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Abstract: Groundwater salinization in northeastern Thailand, specifically in Khon Kaen Province, is 
primarily associated with areas underlain by the Maha Sarakham Formation, which consists of evaporite 
deposits. This study integrates hierarchical cluster analysis (HCA), principal component analysis (PCA), 
and hydrogeochemical methods to assess seasonal salinization dynamics across three periods: January 
(dry), May (transition), and September (wet season). A total of 21-22 groundwater samples from shallow 
aquifers in Dang Yai Subdistrict were analyzed for major ions. HCA identified four distinct 
hydrogeochemical clusters reflecting spatial heterogeneity, comprising Cluster I with fresh to moderately 
mineralized water showing seasonal variations, Cluster II with sulfate-rich water from gypsum dissolution, 
Cluster III with agricultural contamination, and Cluster IV with extreme salinization from halite dissolution. 
PCA revealed that PC1 (31-37% variance) reflects dilution as the primary seasonal control, PC2 (28-32%) 
distinguishes evaporite dissolution zones, and PC3 (16-21%) isolates persistent anthropogenic 
contamination. Average TDS decreased by 21% from dry to wet season (1,352 to 1,067 mg/L), indicating 
monsoon dilution effects. However, localized zones maintained extreme salinity despite regional 
freshening, demonstrating upward saline water migration along structural pathways. Ca-HCO3 facies 
increased from 23% to 33% during early monsoon, reflecting enhanced carbonate weathering, while Na-Cl 
facies remained stable (36-38%), confirming sustained evaporite influence. The integrated multi-seasonal 
framework provides critical insights for managing evaporite-influenced aquifers in tropical monsoon 
regions. 
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1. INTRODUCTION 
 

Groundwater serves as a critical water 
resource, particularly in regions where surface water 
is limited. This is especially important for the 
northeastern Thailand, where rapid population 
growth, urbanization, industrialization, and 
agricultural expansion are placing increasing pressure 
on water resources (Srisuk & Nettasana, 2017; 
Pholkern et al., 2018; Eamrat et al., 2022). Khon 
Kaen Province is located in this region and faces 
particularly high groundwater demand further 
complicated by widespread salinity problems in both 

groundwater and agricultural soils (Ramnarong & 
Buapeng, 1985; Patcharapreecha et al., 1989; 
Dissataporn et al., 2002; Nettasana et al., 2012; Srisuk 
& Nettasana, 2017; Arjwech et al., 2019; Yoshida et 
al., 2021). Understanding groundwater salinity and 
the geochemical processes that influence it is 
essential for effective water resource management. 
Groundwater salinization results from various natural 
and anthropogenic processes, with salinity defined by 
the concentration of dissolved solids containing ions 
such as sodium, chloride, magnesium, calcium, and 
sulfate (Li et al., 2020). These dissolved ions 
originate from multiple sources, including mineral 
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dissolution, weathering reactions, ion exchange, and 
human activities, creating distinct salinity patterns 
across different regions (Lorenzen et al., 2012; Li et 
al., 2020; Said et al., 2022). 

Groundwater salinization in Khon Kaen 
Province, is primarily associated with the Maha 
Sarakham Formation, which consists of evaporite 
deposits including halite, gypsum, and anhydrite 
(Sattayarak, 1983; Utha-Aroon, 1993; El Tabakh et 
al., 1999; Satarugsa et al., 2005). Dissolution of these 
minerals along groundwater flow paths results in high 
salinity in discharge areas (Richter & Kreitler, 1993; 
Merchán et al., 2015; Jia et al., 2017). This natural 
salinization is intensified by anthropogenic activities, 
including intensive irrigation, deforestation, 
groundwater over-extraction, and local salt 
production (Wongsomsak, 1986; Saraphirom et al., 
2013; Arunin & Pongwichian, 2015; Arjwech et al., 
2019). Ongsomwang et al. (2019) analyzed land use 
change in the region and projected substantial 
increases in anthropogenic pressures. Their analysis 
indicates that urban and built-up areas will expand 
from 57 km2 in 2006 to 399 km2 by 2026, while 
agricultural lands will decline correspondingly. These 
land use transitions modify groundwater recharge 
patterns, alter surface-groundwater interactions, and 
introduce new contamination pathways that 
compound natural salinization processes. However, 
the relative influence of natural versus anthropogenic 
factors varies across seasons due to variations in 
precipitation, evapotranspiration, and agricultural 
activities driven by the tropical monsoon climate. 

Despite extensive research on groundwater 
salinity in northeastern Thailand, critical knowledge 
gaps persist regarding the temporal dynamics of 
salinization processes. Previous studies have 
predominantly relied on single-season sampling 
(Dissataporn et al., 2002; Saraphirom et al., 2013; 
Pholkern et al., 2018), which cannot capture temporal 
variations in hydrogeochemical processes, where 
monthly rainfall varies from less than 100 mm during 
the dry season to over 200 mm during the wet season. 
The relative contributions of evaporite dissolution, 
silicate weathering, ion exchange, and anthropogenic 
contamination have not been systematically 
investigated across seasons. Additionally, 
multivariate statistical methods, such as Hierarchical 
Cluster Analysis (HCA) and Principal Component 
Analysis (PCA), have proven highly effective for 
identifying principal factors controlling groundwater 
composition (Walter et al., 2017; Ferchichi et al., 
2018; Panagiotou et al., 2022; Zhang et al., 2022; Al 
Maliki et al., 2024); their integrated application to 
multi-seasonal datasets represents a significant 

opportunity to advance understanding of temporal 
hydrogeochemical processes. 

This study addresses these gaps by integrating 
traditional hydrogeochemical analysis with 
multivariate statistical methods across three seasons: 
January, May, and September (dry, transition, and wet 
seasons, respectively). Groundwater samples were 
collected from Dang Yai Subdistrict in Khon Kaen 
Province, which was strategically selected due to its 
geological diversity, including the salt-rich Maha 
Sarakham Formation overlain by unconsolidated 
alluvial deposits, and its location along a 
hydrogeological gradient from recharge to discharge 
areas. While the area increasingly faces risks of saline 
water intrusion into freshwater zones, significant 
volumes of high-quality groundwater remain, 
especially within shallow alluvial aquifers that serve 
as vital water sources (Udomsilpa, 2004; DGR, 
2017). The objectives are to characterize the temporal 
evolution of hydrogeochemical facies across seasons 
and to quantify seasonal variations in processes 
controlling groundwater salinization through 
integrated multivariate statistical and 
hydrogeochemical analyses. The findings will 
provide critical insights for sustainable groundwater 
management in evaporite-influenced aquifer systems 
under increasing anthropogenic and climate 
pressures. 

 
2. MATERIALS AND METHODS 

 
2.1. Study Area 

 
This study focuses on the Dang Yai Subdistrict, 

covering an area of approximately 40 km2, in Mueang 
Khon Kaen District, Khon Kaen Province, in 
northeastern Thailand (Figure 1). According to land 
use data from the Land Development Department 
(2022), agricultural activities dominate the subdistrict 
(around 93%), with Paddy fields (54.18%), field 
crops including sugarcane and cassava (31%), urban 
areas (12.04%), and surface water bodies (6.35%). 
The area has experienced growing water demand 
driven by urban expansion (Van Ninh & 
Waisurasingha, 2018) and small-scale but water-
intensive industries, such as ice and drinking water 
production, which rely primarily on groundwater 
resources. Intensive agricultural practices, combined 
with urban expansion and the presence of soil pits and 
abandoned land, create multiple potential pathways 
for groundwater contamination through agricultural 
runoff and domestic wastewater discharge. 

Surface elevation within the study area ranges 
from approximately 160 to 220 m above mean sea 
level, with surface topography characterized by 
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highland areas in the northeastern and northwestern 
parts. The terrain gradually slopes southward and 
southeastward toward lower elevation zones, 
controlling groundwater flow from elevated recharge 
areas toward discharge zones in the southern and 
southeastern portions. The average annual rainfall in 
Mueang Khon Kaen District is approximately 1,557.7 
mm (1978-2023), with the majority occurring during 
the wet season (May to October). The dry season 
receives less than 100 mm per month. This seasonal 
rainfall distribution leads to limited surface water 
availability and increased reliance on groundwater, 
particularly during the dry months. 

Regional groundwater follows a flow pattern 
from higher elevations in the north and northwest 
toward the southeast (Lertsirivorakul et al., 1984; 
Udomsilpa, 2004). Surface water bodies are primarily 
concentrated in the elevated northern portion, where 
natural streams and soil pits serve as potential 
recharge zones. In contrast, groundwater discharge 
occurs predominantly in the southern lowlands, as 
evidenced by salt crust on the land surface. This 
phenomenon results from evaporite dissolution and 
subsequent salt precipitation in shallow aquifers 
(Salama et al., 1999; Wen et al., 2005; Li et al., 2020). 

This topographically controlled flow system 
establishes distinct hydrogeochemical zones, from 
freshwater recharge areas in the elevated north to 
saline discharge areas in the southern lowlands 

The geologic setting of the study area is 
situated within the Khon Kaen Basin, located along 
the western margin of the Khorat Plateau. The near-
surface deposits primarily consist of unconsolidated 
Quaternary alluvial and terrace sediments, composed 
of loess, fine-grained sediments, and gravel, with 
thicknesses ranging from less than 1 m to over 5 m 
(Nettasana et al., 2012). These unconsolidated 
materials form shallow unconfined to semi-confined 
aquifers. The water table typically lies at 1 to 10 m 
below ground level, depending on seasonal 
conditions. The water-bearing layers vary in 
thickness from 5 to 70 m and serve as the principal 
water source for domestic use and agricultural 
activities. In these unconsolidated aquifers, 
groundwater tends to have relatively lower salinity 
(Lertsirivorakul et al., 1984). Groundwater is 
recharged primarily through direct infiltration of 
precipitation during the wet season and surface water 
infiltration. 

 

 
Figure 1. Geologic map and groundwater sample locations. 
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Beneath these surficial deposits lies the Phu 
Thok Formation, which comprises reddish-brown 
sandstone and reddish-purple calcareous sandstone 
interbedded with siltstone and mudstone (Sattayarak, 
1983; Arjwech et al., 2019). This unit functions as a 
fractured rock aquifer, where groundwater is stored 
within fracture zones (Lertsirivorakul et al., 1995). 
Underlying the Phu Thok Formation is the Maha 
Sarakham Formation, composed of anhydrite, 
claystone, potash, and interbedded rock salt, with 
thickness ranging from 10 to more than 200 m, 
depending on local geological structures influenced 
by rock salt deposition. Tectonic activity and 
sediment loading during the Tertiary period have 
produced synclinal and anticlinal structures that 
facilitate upward migration of rock salt. These 
features are expressed at the surface as white, circular 
patches associated with salt domes or anticlinal 
ridges, indicating saline soil conditions (Arjwech et 
al., 2019). Beneath the Maha Sarakham Formation 
lies the Khok Kruat Formation, comprising brown 
and reddish-brown claystone, siltstone, and 
sandstone, with lime-noduled conglomerate and 
calcrete horizons (DMR, 2009). Thin, discontinuous 
gypsum layers are locally present in the upper part, 
marking the transition to the evaporitic deposits of the 
overlying Maha Sarakham Formation (Racey et al., 
1996). The Khok Kruat Formation is underlain by the 
Phu Phan Formation, which consists of grayish-white 
conglomeratic sandstone, gray to dark gray claystone 
and siltstone, along with older Mesozoic rocks of the 
Khorat Group (DMR, 2009). 
 

2.2. Sampling and Analytical Methods 
 

Groundwater samples were collected from 22 
domestic wells in January and 21 wells in May and 
September (Figure 1), as one well (DY23) could not 
be resampled after we were unable to contact the 
homeowner for access. Sampling campaigns 
corresponded to three seasons: January (dry season), 
May (transition period), and September 2023 (wet 
season). Sampling locations were limited by well 
availability, as most residential areas are served by 
surface water supply systems, leading residents to 
rely primarily on municipal water for domestic 
consumption. Additionally, due to groundwater 
salinity problems, local farmers have avoided drilling 
new groundwater wells and have abandoned or 
backfilled existing wells, making it challenging to 
locate accessible groundwater sources. Consequently, 
sampling was based on well availability rather than 
systematic spatial distribution. All sampling wells 
had depths of less than 40 m, accessing the shallow 
unconfined to semi-confined aquifers. Sample 

collection followed standardized protocols to ensure 
data quality. Coordinates and surface elevations were 
recorded using RTK GNSS modules. Field 
measurements included depth to water table, pH, 
electrical conductivity (EC), and temperature using 
calibrated portable instruments. Prior to sample 
collection, wells were purged to ensure representative 
samples. Groundwater samples were stored in high-
density polyethylene containers under both acidified 
and non-acidified conditions, and transported to the 
laboratory under refrigerated conditions. 

Chemical analyses were conducted at the 
Geochemical Laboratory, Department of 
Geotechnology, Faculty of Technology, Khon Kaen 
University, following the Standard Methods for the 
Examination of Water and Wastewater (Baird et al., 
2017). Major anions were analyzed: chloride (Cl-) by 
silver nitrate titration, carbonate (CO3

2-) and 
bicarbonate (HCO3

-) by titration, nitrate (NO3
-) by the 

cadmium reduction method, and sulfate (SO4
2-) by the 

turbidimetric method. Major cations, including 
calcium (Ca2+), magnesium (Mg2+), potassium (K+), 
and sodium (Na+), were quantified by flame atomic 
absorption spectrometry using a PerkinElmer 
PinAAcleTM 900F instrument equipped with hollow-
cathode lamps and operated via SyngistixTM for AA 
software. Measurement settings and calibration 
parameters are summarized in Table 1. Calibration for 
each ion employed five standard concentrations and 
yielded correlation coefficients (r2) ≥ 0.99, samples 
with concentrations above the highest calibration 
standard were diluted appropriately to fall within the 
calibration range prior to measurement. Ion balance 
errors for all samples were within ±5%, which is 
considered acceptable for hydrogeochemical 
analyses. 
Table 1. Instrument settings and calibration parameters for 
flame atomic absorption spectrometry 

Ion Wavelength (nm) Calibration standards (mg/L) 
Ca2+ 422.67 0.25, 0.50, 1.00, 2.50, 5.00 
K+ 769.90 0.10, 0.25, 0.50, 1.00, 2.00 

Mg2+ 202.58 0.25, 0.50, 1.00, 2.50, 5.00 
Na+ 589.00 0.10, 0.25, 0.50, 0.75, 1.00 

 
2.3. Data Analysis Methods 

 
A comprehensive multi-analytical approach 

was applied to investigate the hydrogeochemical 
processes controlling groundwater salinization. This 
approach adopted a systematic framework where 
traditional graphical methods were first applied to 
provide initial characterization, followed by 
multivariate statistical techniques implemented in 
RStudio, version 4.4.1 (Posit Team, 2025), for 
detailed grouping and interpretation. 
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Traditional hydrogeochemical diagrams were 
used to characterize groundwater chemistry and 
identify preliminary hydrogeochemical patterns. The 
Piper diagram (Piper, 1944) was used to classify 
groundwater types based on major ion compositions 
and identify dominant hydrogeochemical facies. The 
Durov diagram (Durov, 1948) was used to refine 
hydrogeochemical classification and infer 
evolutionary trends. These diagrams provided 
insights into relative proportions of major ions and 
established a hydrogeochemical framework for 
subsequent analysis. 

Hierarchical Cluster Analysis (HCA) was 
applied as the primary multivariate tool to group 
groundwater samples with similar chemical 
characteristics, identifying distinct hydrogeochemical 
relationships and delineating specific water types for 
each sampling period (Güler et al., 2002; Walter et al., 
2017; Rahbar et al., 2020). HCA was performed using 
Ward's method with Euclidean distance as the 
similarity measure, and all chemical parameters were 
standardized to prevent bias from variables with 
different units and ranges. 

Principal Component Analysis (PCA) was 
applied to reduce the dimensionality of the 
groundwater chemistry dataset and identify main 
sources of variation within each hydrogeochemical 
group. The PCA results were used to identify key 
influencing factors such as water-rock interactions, 
saline water intrusion, and anthropogenic inputs for 
each cluster (Jiang et al., 2015; Walter et al., 2017). 
For each hydrogeochemical group, relationships 
between dissolved ions were used to identify 
geochemical processes operating within the aquifers 
(Fisher & Mulican, 1997; Subba Rao, 2008; 
Aghazadeh & Mogaddam, 2011). Group-specific 
interpretation was conducted using the Gibbs diagram 
(Gibbs, 1970), Gaillardet diagram (Gaillardet et al., 
1999), and ion-ion binary plots to understand 
dominant hydrogeochemical processes within each 
cluster. 

The Gibbs diagram plots Na+/(Na++Ca2+) for 
cations and Cl-/(Cl-+HCO3

-) for anions against total 
dissolved solids (TDS), enabling identification of 
three primary hydrogeochemical mechanisms: 
atmospheric precipitation, water-rock interaction, and 
evaporation. Each hydrogeochemical group was 
evaluated separately to determine the dominant 
geochemical regime. To further investigate water-
rock interactions within each group, the Gaillardet 
diagram, which uses the ratios of Ca2+/Na+, Mg2+/Na+, 
and HCO3

-/Na+, was employed to determine the 
relative contributions of carbonate dissolution, 
silicate weathering, and evaporite dissolution to 
groundwater chemistry. Additionally, binary plots, 
such as Na++K+ versus Cl- and Na++K+ versus total 
cations, were utilized to support the interpretation of 
geochemical reactions. This systematic approach of 
clustering followed by group-specific analysis 
provides a comprehensive understanding of the 
geochemical processes occurring within different 
zones of the aquifer system and their temporal 
changes across the three sampling periods. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Hydrogeological and hydrogeochemical 
characteristics 

 
Hydraulic heads show distinct seasonal 

variations: 132.23 - 163.90 m in January, 131.34 -
163.11 m in May, and 133.05 to 163.91 m in 
September. May represents the lowest values due to 
prolonged dry season depletion, while September 
shows recovery from monsoon recharge. 
Groundwater flows from the northeast (recharge 
zone) toward the southwest (Figure 2). The highest 
hydraulic heads occur in the central and northeastern 
parts, while lower heads in the western and 
southwestern zones reflect intensive groundwater 
abstraction. This seasonal pattern reflects the tropical 
monsoon climate, with minimum levels in May and 
substantial recovery in September. 

 
Figure 2. Hydraulic head distribution and groundwater flow directions in the study area across three sampling periods. 
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Statistical summaries of all physicochemical 
parameters are presented in Table 2. EC ranges from 
107.6 to 14,660.0 µS/cm in January, decreasing 
through May (208.1-14,150.0 µS/cm) to September 
(153.0-13,180.0 µS/cm), with mean values declining 
by 12.6% from the dry to wet season. Sodium shows 
the highest cation concentrations (mean: 309.37-
380.35 mg/L), while chloride dominates (mean: 
444.68-487.16 mg/L). Sodium decreased by 18.7% 
from January to September, while chloride showed 
only a 6.8% reduction, suggesting differential 
mobility. Strong positive correlations (Table 3) 
between EC, TDS, sodium, and chloride (r = 0.91 - 
0.99 across all three seasons) indicate salinization 
primarily controlled by halite dissolution associated 
with the Maha Sarakham Formation. 

Calcium and sulfate demonstrate strong 
correlations across all periods (r = 0.96, 0.92, and 
0.93 in January, May, and September, respectively). 
The highest Ca2+ concentration (783.00 mg/L) occurs 
in May, indicating enhanced gypsum dissolution 
during early monsoon recharge when aggressive 
groundwater interacts with sulfate minerals. Mean 
calcium increased by 12.1% from January to 
September, contrasting with sodium-chloride dilution 
and suggesting enhanced mineral dissolution during 
recharge. 

HCO3
- concentrations peak at 1,170 mg/L in 

January and decline to 627.14 mg/L in September, 
reflecting seasonal variation in water-rock interaction 
intensity. HCO3

- correlations with Mg2+ strengthen 
from the dry season (r = 0.35 in January) to early wet 
season (r = 0.75 in May), before decreasing to r = 0.51 
in September. A similar pattern emerges for Ca2+ that 
correlations with HCO3

- rise from r = 0.19 in January 
to r = 0.77 in May, then falls back to r = 0.31 in 
September. This trend closely tracks the Mg2+ pattern 
and points to intensified carbonate mineral 
dissolution at the onset of monsoon recharge. 
Consistent with this interpretation, Ca2+ and Mg2+ 
themselves remain strongly correlated throughout the 
year (r = 0.72, 0.71, and 0.83 in January, May, and 
September, respectively), reinforcing dolomite 
dissolution as a shared source for both cations, with 
their association becoming most pronounced by 
September. 

Mg2+ also develops a stronger correlation with 
SO4

2- by the end of the wet season (r = 0.61, 0.57, and 
0.72 in January, May, and September, respectively), 
suggesting that dolomite and gypsum dissolution 
become increasingly coupled processes as the aquifer 
transitions from monsoon recharge to recovery. 
Interestingly, HCO3

- also shows its strongest 
association with Na+ in January (r = 0.79), weakening 
substantially by May (r = 0.37) before partially 

recovering by September (r = 0.59), indicating that 
the coupling between bicarbonate and sodium is not 
consistently tied to the wet-dry cycle and may instead 
reflect localized silicate weathering or ion-exchange 
processes active at different times of year. 

NO3
- concentrations reach a peak of 50.34 

mg/L in January, with eleven sampling locations 
consistently exhibiting elevated concentrations across 
all three seasons, indicating a persistent agricultural 
contamination source. NO3

- and K+ correlations 
follow a clear downward trajectory across the year, 
from r = 0.87 in January to r = 0.64 in May, and down 
to r = 0.22 in September, indicating progressive 
seasonal dilution of agricultural contaminants while 
an underlying anthropogenic source persists. Across 
all three sampling periods, no strongly negative 
correlations were observed among any parameter 
pairs. 
 

3.2. Hydrogeochemical facies and temporal 
evolution 

 
The Piper trilinear diagram (Figure 3) reveals 

that Sodium-Chloride facies dominates throughout all 
sampling periods (36-38% of samples), followed by 
Calcium-Bicarbonate facies (23-33%). This 
distribution reflects progressive sodium and chloride 
enrichment along the flow path from recharge to 
discharge areas, influenced by the salt-rich Maha 
Sarakham Formation. Calcium-Bicarbonate facies 
predominate in recharge areas overlying Quaternary 
terrace deposits and the Khok Kruat Formation, while 
Sodium-Chloride facies concentrate in discharge 
zones where anticlinal structures bring evaporite 
minerals closer to the surface. 
 

 
Figure 3. Piper diagram illustrating the classification of 
hydrogeochemical facies. 
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Table 2. Statistical information of physicochemical parameters in groundwater samples. 

 
January 2023 (n = 22) May 2023 (n = 21) September 2023 (n = 21) 

Mean±SD Range Mean±SD Range Mean±SD Range 
pH 7.14±0.66 6.39–8.85 7.13±0.67 6.39-8.85 6.93±0.68 5.62-8.54 
EC 2,043.1±3,232.5 107.6-14,660.0 1,961.5±3,109.0 208.1-14,150.0 1,784.9±2,864.4 153.0-13,180.0 

TDS 1,352.0±1,914.1 144-8,628 1,154.7±1,884.8 96-8,424 1,067.3±1,763.3 77-7,843 
HCO3

- 284.64±277.16 42.00-1,170.00 201.33±213.44 18.24-904.94 197.48±174.23 30.87-627.14 
CO3

2- 3.27±11.69 0-52.00 8.21±14.33 0-57.96 5.13±7.79 0-26.22 
Cl- 477.16±1,080.58 6.22-4,923.47 487.14±1,054.44 4.75-4,568.80 444.68±968.94 5.43-4,281.76 

NO3
- 4.39±10.93 0-50.34 5.21±10.66 0-47.63 4.76±10.33 0-47.40 

SO4
2- 162.61±439.20 1.35-1,606.72 132.87±355.91 4.07-1,317.27 142.79±389.68 4.36-1,476.76 

Ca2+ 84.63±161.80 3.27-655.50 86.13±170.02 9.24-783.00 94.86±158.14 4.95-727 
K+ 10.48±20.22 1.56-96.41 4.19±6.32 0.08-26.70 2.62±3.86 0.07-17.47 

Mg2+ 17.43±20.51 1.55-82.18 8.24±10.38 0.29-38.00 5.78±6.54 0.49-26.60 
Na+ 380.35±775.91 5.82-3,582.00 369.56±785.22 5.14-3,475.00 309.37±612.69 4.79-2,748.50 

 
Table 3. Correlation matrix of physicochemical parameters in groundwater samples. 

Month Parameter pH EC TDS HCO3
- CO3

2- Cl- NO3
- SO4

2- Ca2+ K+ Mg2+ Na+ 

January 
(dry season) 

pH 1.00            
EC 0.17 1.00           

TDS 0.10 0.99 1.00          
HCO3

- 0.19 0.87 0.85 1.00         
CO3

2- 0.42 0.19 0.13 0.32 1.00        
Cl- 0.18 0.95 0.92 0.75 -0.01 1.00       

NO3
- -0.09 0.00 -0.03 0.12 -0.12 0.00 1.00      

SO4
2- -0.28 0.09 0.22 0.08 -0.08 -0.09 -0.11 1.00     

Ca2+ -0.27 0.20 0.33 0.19 -0.11 0.03 -0.09 0.96 1.00    
K+ -0.09 0.04 0.02 0.21 -0.03 0.00 0.87 -0.01 0.02 1.00   

Mg2+ -0.31 0.11 0.21 0.35 -0.19 -0.01 -0.03 0.61 0.72 0.12 1.00  
Na+ 0.20 0.97 0.94 0.79 0.05 0.99 0.00 -0.06 0.04 0.01 -0.02 1.00 

May 
(transition 

period) 
 

pH 1.00            
EC 0.13 1.00           

TDS 0.09 0.99 1.00          
HCO3

- -0.14 0.50 0.57 1.00         
CO3

2- 0.24 0.77 0.74 0.46 1.00        
Cl- 0.25 0.96 0.93 0.34 0.77 1.00       

NO3
- -0.14 -0.11 -0.12 -0.18 0.01 -0.13 1.00      

SO4
2- -0.27 0.11 0.23 0.59 -0.17 -0.10 -0.14 1.00     

Ca2+ -0.30 0.14 0.25 0.77 -0.09 -0.07 -0.14 0.92 1.00    
K+ -0.17 0.00 0.01 0.23 0.20 -0.07 0.64 0.08 0.11 1.00   

Mg2+ -0.40 -0.04 0.03 0.75 0.13 -0.21 -0.11 0.57 0.71 0.31 1.00  
Na+ 0.22 0.97 0.95 0.37 0.79 0.99 -0.14 -0.04 -0.03 -0.05 -0.18 1.00 

September 
(wet season) 

pH 1.00            
EC 0.30 1.00           

TDS 0.27 0.99 1.00          
HCO3

- 0.27 0.63 0.62 1.00         
CO3

2- 0.43 0.61 0.56 0.69 1.00        
Cl- 0.31 0.96 0.91 0.54 0.60 1.00       

NO3
- -0.10 -0.02 -0.03 0.33 0.52 -0.02 1.00      

SO4
2- -0.05 0.16 0.29 0.08 -0.19 -0.10 -0.13 1.00     

Ca2+ -0.08 0.26 0.38 0.31 -0.05 0.02 -0.02 0.93 1.00    
K+ 0.01 0.06 0.07 0.16 0.25 0.01 0.22 0.04 0.06 1.00   

Mg2+ -0.17 0.17 0.27 0.51 -0.04 -0.07 0.00 0.72 0.83 0.03 1.00  
Na+ 0.34 0.97 0.93 0.59 0.65 0.99 0.01 -0.06 0.05 0.01 -0.02 1.00 

 
Temporal analysis shows distinct seasonal 

variations driven by monsoon recharge patterns. 
Calcium-Bicarbonate facies exhibit the greatest 
seasonal variation, increasing from 23% in January to 

33% in May, then decreasing to 27% in September. 
This pattern reflects enhanced carbonate weathering 
during the wet season transition when low-ionic-
strength recharge intensifies water-rock interactions, 
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followed by dilution during peak monsoon. Calcium-
Sulfate facies remains relatively stable at 
approximately 14% in each period, indicating 
persistent gypsum dissolution from the Khok Kruat 
Formation. Mixed facies show varying patterns, with 
Sodium-Bicarbonate facies appearing exclusively in 
January, suggesting specific low-recharge conditions 
promoting this transitional water type through cation 
exchange processes during extended residence times. 

The Durov diagram (Figure 4) provides 
additional insights into geochemical processes. 
Following Lloyd and Heathcote (1985) classification, 
most samples fall in calcium-bicarbonate dominant 
fields with a noticeable trend toward sodium 
dominance, suggesting cation exchange processes. 
Furthermore, numerous samples are located in the 
sodium-chloride dominant field, indicating evaporite 
dissolution or deep saline water intrusion influence. 
The positioning of samples in transitional zones 
between these fields reflects the complex interplay of 
multiple hydrogeochemical processes operating 
simultaneously across the aquifer system. 

 
Figure 4. Durov diagram depicting the dominant 
hydrogeochemical process. 
 

3.3. Hierarchical cluster analysis (HCA) 
 
Hierarchical Cluster Analysis (HCA) grouped 

samples into distinct hydrogeochemical clusters by 
chemical similarity rather than by well location, so 
the clustering itself is not directly biased by the 
uneven well distribution resulting from availability 
constraints. The results of HCA, presented as 
dendrograms for three sampling periods (Figure 5), 
show comprehensive insight into the temporal 
variations of geochemical relationships among 
groundwater samples. In dendrograms, shorter 

linkage distances indicate higher chemical similarity, 
while longer distances show greater differences 
(Selmane et al., 2022). Four main clusters were 
identified in all sampling periods, with internal 
subgroup differences (Table 4). A total of 13 out of 22 
samples remained within the same main cluster across 
all seasons, while 9 samples moved between clusters 
or subgroups, demonstrating dynamic responses to 
seasonal hydrogeological changes. 

 
Figure 5. Dendrogram from hierarchical cluster analysis of 
groundwater samples for three sampling periods. 
 

Cluster I encompassed the majority of samples, 
representing fresh to moderately mineralized 
groundwater with significant seasonal variations. 
Subgroup 1 declined from 14 samples (January) to 4 
(September) as monsoon dilution caused migration to 
subgroup 2. Core members showed moderate increases 
in Na+ (94.7 to 160.9 mg/L) and Cl- (112.9 to 189.1 
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mg/L), though high variability (Cl- SD = 220.4 mg/L 
in September) reflects heterogeneous mixing along 
flow paths. Subgroup 2 evolved from a single sample 
(DY12) in January to 9 samples in September, with 
HCO3

- decreasing from 620 mg/L to 90.3±73.4 mg/L, 
demonstrating widespread monsoon dilution. 

Subgroup 3 represented distinct hydrochemical 
end-members: 3a (January) showed high HCO3

- and 
Na+; 3b (May) exhibited SO4

2- dominance (1,073.6 
mg/L) from gypsum dissolution; 3c (September) 
displayed elevated K+ (17.5 mg/L), moderate SO4

2- 
(47.5 mg/L), and relatively low Cl- (50.1 mg/L), 
possibly reflecting agricultural contamination 
combined with local mineral dissolution. Subgroup 4 
maintained moderate mineralization with complex 
membership changes, while subgroup 5 emerged 
exclusively in September (DY15, DY18) with 
extreme Cl- (1,235.3±358.6 mg/L), demonstrating 
localized salinization despite regional dilution trends. 

Cluster II displayed distinctive sulfate-rich 
characteristics (SO4

2-: 1,301-1,515 mg/L; Ca2+: 508-
783 mg/L), indicative of dominant gypsum 
dissolution processes in areas directly overlying the 
thin gypsum-bearing horizons of the Khok Kruat 
Formation. Sample DY11 showed notable mobility, 
transitioning from Cluster II in January to Cluster I 
subgroup 3b in May and back to Cluster II in 
September, indicating transient mixing between 
sulfate-rich water and dilute recharge during 
maximum gypsum dissolution intensity. 

Cluster III exhibited moderate mineralization 
with persistent nitrate contamination (NO3

-: 47.4-50.3 
mg/L) across all seasons. The single sample (DY14) 
demonstrates spatially consistent agricultural 

contamination in areas with intensive farming and 
domestic animal rearing, where chemical fertilizers 
and manure application continuously introduce 
nitrogen and potassium to shallow groundwater. The 
temporal stability of this cluster indicates that 
anthropogenic contamination persists throughout the 
year despite seasonal dilution effects, with only a 
slight reduction in NO3

- (50.3 to 47.4 mg/L) despite 
monsoon rainfall. 

Cluster IV represented extreme salinization 
conditions (Cl-: 4,281.8-4,923.5 mg/L; Na+: 2,748.5-
3,582.0 mg/L), indicative of evaporite dissolution or 
deep saline sources. Sample DY24 maintained 
extreme salinity conditions with minimal seasonal 
variations (Cl- decreased by only 13% from 4,923 
mg/L in January to 4,282 mg/L in September), 
demonstrating that in areas directly overlying 
anticlinal structures of the Maha Sarakham Formation 
where rock salt occurs at shallow depths (Arjwech et 
al., 2019), halite dissolution creates persistent 
hypersaline conditions that are largely independent of 
seasonal recharge variations. 

 
3.4. Principal component analysis (PCA) 
 
Principal Component Analysis (PCA) was 

employed to complement HCA by identifying the main 
factors controlling groundwater chemistry across 
seasons. PCA was performed on 9 major ion 
concentrations from all sampling points in each period. 
According to the Kaiser criterion (eigenvalues >1), the 
first three principal components, retained together, 
explained approximately 80% of total variance (Table 
5).

 
Table 4. Average concentrations (mg/L) and sample count (n) of major ions by HCA cluster and sampling period. 

Month Cluster-
Subgroup n HCO3

- + 
CO3

2- Cl- NO3
- SO4

2- Ca2+ K+ Mg2+ Na+ 

Jan I-1 14 132.3±76.9 112.9±176.7 2.9±4.5 17.8±21.2 18.5±10.1 5.4±7.8 8.7±4.1 94.7±129.0 
 I-2 1 620.0 15.0 0 45.6 61.2 6.02 68.64 80.89 
 I-3a 1 794.0 385.5 0 64.5 26.6 10.7 3.10 575.5 
 I-4 2 376.0±56.6 1,474.5±141.4 0.7±1.0 34.6±10.7 126.5±124.4 10.1±1.6 20.7±20.3 1,018.3±59.0 
 II 2 325.0±92.6 138.8±60.9 0 1,514.7±65.1 555.9±70.4 7.6±0.7 53.83±20.1 220.3±93.2 
 III 1 496.0 366.0 50.3 78.4 72.6 96.4 23.9 325.8 
 IV 1 1,170.0 4,923.5 3.60 41.4 77.6 6.2 16.4 3,582.0 

May I-1 11 89.9±67.9 118.5±296.7 5.6±4.8 11.2±12.8 32.9±16.9 1.3±1.2 5.0±2.4 69.8±164.8 
 I-2 2 381.4±152.4 38.0±23.4 0 40.5±8.3 86.5±26.0 12.9±3.2 25.6±17.5 53.6±6.4 
 I-3b 1 164.2 203.2 0 1,073.6 281.0 4.9 10.8 445.4 
 I-4 4 183.6±61.1 951.5±726.3 0 23.2±27.6 18.0±4.1 2.2±0.9 1.5±1.1 672.0±496.9 
 II 1 904.9 23.0 0 1,317.3 783.0 5.03 37.7 72.1 
 III 1 203.2 249.2 47.6 64.9 51.4 26.7 7.7 205.4 
 IV 1 641.6 4,569.8 0 37.4 86.3 2.8 5.1 3,475.0 

Sep I-1 4 161.4±77.6 189.1±220.4 1.1±2.1 7.4±3.1 20.0±8.0 1.6±0.3 2.0±1.5 160.9±140.3 
 I-2 9 90.3±73.4 142.5±325.0 4.8±3.7 11.8±12.2 39.5±23.4 0.9±0.7 3.5±1.2 77.8±173.1 
 I-3c 1 157.1 50.1 0 47.5 48.9 17.5 4.5 29.9 
 I-4 1 542.9 24.8 0 51.8 108.9 1.1 21.1 105.9 
 I-5 2 270.7±61.6 1,235.3±358.6 0 25.7±28.0 57.4±6.2 3.0±2.7 1.8±0.2 804.3±159.1 
 II 2 202.7±208.3 135.4±136.0 0 1,301.3±248.1 508.0±309.7 2.7±0.0 18.8±11.1 197.5±165.3 
 III 1 496.9 201.5 47.4 76.8 134.9 8.3 7.8 264.9 
 IV 1 653.4 4,281.8 5.2 32.3 133.6 2.3 7.4 2,748.5 
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In January, PC1 accounted for 31.38% of the 
total variance and showed strong positive loadings on 
HCO3

-, Cl-, Na+, Ca2+, and Mg2+, reflecting evaporite 
and carbonate mineral dissolution (Cloutier et al., 
2008; Mohamed et al., 2022). This pattern was 
observed in HCA Cluster I, where seasonal variations 
in Na+ and Cl- occur along PC2, explaining 28.15% 
of the variance, exhibited high negative loadings on 
SO4

2-, Ca2+, and Mg2+, indicating sulfate-bearing 
mineral dissolution, particularly gypsum weathering 
(Al Maliki et al., 2024; Serati et al., 2025), 
distinguishing Cluster II from the main population 
and corresponding to gypsum-affected portions of the 
aquifer system. PC3, contributing 21.04% of the 
variance, displayed dominant positive loadings for 
NO3

- and K+, clearly indicating anthropogenic 
contamination from agricultural activities, aligning 
directly with Cluster III. 

In May, PC1 (36.56%), showed strong negative 
loadings on HCO3

-, SO4
2-, Ca2+, and Mg2+, indicating 

dilution by monsoon recharge water, leading to 
reduced mineralization in Cluster I. The increased 
variance in May compared to January reflects 
dominant influence of dilution process during early 
monsoon. PC2 (31.89%) had high loadings on CO3

2-, 
Cl-, and Na+, indicated complex mixing processes 
between dilute recharge and resident saline water in 
transitional zones. PC3 (18.90%) continued to reflect 
nitrate contamination but with reduced importance 
compared to January, suggesting partial dilution of 
anthropogenic contaminants. 

In September, after prolonged rainfall 
accumulation, PC1 (35.50%) with high negative 
loadings on major ions (HCO3

-: -0.49; Cl-: -0.46; Na+: 
-0.48) confirmed dilution remained the dominant 
process. However, DY15 and DY18 (subgroup 5) 
show continued mineralization despite overall 
freshening, demonstrating spatial heterogeneity from 
upward salinization from deeper saline zones. PC2 
(30.67%) highlighted persistent gypsum and 
evaporite dissolution with strong positive loadings on 
SO4

2-, Ca2+, and Mg2+, distinguishing Cluster II 
(DY10, DY11). The positive loadings in September 

(reversed from negative in January) reflect PC 
orientation differences representing the same gypsum 
dissolution control. PC3 (15.83%) pointed to ongoing 
nitrate contamination but reduced variance compared 
to earlier periods, indicating decreased relative 
importance during the peak wet season due to 
substantial dilution. 

 
3.5. Dominant hydrogeochemical processes 
 
The Gibbs diagram (Figure 6) reveals distinct 

hydrogeochemical domains corresponding to HCA 
clustering results. Most samples from Cluster I 
(subgroups 1, 2, and 3c) and Clusters II-III plot within 
the rock dominance field, indicating mineral 
dissolution and weathering as primary controls 
(Gibbs, 1970). Samples from Cluster IV consistently 
plot within the evaporation dominance field, 
confirming dominance by evaporative concentration 
and/or halite dissolution (Luo et al., 2018) from the 
Maha Sarakham Formation. Cluster I subgroups 3a, 
3b, 4, and 5 occupy transitional zones between rock 
and evaporation dominance fields, reflecting mixed 
processes where water-rock interactions are 
progressively modified by evaporative concentration 
or mixing with saline waters. The Gaillardet diagram 
(Figure 7) shows samples positioned between the 
silicate and evaporite end-members, with fewer 
trending toward the carbonate end-member, 
confirming that silicate weathering and evaporite 
dissolution as dominant processes, while carbonate 
weathering plays a secondary role. 

The scatter plot of Na++K+ versus Cl- (Figure 
8a) is commonly employed to analyze the processes 
contributing to groundwater salinity (El khalki et al., 
2024; Xu et al., 2023; Khezami et al., 2024). Most 
samples are positioned above the 1:1 line, indicating 
elevated Na+ and K+ from not only halite dissolution 
but also from weathering of aluminosilicate minerals, 
which increase their concentrations relative to Cl- 
(Stallard & Edmond, 1983; Elango & Kannan, 2007; 
Razi et al., 2024). 

 
Table 5. Principal component loadings and explained variance for the first three principal components. 

Variable January May September 
PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 

HCO3
- 0.52 0.19 0.02 - 0.53 0.06 - 0.02 - 0.49 0.08 - 0.11 

CO3
2- 0.03 0.15 - 0.12 - 0.21 0.48 - 0.18 - 0.47 - 0.19 - 0.22 

Cl- 0.46 0.33 - 0.12 - 0.16 0.55 0.04 - 0.46 - 0.17 0.36 
NO3

- 0.05 0.11 0.69 0.10 - 0.05 - 0.67 - 0.19 - 0.09 - 0.65 
SO4

2- 0.26 - 0.52 - 0.03 - 0.42 - 0.25 0.12 - 0.06 0.56 0.07 
Ca2+ 0.33 - 0.50 - 0.01 - 0.48 - 0.23 0.09 - 0.16 0.56 0.03 
K+ 0.10 0.05 0.69 - 0.13 - 0.05 - 0.69 - 0.12 0.01 - 0.49 

Mg2+ 0.31 - 0.42 0.07 - 0.43 - 0.23 - 0.09 - 0.17 0.53 - 0.05 
Na+ 0.48 0.33 - 0.12 - 0.18 0.54 0.04 - 0.48 - 0.15 0.35 

Eigenvalue 2.82 2.53 1.89 3.29 2.87 1.70 3.20 2.76 1.42 
Variance % 31.38 28.15 21.04 36.56 31.89 18.90 35.50 30.67 15.83 

Cumulative % 31.38 59.53 80.58 36.56 68.46 87.36 35.50 66.17 82.00 
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Figure 6. Gibbs diagram illustrating the mechanisms 
controlling groundwater chemistry. (a) TDS versus 
Na+/(Na++Ca2+), (b) TDS versus Cl-/(Cl-+HCO3

-). 
 

However, samples from highly mineralized 
members of Cluster I and Cluster IV plot very close 
to the 1:1 line, indicating that halite dissolution 
predominantly controls their ionic composition with 
minimal contribution from silicate weathering. This 
confirms the significance of halite dissolution in these 
highly salinized discharge zones, consistent with their 
evaporation dominance classification in the Gibbs 
diagram. 
 

 
Figure 7. Mixing diagram illustrating hydrogeochemical 
processes. (a) HCO3

-/Na+ versus Ca2+/Na+, (b) Mg2+/Na+ 
versus Ca2+/Na+ based on Gaillardet et al. (1999). The 
dashed boxes indicate the approximate compositional 
ranges of the three main source end-members: evaporites, 
silicates, and carbonates. 
 

The influence of silicate weathering on 
groundwater chemistry is further assessed using the 
plot of Na++K+ versus total cations (TZ) in Figure 8b. 
Most samples plot between the 1:1 and 1:2 lines, 
indicating cations originate substantially from silicate 
weathering and/or soil salts dissolution (Sarin et al., 
1989; Jalali, 2007; Aghazadeh & Mogaddam, 2011; 
Barzegar et al., 2017). However, many samples, 
particularly Cluster I subgroups 1, 2, and 3c, and 
Cluster II with lower total ionic concentrations, plot 
below the 1:2 line, suggesting alkali metal content 
reduction from cation exchange processes (Datta & 
Tyagi, 1996; Lakshmanan et al., 2003; Pradhan et al., 
2022). The scatter plot of Ca2++Mg2+ versus HCO3

-

+SO4
2- in Figure 8c shows additional evidence for 

silicate weathering (Stallard & Edmond, 1983; 
Cerling et al., 1989; Elango & Kannan, 2007). The 
1:1 line represents simple dissolution of calcite and 
gypsum, indicating charge balance between alkaline 
earth cations and their corresponding anions (Fisher 
& Mulican, 1997). Some samples plot near this line, 
particularly Cluster II with dominant gypsum 
dissolution signatures. However, most groundwater 
samples fall below the 1:1 line, indicating that silicate 
weathering either generates excess Na+ and K+ or 
involves reactions that consume Ca2+ and Mg2+ 
through reverse cation exchange, or both. This 
interpretation is supported by Figure 8d, which plots 
Ca2++Mg2+ versus Na++K+, highlighting the relative 
enrichment of alkali metals over alkaline earth 
elements (Jalali, 2007). 

The scatter plot of Ca2+ versus SO4
2- (Figure 

8e) shows most samples toward the Ca2+ side of the 
1:1 line, suggesting excess calcium from sources 
other than sulfate minerals or reverse ion exchange 
processes (Zhang et al., 2022). A distinct subset, 
particularly Cluster II, aligns closely with the 1:1 line 
with high concentrations of both ions, indicating that 
gypsum dissolution in samples overlying the gypsum-
bearing upper Khok Kruat Formation. The scatter 
diagram of (Ca2++Mg2+)-SO4

2--(HCO3
-+CO3

2-) versus 
(Na++K+)-Cl- (Figure 8f) confirms the role of ion 
exchange in the aquifer system. If ion exchange were 
the only process, the relationship would be linear with 
a slope of -1 (Fisher & Mulican, 1997). When 
considering the clusters or subgroups with the largest 
sample populations, Cluster I subgroup 1 shows a 
slope of -0.83, approaching the theoretical value and 
indicating that ion exchange is a dominant but not 
exclusive process affecting groundwater chemistry in 
these relatively fresh recharge zone samples. 
Subgroup 4 exhibits an even closer approximation 
with a slope of -0.93, suggesting that more 
pronounced ion exchange processes are particularly 
pronounced in this transitional group where 
moderately saline water interacts extensively with 
clay-rich aquifer materials. In contrast, subgroup 2 
displays a slope of -0.64, indicating that ion exchange 
plays a less dominant role compared to other 
hydrogeochemical processes such as mineral 
dissolution or seasonal mixing with dilute recharge 
water. Some samples plot near zero on both axes, 
suggesting groundwater composition largely 
unaffected by ion exchange (Karunanidhi et al., 2020; 
Fijani et al., 2017). Conversely, other samples plot in 
the positive quadrant of Figure 8f, indicating reverse 
ion exchange. This reverse exchange typically occurs 
when fresher water recharges previously saline areas. 
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Figure 8. Relationships between ions in groundwater samples from the study area. (a) Na++K+ versus Cl-, (b) Na++K+ 
versus total cations, (c) Ca2++Mg2+ versus (HCO3

-+CO3
2-)+SO4

2-, (d) Ca2++Mg2+ versus Na++K+, (e) SO4
2- versus Ca2+, 

and (f) (Ca2++Mg2+)-SO4
2--(HCO3

-+CO3
2-) versus (Na++K+)-Cl-. 
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3.6. Seasonal variations in 
hydrogeochemical processes 
 
Seasonal variations in groundwater chemistry 

reflect monsoon-driven recharge patterns with distinct 
spatial responses across hydrogeological settings. The 
most prominent seasonal pattern is dilution during the 
wet season, evidenced by decreasing TDS. Average 
TDS decreases from 1,352 mg/L in January to 1,155 
mg/L in May and 1,067 mg/L in September, indicating 
progressive freshening as monsoon recharge advances. 
However, persistently high standard deviations 
demonstrate spatial heterogeneity remains 
pronounced. 

PCA quantifies seasonal shifts in controlling 
processes. PC1 variance increases from dry to peak 
wet season as loadings shift from mixed Na-Cl-HCO3 
signature to carbonate-dominant processes, reflecting 
enhanced carbonate weathering as fresh recharge 
intensifies water-rock interaction. PC2 variance peaks 
during early monsoon with strong evaporite signature, 
clearly distinguishing areas with sustained halite 
dissolution from those dominated by seasonal 
carbonate weathering. By late wet season, both 
components return toward intermediate patterns, 
indicating re-equilibration as recharge decreases. 

Hydrochemical facies evolution further 
illustrates seasonal dynamics. Ca-HCO3 facies shows 
the greatest seasonal variation, increasing from 23% in 
January to 33% in May before declining to 27% in 
September, reflecting enhanced carbonate weathering 
during peak monsoon recharge. In contrast, Na-Cl and 
Ca-SO4 facies maintain consistent proportions (36-
38% and ~14%, respectively) across all periods, 
indicating sustained evaporite influence regardless of 
seasonal conditions. Notably, Na-HCO3 facies appears 
exclusively during the dry season and disappears in 
wet periods, suggesting specific processes under low-
recharge conditions. 

 
3.7. Anthropogenic impacts on groundwater 
chemistry 
 
Anthropogenic impacts on groundwater 

chemistry, characterized by Cluster III samples 
distributed in the southern part of the study area, are 
distinguished by elevated NO3

- concentrations, indicating 
significant contamination likely from nitrogen-based 
fertilizers. The spatial distribution of Cluster III coincides 
with areas of intensive farming, where chemical fertilizer 
and manure application are most intensive. For instance, 
sample DY14 (a representative of Cluster III) was 
collected from a shallow dug well situated in a residential 
area with vegetable gardening and domestic animal 
rearing, clearly illustrating the influence of human 

activity on groundwater quality. Strong correlations 
between NO3

- and K+ are observed during dry periods (r 
= 0.87 in January) but these weaken significantly during 
the wet season (r = 0.22 in September), suggesting that 
although rainfall dilutes the contamination, its source 
remains associated with agriculture. PCA results support 
these source interpretations across all sampling periods. 
PC3 consistently shows high positive loadings of NO3

- 
and K+ (Table 5), explaining 15.83-21.04% of total 
variance and confirming that surface-derived agricultural 
contaminants represent a distinct and independent factor 
controlling groundwater chemistry, separate from natural 
geochemical processes captured by PC1 and PC2. 

However, agriculture is not the only source of 
nitrate contamination, as domestic sewage, industrial 
discharge, landfills, and natural sources can also 
contribute (Pastén-Zapata et al., 2014; Torres-Martínez 
et al., 2020; Jia & Qian, 2025). The NO3

-/Na+ versus 
Cl-/Na+ plot (Figure 9a) can be used to identify source 
of nitrate contaminations (Fan et al., 2014; Amiri et al., 
2023). Most samples from Cluster I subgroups 1 and 2, 
as well as Cluster III, plot closely to the agricultural 
end-member field, confirming strong anthropogenic 
impact, while some samples to near the evaporite end-
member suggest a background contribution from halite 
dissolution. The plot NO3

-/Cl- versus Cl- (Figure 9b) 
shows high Cl- and low NO3

-/Cl- ratios indicating 
manure or sewage impact, while high NO3

-/Cl- and low 
Cl- suggest agricultural sources (Biddau et al., 2023; 
Jia & Qian, 2025). Most samples show NO3

-/Cl- ratios 
less than 1, and when combined with the strong 
correlation between NO3

- and K+, this pattern indicates 
that organic manure and potassium-bearing fertilizers 
represent the primary nitrate sources. 
 

 
Figure 9. Relationships between ions in groundwater 
samples from the study area. (a) NO3

-/Na+ versus Cl-/Na+, 
and (b) NO3

-/Cl- versus Cl-. 
 
The persistence of nitrate contamination despite 

substantial seasonal recharge has important 
implications for groundwater management. Even in 
September when average TDS decreases by 21% 
compared to January, nitrate concentrations in Cluster 
III show minimal decline (50.3 mg/L in January versus 
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47.4 mg/L in September), indicating continuous 
agricultural loading maintains elevated concentrations 
regardless of dilution. This temporal stability suggests 
nitrate has accumulated in vadose zone materials and 
is continuously released to groundwater through 
ongoing mineralization and leaching. 
 

4. CONCLUSIONS 
 

This study provides a comprehensive assessment 
of groundwater hydrogeochemistry and salinization 
processes in Dang Yai Subdistrict, Khon Kaen Province, 
northeastern Thailand, through an integrated spatial-
temporal approach combining conventional 
hydrogeochemical analysis with multivariate statistical 
methods (HCA and PCA) across three seasonal periods: 
January (dry season), May (early wet season), and 
September (peak wet season). The integrated 
methodology successfully identified four 
hydrogeochemical clusters with multiple subgroups, 
revealing that groundwater chemistry is controlled by 
complex interactions between geological factors, 
seasonal recharge patterns, and anthropogenic activities, 
with their relative importance varying significantly 
across seasons. 

Natural salinization processes exert primary 
control, with evaporite minerals from the Maha 
Sarakham Formation creating persistent salinization in 
discharge zones. Cluster IV, overlying anticlinal 
structures with shallow rock salt, maintained extreme 
salinity with only 13% seasonal reduction (Cl-: 4,923 to 
4,282 mg/L), confirming that deep-sourced halite 
dissolution overrides surface dilution effects. Cluster II 
demonstrated sulfate-rich signatures controlled by 
gypsum dissolution from the thin horizons in the upper 
Khok Kruat Formation, representing a distinct 
geochemical domain independent of the dominant halite 
dissolution system. Monsoon recharge acts as a 
powerful modulating influence in shallow aquifer 
systems, with 64% of Cluster I subgroup 1 samples 
migrating to the dilute subgroup 2 by September, 
demonstrating widespread seasonal freshening in 
recharge areas. Average TDS decreased progressively 
from 1,352 mg/L (January) to 1,067 mg/L (September), 
reflecting 21% overall dilution. This dilution was driven 
mainly by mixing within the saline groundwater derived 
from halite in the Maha Sarakham Formation, whereas 
the parallel 12.1% rise in calcium reflects reactive 
gypsum and carbonate dissolution from the shallower 
Khok Kruat Formation, where undersaturated recharge 
water continued to dissolve minerals rather than simply 
dilute them. However, the emergence of Cluster I 
subgroup 5 during the wet-season at DY15 and DY18 
reveals localized vulnerability zones where deep saline 
water migrates upward along structural pathways. These 

sites maintained extreme Cl- concentrations despite 
regional dilution trends, demonstrating that salinization 
processes operate with significant spatial heterogeneity 
even under uniform climatic forcing. 

Hydrochemical facies evolution confirms these 
dynamics: Ca-HCO3 facies increased from 23% 
(January) to 33% (May) before declining to 27% 
(September), reflecting enhanced carbonate weathering 
during monsoon transition followed by dilution during 
peak rainfall. Na-HCO3 facies appeared exclusively 
during the dry season, indicating specific cation 
exchange processes under low-recharge, extended 
residence time conditions. In contrast, Na-Cl and Ca-
SO4 facies maintained consistent proportions (36-38% 
and ~14%, respectively) across all periods, 
demonstrating that evaporite-controlled zones resist 
seasonal modification. PCA decomposed over 80% of 
total variance across all seasons, quantifying the relative 
importance of controlling processes. PC1 variance 
increased from 31.38% (January) to 36.56% (May), 
reflecting a transition from mixed mineral dissolution 
processes to dominant dilution as the primary source of 
chemical variability. PC2 (28.15 - 31.89%) confirmed 
strong evaporite dissolution signatures regardless of 
season, distinguishing saline discharge zones from 
freshwater recharge areas. PC3 (15.83 - 21.04%) 
consistently isolated anthropogenic contamination as an 
independent factor, separate from natural geochemical 
processes. 

Anthropogenic contamination (Cluster III) 
demonstrated remarkable temporal persistence, with 
NO3

- declining only 5.8% (50.3 to 47.4 mg/L) despite 
21% overall TDS reduction, reflecting vadose zone 
accumulation and continuous release from organic 
manure and potassium fertilizers. Strong NO3

--K+ 
correlations during the dry season (r = 0.87) weakening 
in the wet season (r = 0.22) confirm agricultural sources 
with seasonal dilution but persistent loading. 

Study limitations include the restricted spatial 
scale within a single small subdistrict, limited access to 
shallow aquifer systems due to well abandonment and 
backfilling from salinity problems. The single-year 
sampling period cannot capture inter-annual variability 
in hydrogeochemical processes. Moreover, sampling 
was conducted in 2023, a year classified as a strong El 
Niño event in Northeast Thailand, in contrast to the 
moderate La Niña conditions of preceding years 
(Prasertsri et al., 2026). El Niño years in this region are 
associated with delayed monsoon onset and reduced 
rainfall. The seasonal dynamics reported here, including 
the magnitude of wet-season dilution and recovery 
observed in September, may not fully represent a 
climatologically average or La Niña-influenced year. 
Furthermore, the absence of stable isotope data 
prevented definitive verification of recharge sources, 
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evaporation effects, and geochemical pathways. Future 
research should prioritize expanded stable isotope 
analyses to quantify recharge mechanisms and 
distinguish between natural and anthropogenic nitrate 
sources. Detailed aquifer mineralogy and sediment 
geochemistry studies are needed to constrain water-rock 
interaction pathways. Multi-year monitoring programs 
should be established to assess inter-annual variations 
and long-term salinization trends. Finally, three-
dimensional numerical flow and reactive transport 
modeling is essential to quantify salinization rates under 
different abstraction scenarios and evaluate 
management strategies under projected climate change. 

Effective management in evaporite-influenced 
aquifer systems under tropical monsoon climates 
requires integrated implementation of multiple 
strategies. Dedicated piezometer networks with 
quarterly stable isotope monitoring and continuous 
hydraulic head measurements should be installed in 
vulnerability zones showing wet-season salinization 
(DY15 and DY18) to detect early-warning signals of 
saline water migration. Agricultural areas require 
targeted best management practices to reduce vadose 
zone accumulation in contamination hotspots (Cluster 
III). Seasonal abstraction regulation in transitional zones 
(Cluster I subgroups 4-5) during dry periods, combined 
with land use controls protecting shallow aquifers in 
recharge areas (Cluster I subgroups 1-2), are essential to 
prevent saline water migration and maintain freshwater 
resources. 

This integrated hydrogeochemical framework 
provides a replicable methodology for evaporite-
influenced aquifers in tropical monsoon regions 
globally. The findings establish critical baseline data 
supporting evidence-based management under water 
security pressures from population growth, agricultural 
intensification, and climate change, addressing 
knowledge gaps in previous single-season studies and 
providing quantitative insights into temporal 
salinization dynamics essential for sustainable 
development in northeastern Thailand and similar 
settings worldwide. 
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