsimony [34].

5. Conclusions

The research revealed that the hydrogeological unit, geology, soil texture class, hydrological unit,
and groundwater potential significantly impacted groundwater potential compared to other thematic
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layers. Moreover, the groundwater potential distribution represented a moderate potential to a poor
potential located throughout the study area especially Kham Sakae Saeng, Non-Thai, and Non-Sung
districts. Because of the saline related to the Maha Sarakham Formation (KTms), Maha Sarakham
Aquifer (Ms), loam (Lo) and sandy loam (SaLo) of the soil texture class, and R1 (yield <2 and TDS >
1,500 ppm) of the groundwater potential class. The validated GWPZs map with the observed well
discharge data (salinity content). The study is certain, with a high coefficient value of 0.7131.

The results of this research can be used as necessary information for the population, government
agencies, and the commercial sector to encourage sustainable groundwater management and optimal
locations for field monitoring and groundwater borehole drilling. Furthermore, the results of this study
are critical for the effective administration, management, and long-term usage of groundwater
resources in the saline soil area of Nakhon Ratchasima province.
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