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E;ﬁg?i?mt%rochemig’tw}’g;?_v samples were collected from ten pu_mp_ing wells (_juring January 2_018, Aug_us_t 2018, anq November 201_8.
organizing map, Hamzeh city. 1 he samples were analyzed for major ions and nitrate concentrations. Statistical analysis, factor analysis,
E t '.E saturation indices, Piper diagrams, and electrical conductivity (EC) and chloride contour maps identified
v ___" halite dissolution as the most significant geological process controlling groundwater hydrochemistry.
[ : Based on hierarchical cluster analysis and self-organizing maps (SOM), the samples were classified into
three distinct groups. Group 1, located in the northern part of the study area, is characterized by the lowest
EC values (approximately 500 pmho/cm) and dissolved solids. Group 3, situated in the southern part of
the area, exhibits the highest EC values (approximately 1000 pumho/cm) and dissolved solids, while Group
2, located in the central part of the study area, shows intermediate characteristics. The progressive increase
in EC from Group 1 to Group 3 is attributed to halite dissolution within the Aghajari and Lahbari
formations. Previous analyses showed no significant correlation between nitrate and other hydrochemical
variables. Nitrate contour maps indicate that the highest nitrate concentrations occur in the southern part
of the city, coinciding with the direction of groundwater flow. Additionally, elevated nitrate
concentrations were observed in agricultural areas at the end of the growing season. Therefore, urban
wastewater is identified as the primary source, and agricultural activities as a secondary source of nitrate
contamination in the study area, while no significant impact of the landfill on groundwater quality was
detected. Overall, the results demonstrate the effectiveness of the SOM approach in clustering
groundwater samples and identifying the dominant factors affecting groundwater quality.

Introduction
Hydrogeochemical analysis forms the core

range of natural and anthropogenic factors, including
geological formations, agricultural activities, urban

framework for assessing groundwater quality in aquifer
systems by examining the chemical interactions among
water, rock, and gas phases within subsurface
environments.  Understanding these  geochemical
processes enables accurate interpretation of dissolved ion
variations, identification of dominant hydrochemical
reactions, and evaluation of spatial and temporal changes
in groundwater quality along flow paths (Langmuir,
1997). Groundwater chemistry is influenced by a wide

wastewater discharge, and landfill sites (Sridhar and
Parimalarenganayaki, 2024; Wdowczyk et al., 2024).
Landfills represent significant potential sources of
groundwater contamination because they contain
mixtures of municipal, commercial, and industrial wastes
that may release leachate into surrounding aquifers. This
issue is particularly critical in urban and semi-arid
regions where groundwater constitutes a major source of
drinking water. Among various contaminants, nitrate has
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emerged as one of the most widespread and concerning
pollutants due to its direct association with human
activities such as wastewater leakage and excessive
fertilizer application in agricultural lands.

The assessment of groundwater quality is often
challenged by the complexity and multidimensional
nature of hydrochemical datasets. Conventional
laboratory-based approaches, although reliable, can be
time-consuming and costly when applied to large
datasets and regional-scale studies (Srivastava and
Ramanathan, 2008; Moosavi et al., 2013). Consequently,
advanced statistical and data-driven techniques have
become essential for reducing data dimensionality,
identifying hidden patterns, and improving the
interpretation of complex hydrogeochemical processes
(Choi et al., 2014).

In recent years, Self-Organizing Maps (SOM), a type
of unsupervised artificial neural network introduced by
Kohonen (1982), have been widely used for groundwater
guality assessment and hydrochemical data analysis.
SOM provides effective visualization and clustering
capabilities for high-dimensional datasets, facilitating the
identification of dominant hydrogeological processes and
contamination ~ sources.  Previous studies have
demonstrated the effectiveness of SOM in classifying
groundwater samples, detecting pollution sources, and
supporting  hydrogeochemical interpretation when
integrated with other statistical and geochemical tools
(Leeetal., 2019; Soroush and Seifi, 2019; Gholami et al.,
2020). Therefore, the integration of SOM with
conventional hydrogeochemical methods offers a
powerful framework for distinguishing between natural
geochemical controls and anthropogenic impacts,
ultimately contributing to improved groundwater
resource management and sustainable water supply
planning.

Materials and Methods

The study area is located south of Hamzeh city in the
northern part of the Khuzestan Province, approximately
15 km east of Dezful, within the Silley—Sarbisheh plain.
According to long-term meteorological records (1986—
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2016), the region has a semi-arid climate with a mean
annual temperature of about 24.2 °C and an average
annual precipitation of 346 mm. Geologically, the area
belongs to the folded Zagros zone and the Khuzestan
Plain and is composed mainly of the Aghajari Formation,
the Lahbari Member, Bakhtiari conglomerates, and
recent alluvial deposits (O'B Perry and Setudehnia,
1967). The aquifer is unconfined, with alluvial thickness
ranging from approximately 160 m in the southern part
to more than 200 m in the northern part. Groundwater
depth varies from less than 25 m in the western area to
more than 75 m in the eastern part, and groundwater
generally flows from northeast to southwest.

To evaluate the groundwater hydrochemistry and
nitrate contamination, ten exploitation wells with
appropriate spatial distribution were selected across the
study area. Groundwater sampling was conducted during
three periods: January 2018, August 2018, and
November 2018, in order to capture seasonal variations.
Water samples were collected following standard
sampling protocols and analyzed in certified laboratories.
Major cations (Ca2*, Mg?*, Na*, and K*), major anions
(HCO37, CI7, and SO,2), nitrate (NOj37), electrical
conductivity (EC), and pH were measured using standard
analytical methods.

Data quality was assessed by calculating the ionic
balance error for each sample. Several statistical and
hydrogeochemical techniques were applied to identify
the controlling processes and pollution sources.
Hierarchical Cluster Analysis (HCA) was used to classify
groundwater samples based on their hydrochemical
similarity, following the approach commonly applied in
groundwater studies (Tlili-Zrelli et al., 2012; Zhang et
al., 2016). Factor Analysis (FA) with varimax rotation
was performed to reduce data dimensionality and to
identify the main factors governing groundwater
chemistry (Suk and Lee, 1999; Tabachnick and Fidell,
2007).

In addition, Self-Organizing Maps (SOM), an
unsupervised artificial neural network introduced by
Kohonen (1982), were employed to visualize and cluster
high-dimensional hydrochemical data while preserving
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their topological structure. The optimal number of output
neurons was determined using Kohonen’s empirical
formula (s = 5Vn). Saturation indices of relevant minerals
were calculated to assess geochemical equilibrium
conditions (Langmuir, 1997). Finally, spatial distribution
maps, including isochloride and isonitrate maps, were
generated using GIS to illustrate groundwater flow
patterns and contaminant distribution.

Results and Discussion

The hydrochemical analysis of groundwater samples
collected from the Hamzeh aquifer during three sampling
periods revealed noticeable spatial and chemical
variations across the study area. The ionic balance error
for all samples was within acceptable limits, confirming
the reliability of the analytical results. Electrical
conductivity (EC) values showed a clear increasing trend
from the northern to the southern parts of the aquifer,
indicating progressive mineralization along the
groundwater flow path. Piper diagram analysis classified
groundwater into three main hydrochemical facies,
reflecting the influence of lithology and geochemical
evolution.

Hierarchical Cluster Analysis (HCA) and Self-
Organizing Map (SOM) results consistently classified
the groundwater samples into three distinct groups.
Group 1, located mainly in the northern part of the study
area, exhibited the lowest EC values (around 500
umhos/cm) and lower concentrations of dissolved solids.
This group was dominated by Ca—Mg-HCO; type water,
indicating the dissolution of carbonate minerals such as
calcite and dolomite. Group 3, predominantly located in
the southern part of the aquifer, showed the highest EC
values (approximately 1000 pmhos/cm) and elevated
Na* and CI~ concentrations, suggesting halite dissolution
or possible brine influence from the Aghajari Formation
and Lahbari Member. Group 2, situated in the central part
of the study area, displayed intermediate hydrochemical
characteristics, representing a transitional zone between
the two end members.

Factor Analysis identified two main controlling
factors explaining most of the variance in groundwater
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chemistry. The first factor, dominated by Na* and CI-,
accounted for the largest proportion of variance and was
associated with halite dissolution. The second factor,
characterized by Ca?* and Mg?*, reflected carbonate
mineral dissolution processes. Nitrate did not show a
strong correlation with major ions or geological factors,
indicating an external anthropogenic source.

Spatial distribution maps revealed that nitrate
concentrations were highest in the southern part of the
study area and increased along the general direction of
groundwater flow. Elevated nitrate levels were also
observed after the agricultural season, particularly in
cultivated areas. These patterns suggest that municipal
wastewater is the primary source of nitrate
contamination, while agricultural activities act as a
secondary contributor. No significant impact of the
landfill on groundwater quality was detected based on
hydrochemical, statistical, and spatial analyses.

Conclusions

In this study, by integrating hydrogeochemical
methods and multivariate statistical techniques including
factor analysis, hierarchical clustering, and self-
organizing map, the origin and spatial pattern of nitrate
contamination in the aquifer east of Dezful city were
investigated. The results showed that the variations in
electrical conductivity and the concentrations of sodium
and chloride ions increase from the north to the south of
the region, and the predominant process affecting the
aquifer's salinity is halite dissolution along the
groundwater flow path. In contrast, nitrate concentration
in different clusters did not show a clear pattern of
increase or decrease concurrent with salinity, indicating
a different control mechanism for this pollutant
compared to natural hydrogeochemical processes.

Factor analysis identified sodium and chloride as the
most significant factors influencing groundwater
hydrochemistry, and the results of the mineral saturation
index also confirmed the role of halite dissolution. SOM
clustering classified the samples into three distinct
groups with different qualitative characteristics, which
corresponded well with the spatial location of the wells
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and the hydrogeological conditions of the region. These
results indicate that nitrate contamination in the study
area is influenced more by anthropogenic sources such as
urban wastewater infiltration and surface activities than
by natural processes.

Overall, the findings of this study demonstrate the
high efficiency of integrating the self-organizing map
method with hydrochemical data in identifying the
governing processes of groundwater quality and
differentiating pollution sources. This approach can serve
as an effective tool for monitoring groundwater quality
and supporting management decision-making for the
supply and protection of drinking water resources in
urban and semi-arid regions.
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Table 1. Statistical characteristics of the chemical components of groundwater in the study area (January 2018)

pH EC Ca | Mg | Na | K | HCOs | cL | SO4 NO3

umho/cm meqg/I mg/l

Maximum 7.4 1550 2.3 1.8 9.8 0.07 3.4 9.8 1.4 46.4
Average 7.2 887.5 1.9 15 4.7 0.04 3.1 55 0.6 28.4
Minimum 7.1 440 15 1.07 1.0 0.03 2.7 1 0.2 19.8
Median 7.3 880 1.9 15 4.5 0.04 3.1 3.9 0.7 27.4
Coefficient of Variation 1.2 41.3 14.7 17.9 704 29.5 5.2 70.0 60.0 26.7
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Table 2. Statistical characteristics of the chemical components of groundwater in the study area (August 2018)

pH EC ca | Mg | Na | kK | Hcos cl | so. | Nos

umho/cm meq/I mg/I

Maximum 7.9 1500 24 1.9 9.8 0.08 2.6 9.8 14 70.2
Average 7.4 875.5 1.9 1.6 5.0 0.03 2.3 5.0 0.6 46.0
Minimum 6.7 403 15 1.0 0.9 0.01 2.1 1.0 0.1 304
Median 7.5 826 2.0 1.6 5.4 0.03 2.3 5.2 0.5 39.5
Coefficient of Variation 5.5 40.7 15.4 15.9 63.1 72.8 6.8 62.4 62.0 29.7
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Table 3. Statistical characteristics of the chemical components of groundwater in the study area (November 2018)

pH EC ca | Mg | Na | K | HCos | c [ so. | Nos

pumho/cm meg/I mg/I

Maximum 8.1 1536 28 | 18 | 99 | 050 34 07 | 14 | 538
Average 77 928.9 20 | 15 | 54 | 0.09 31 50 | 07 | 139
Minimum 74 408 15 | 10 | 09 | 0.03 26 11 | 00 | 213
Median 77 9345 20 | 15 | 56 | 005 31 53 | 06 | 398
Coefficient of Variation 23 40.7 188 | 170 | 614 | 1626 | 72 | 717 | 501 | 54.7
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Fig. 10. Map of sample groupings resulting from clustering and self-organizing map in the study area, November 2018
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Table 4. Average hydrochemical parameters of SOM-based groups in three sampling periods

eriod Sroup EC ca | Mg | Na | Hcos | o | so. | Nos

pmho/cm meq/l mg/l

1 502.2 1.8 1.6 1.2 3.1 1.3 0.2 29.1

January 2018

3 1356.6 2.1 1.4 9.0 3.0 8.7 1.1 27.9

1 457.6 1.8 1.7 1.0 2.3 1.0 0.2 50.7

3 1296 2.1 1.5 8.7 25 8.5 1.0 458

1 467.6 1.8 1.7 1.0 2.9 1.3 0.1 26.0

November 2018

3 1297.0 2.2 1.4 8.5 31 7.8 1.1 27.8
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Table 4. The factor loadings of ions after Varimax rotation for three sampling periods

January 2018 August 2018 November 2018

1 2 3 1 2 3 1 2 3
Cl 0.99 0.47 0.14 0.95 0.09 0.29 0.95 0.13 0.29
Na 0.99 -0.01 0.15 0.95 0.06 0.30 0.93 -0.06 0.36
Ca 0.35 0.86 0.34 0.31 0.91 0.26 0.43 0.83 0.28
Mg -0.19 0.95 -0.17 -0.16 0.92 -0.35 -0.31 0.83 -0.41
SO4 0.79 0.02 0.60 0.53 -0.08 0.84 0.41 -0.05 0.91
Variance % 61.83 32.40 4.23 58.78 33.91 6.63 61.19 28.90 7.83
% Cumulative 61.83 92.24 98.47 58.78 92.70 99.34 61.19 90.09 97.92
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Fig. 11. Saturation index of calcite, gypsum, and halite minerals for the periods of a) January 2018, b) August 2018 and c) November

2018
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