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Abstract

Groundwater is vital to subsurface ecosystems and to maintaining water supplies for hu-
man and environmental needs. Heavy metal pollution of water bodies poses a significant
threat to environmental health and human well-being. In this paper, a detailed spatiotem-
poral analysis of heavy metal pollution at a network of 35 sampling sites is presented for
the summer, autumn, and winter seasons. The water samples were analyzed based on the
concentration (ug/L) of eight priority metals, such as Lead (Pb), Mercury (Hg), Cadmium
(Cd), Arsenic (As), Chromium VI (Cr-VI), Copper (Cu), Zinc (Zn), as well as Iron (Fe). Mea-
suring contamination levels, identifying space hotspots, and explaining seasonal variations
were the key tasks. The results show that Fe, Zn, and Cu concentrations are consistently
high across seasons, with mean values ranging from 234.3 to 253.2 ug/L (Fe), 163.2 to
175.6 ug/L (Zn), and 107.0 to 109.2 pg/L (Cu), indicating a widespread geogenic or diffuse
source. The most significant seasonal deviation was observed in the fall when there were
unusually high levels of Cd and Hg, with mean concentrations reaching 0.476 ug/L and
0.312 pg/L, respectively, suggesting a strong seasonal contamination event or mobilization
process. The spatial analysis showed that the locations (e.g., L6, L8, L10, L28, L.29) exhib-
ited common hotspots for different metals, with maximum concentrations reaching up to
793.3 ug/L (Fe), 602.3 ug/L (Zn), and 508 ug/L (Cu). Principal Component Analysis (PCA)
effectively separated seasonal trends and classified metals into anthropogenic (Pb, Cd, Hg,
Cr (VI)) and geogenic/diffuse (Fe, Zn, Cu) groups. The health risk assessment indicated
no significant non-carcinogenic risk, although children are more vulnerable, while arsenic
levels in winter approached the upper acceptable carcinogenic limit (up to 1.1 x 107%).
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Overall, the study highlights the importance of multi-seasonal monitoring by capturing
temporally abrupt contamination events and provides a novel integrated framework that
combines seasonal analysis, spatial hotspot identification, and multivariate techniques,
distinguishing it from conventional single-season or non-integrated studies.

Keywords: heavy metal contamination; spatio-temporal analysis; seasonal variability;
water quality assessment; Principal Component Analysis

1. Introduction

Water resources management is always challenging due to various factors, including
climate change, population growth, and increasing pollution levels [1-3]. Although nu-
merous research findings are available and being implemented in practice, much remains
to be done to achieve sustainable water resource management. However, the problems
experienced today were not as prevalent in the past. Therefore, the solution-seeking pro-
cess must be upgraded to account for the ongoing acculturation of problems affecting
water resources.

Supply of safe drinking water is a fundamental human right and a significant United
Nations initiative. This was recognized decades ago; nevertheless, many people still
lack access to safe drinking water. This is not only due to ever-increasing demand but
also to rising pollution levels. Cities become metropolises while many suburbs become
cities. Therefore, the demand for safe drinking water significantly increased [4]. However,
increasing urbanization and industrialization, along with contamination of water sources
by agents such as pesticides and pharmaceuticals, drive pollution levels.

Water pollution is directly related to human health [5-7]. It can cause both acute infec-
tious diseases [8,9], including Cholera, Hepatitis, and Typhoid, and long-term diseases such
as cancers [10], neurological disorders [11], and reproductive issues [12]. Therefore, the
direct and indirect health costs are of concern. It is increasing at an alarming rate. Therefore,
water is essential to life and closely linked to a country’s economic development [13]. Thus,
quantitative and qualitative knowledge of water resources, obtained through monitoring,
provides information on the possibility of large-scale use [14]. The quality of surface waters
and ground waters is deteriorating due to untreated urban wastewater discharges into
receiving environments (rivers, etc.), the flow of wastewater from urban landfills, and
inputs from industrial and agricultural areas where there is increasing discharge of oil,
chemical fertilizers, pesticides, and heavy metals [15-23]. Heavy metal pollution in aquatic
environments is a widespread problem worldwide, driven by increased industrialization,
urbanization, and agricultural production [24-26]. Of specific interest are metals like Lead
(Pb), Mercury (Hg), Cadmium (Cd), and Arsenic (As), which are highly toxic, persistent in
the environment, and accumulate and magnify through the food web, which is extremely
dangerous to ecological wellbeing and human health [27,28]. Other constituents, such as
Copper (Cu), Zinc (Zn), and Iron (Fe), although necessary at low doses, may be toxic at high
doses. The environments and mechanisms that transport these contaminants are key to the
successful development of environmental management and remediation methods [29-31].
The distribution of heavy metals is not homogeneous; it is a complex mixture of point
and non-point sources of pollution, regional geology, and new hydro-climatological con-
ditions [32,33]. Therefore, there is a need to establish large-scale monitoring systems to
record the spatial heterogeneity and seasonal variations that cannot be assessed without
an inclusive monitoring process. The research paper is a reasonable attempt to investigate
heavy metal concentrations at 35 locations, with samples collected in summer, autumn, and

https://doi.org/10.3390/limnolrev26030035


https://doi.org/10.3390/limnolrev26030035

Limnol. Rev. 2026, 26, 35

30f19

winter. This seasonal way of working is crucial, since the hydrologic cycles and temperature
changes, as well as changes in seasons in anthropogenic processes, could greatly affect
the speciation of metals, solubility, and transport processes greatly [34]. The heavy metal
contamination poses serious threats, but advanced treatment technologies exist for its
removal. In addition, the effective application of these methods requires understanding the
spatial, seasonal, and speciation patterns of metals in real water bodies. In the present study,
the seasonal and site-specific profiles of eight metals (Pb, Hg, Cd, As, Cr (VI), Cu, Zn, Fe)
directly inform treatment selection and design for specific contamination scenarios [35-37].

One such case is that in autumn or winter, when rainfall increases, surface runoff
can increase, mobilizing pollutants from land sources, whereas in summer, it can be
lower, resulting in the accumulation of pollutants [38]. The contamination map will be
characterized in detail in this study, and a total of eight metals (Pb, Hg, Cd, As, Cr (VI), Cu,
Zn, Fe) will be examined [39].

As part of our ongoing groundwater monitoring program in the Republic of Kosovo,
we previously published a study that evaluated groundwater quality using physicochemi-
cal and microbiological parameters, Water Quality Index (WQI) models, and multivariate
statistical analyses to assess its suitability for drinking purposes and identify the major
factors influencing overall water quality [35]. The present study builds directly upon that
investigation but addresses a distinctly different research objective. Rather than evaluating
general groundwater quality, this study focuses specifically on the spatial and seasonal
dynamics of eight priority heavy metals, identifies contamination hotspots using Principal
Component Analysis (PCA), and evaluates potential carcinogenic and non-carcinogenic
health risks associated with heavy metal exposure. Consequently, the present work com-
plements the previous investigation by providing a detailed assessment of heavy metal
contamination and its environmental and public health implications, thereby substantially
extending the understanding of groundwater quality in the Republic of Kosovo.

Despite numerous studies on heavy metal contamination, many investigations are
limited to single-season assessments or lack integrated spatial and multivariate analyses
to identify sources [33,34]. In particular, the combined understanding of seasonal vari-
ability, spatial hotspot dynamics, and inter-metal relationships remains insufficient in
many regions. Moreover, several studies emphasize that the effectiveness of heavy metal
removal technologies such as adsorption, membrane filtration, and advanced oxidation
processes strongly depends on the accurate characterization of contaminant distribution,
seasonal variability, and source mechanisms [30,31]. However, such integrated information
is often lacking in conventional studies. This study addresses these gaps by integrating
multi-seasonal sampling with spatial analysis and Principal Component Analysis (PCA) to
provide a comprehensive assessment of heavy metal contamination. The approach enables
not only the identification of pollution hotspots but also the differentiation between an-
thropogenic and geogenic sources, thereby offering improved insights into environmental
monitoring and management.

Unlike many existing studies and extending our previously published investigation,
which assessed groundwater quality using physicochemical, microbiological, and WQI
approaches, the present study focuses specifically on the spatial and seasonal dynamics of
heavy metal contamination in groundwater. This complementary investigation expands the
earlier work by incorporating an extensive heavy metal dataset, multi-seasonal monitoring,
multivariate source identification using PCA, spatial hotspot analysis, and human health
risk assessment. A key novelty of this study lies in capturing abrupt seasonal contamination
events, particularly the pronounced increase in Cd and Hg concentrations during autumn,
which are often overlooked in conventional monitoring programs. Furthermore, the inte-
grated evaluation of seasonal variability, spatial hotspot identification, source apportion-
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ment, and carcinogenic and non-carcinogenic health risks provides a more comprehensive
understanding of groundwater contamination dynamics in the Republic of Kosovo.
The paper is designed to meet four objectives, namely:

1. To measure and describe the concentration of the eight targeted heavy metals.
To analyze the spatial distribution of the contaminants for the identification of pollu-
tion hotspots.

3. To analyze seasonal variations in metal concentrations and assess the influence of
temporal factors on environmental contamination.

4. To examine the relationships among metals using multivariate statistical analysis
(PCA) in order to identify potential common sources and hotspot patterns.

2. Materials and Methods
2.1. Study Area

The territory of the Republic of Kosovo is located in the central part of the Balkan
Peninsula (Figure 1), between the coordinates 41°50'58"”-43°15'42" in latitude, and
20°01'02"-21°48'02" in longitude [40]. It has an area of 10,905.25 km? and a population of
1,586,659.00 [41]. Its catchment area is 11,645 km? and is divided into five river basins that
discharge into three seas: the Adriatic, the Black Sea, and the Aegean Sea. Water flows range
from 61.7 m3/s (Drini i Bardhé catchment), 36.4 m3 /s (Ibri catchment), 10.13 m3/s (Morava
e Bincés catchment), 8.4 m3/s (Lepenc catchment) to 5.25 m3/s (Plava catchment) [42].
According to the Ministry of Environment, Spatial Planning, and Infrastructure [43], about
79% of the population has access to the public water supply system, and about 65% to the
public sewage system, while the average daily water consumption per capita is reported
to be 86.67 L/day [42]. It is characterized by hilly-mountainous relief with elevations
ranging from 340 m to 1057 m [44] and a continental climate [45]. The average annual air
temperature ranges from 24.6 °C (in summer) to —10 °C (in winter), while the average
yearly precipitation is 700 mm [42]. The study area has a complex and diverse geological
structure [46,47] and is represented by Paleozoic, Mesozoic, and Quaternary rocks. From a
hydrogeological point of view, the carbonate rocks and alluviums [47] that spread on both
sides of the river valleys have good hydrogeological properties, allowing groundwater
storage. The research was carried out at a network of 35 sampling sites (L1-L35), strategi-
cally selected to illustrate a range of potential environmental pressures in the study area
(Figure 1). The selection of sampling locations was guided by the need to ensure spatial
representativeness of different hydrogeological units, land-use patterns, and potential
sources of contamination, including urban, agricultural, and industrial influences. Sites
were distributed across the major river basins and groundwater systems to capture both
impacted and relatively less-impacted areas. This approach allows for a comprehensive
assessment of spatial variability and enhances the reliability of hotspot identification. Fur-
thermore, the use of replicate sampling during key seasons improves the robustness and
representativeness of the dataset. The sampling was conducted seasonally to elucidate the
temporal dynamics of summer, autumn, and winter. In the summer and winter campaigns,
triplicate water samples were collected at each site to obtain robust data and assess intra-site
variation. Single samples were collected during the autumn campaign. All samples were
placed in pre-cleaned polyethylene bottles, processed according to the standard procedure
for heavy metal analysis, and transported to the laboratory under refrigeration.
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Figure 1. Location map illustrating the spatial distribution of the 35 sampling locations (L1-L35)
across the study area.

The study area is the same as that investigated in our previous groundwater quality
assessment because it represents an important hydrogeological region requiring continued
environmental monitoring. While the earlier study focused on physicochemical and mi-
crobiological water quality parameters, the present investigation extends the monitoring
program by evaluating seasonal heavy metal contamination, spatial hotspot distribution,
and associated human health risks using an expanded sampling network and additional
analytical techniques.

2.2. Analysis of Data and Procedures of Analysis

Eight heavy metals, Lead (Pb), Mercury (Hg), Cadmium (Cd), Arsenic (As), Chromium
VI (Cr-VI), Copper (Cu), Zinc (Zn), and Iron (Fe)were analyzed by standard laboratory
methods, which would have been either Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) or Atomic Absorption Spectrometry (AAS), the two methods being susceptible to
trace metals [48,49]. All the concentrations are expressed in micrograms per liter (ug/L).
The detailed workflow is depicted in Figure 2 and is discussed below:

1. Seasonal Field
Sampling

2. Laboratory 3. Data Processing 4. Comprehensive 5. Final Interpretation
Analysis and Aggregation Statistical Analysis and Conclusion

Water collection at diverse
locations
(Summer, Autumn, Winter)

Measurement of 8 heavy metals

(Pb Ho, Cd, As, Crvt Data organization, Statistical tests, PCA, Synthesis of findings,

cleaning & Cluster analysis, Environmental implications,

Cu, Zn, Fe)
Triplicate readings structuring Trend analysis Recommendations

Figure 2. Methodological workflow.

1. Seasonal Field Sampling: It involves the collection of water samples from
35 locations in the summer, autumn, and winter seasons to study the temporal dynamics.
All samples were carefully preserved in pre-cleaned polyethylene bottles and refrigerated
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during transport to the laboratory to maintain their integrity [50,51]. Table 1 consists of the
seasonal schedule information for the Summer, Autumn, and Winter seasons.

Table 1. Seasonal Schedule.

Location Summer Date Autumn Date Winter Date

L1-L5 10 August 2024 8 November 2024 14 January 2025
L6-L10 11 August 2024 9 November 2024 15 January 2025
L11-L15 12 August 2024 10 November 2024 16 January 2025
L16-1L20 13 August 2024 11 November 2024 17 January 2025
L21-L25 14 August 2024 12 November 2024 17 January 2025
L26-130 15 August 2024 13 November 2024 18 January 2025
L31-L35 17 August 2024 15 November 2024 19 January 2025

2. Laboratory Analysis: Water samples were analyzed to study the concentration of
eight priority heavy metals using high-sensitivity analytical methods, such as Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) or Atomic Absorption Spectrometry (AAS).
All the results were standardized and reported in micrograms per liter (ug/L) [52].

3. Data Processing and Aggregation: The raw data generated from the laboratory
analysis were processed, considering the data cleaning and structuring. Statistical methods,
such as the Mean and Standard Deviation, were calculated for the summer and winter
seasons. This aggregation process transformed the raw analytical outputs into a structured
dataset that is suitable for statistical analysis [53].The heavy metals concentration in the
study area is portrayed in Table 2.

4. Methodology for Carcinogenic and Non carcinogenic risk assessment: For cal-
culating the carcinogenic and non-carcinogenic indices, the average concentrations across
three seasons were used. For the assessment of health risk, the USEPA standard exposure
parameters were used. For adults, the following were used: IR =2 L/day, BW =70 kg,
EF =350 days/year, ED = 30 years, while for children, IR = 1 L/day, BW =15kg,
EF = 350 days/year, ED = 6 years.

CxIRxEFxED

CDI= BW x At M

where

CDI = Chronic daily intake dose, IR = Ingestion rate, C = Concentration of Heavy
Metals (HMs), EF = Exposure frequency, ED = Exposure duration and BW = Body
weight [54,55].

AT = Average time for non-carcinogenic exposure of 40 years and carcinogenic expo-
sure of 70 years.

The non-carcinogenic risk index, represented by Hazard Quotient (HQ), is calcu-

lated using
CDI
HQ=—= 2
Q= %7p @
Here, RfD is the Oral Reference Dose for HMs. In this equation, for HQ values less
than 1, the generated risk will be insignificant and within safe limits. For HQ values greater
than 1, the risk level is significant and exceeds the threshold [55].
Carcinogenic risk is calculated only for metals with accepted carcinogenic factors,

including Arsenic (As) and Chromium (Cr).
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Table 2. Concentration of heavy metals in the study area, average values, standard deviation, minimum, and maximum values.
Site b (i]:l- (VI\’IIi’n- Hs (I:Lgl- (xign- Cd (ii- (Vfl?n— As (:- (V“:isn- Cr (15:1- (Vfl:irn- Cu (i‘;- (\S\I;ln— Zn (i‘l‘l— (lf/:‘n- Fe Fe (Au- (Vfl:n-
1D (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter)
L1 0.115 027 0253 0.046 018 0236 0136 027 0173 0.103 09 033 0133 0.24 0.133 29 21 29 453 55 453 192.6 250 192.6
L2 0.086 023 0.17 0.01 0.08 0.136 0.03 0.28 0.29 0.03 0.06 023 0.07 0.16 0.106 143 1 178.6 336 34 188 184.6 197 512.6
L3 0.84 046 05 036 03 0276 020 0.8 034 0.05 0.08 0.33 023 0.32 0.713 496 62 246 616 71 1243 77.3 87 160
L4 0.096 037 0286 0.013 027 043 0.05 0.16 026 0.08 0.19 0.206 1.196 0.18 142 61.3 63 87.6 27.6 25 129 526 56 218.3
L5 0.086 0.66 048 0.023 0.34 0476 0.09 017 0173 0.14 017 0416 0.103 0.2 0753 28.6 50 10 180.6 190 599.6 177 210 628
L6 0956 039 0316 0.563 02 023 0.866 113 0.2 04 0.72 033 1.59 171 0253 1253 260 210.3 581 520 2146 523.6 631 159
L7 0136 0.08 0.066 0126 02 021 0.143 0.24 036 0.01 0.04 0.103 0743 0.88 0436 7.33 6 433 19 2 21.3 1053 110 15
L8 1506 127 0.96 055 041 0.116 111 033 0.443 0.263 0.36 0.19 0616 075 0543 2103 200 18.6 2146 251 90 159 160 163.6
L9 0.036 0.18 0.17 0.06 033 025 0.003 038 0.11 0.023 0.07 0373 0.086 0.16 0246 10 23 4383 599.6 140 2943 628 713 380
L10 1.476 0.82 0.843 0.773 0.1 0.12 1.166 117 0.61 1.02 1.04 0.08 1.08 1.7 0.706 508 415 10 170.6 139 70.6 1913 220 68.6
L11 0.056 0.36 042 0.06 0.18 021 0.006 012 091 0.076 0.17 044 0.066 0.13 0396 30 21 109.6 56.6 74 94 155 225 1163
L12 031 05 048 0.14 022 026 0533 0.74 0.84 0.29 041 043 042 052 0453 1293 142 150.6 376 411 90.3 513.6 620 1216
L13 0.003 0.18 0.153 0.023 0.4 023 0.053 0.1 034 0.113 0.16 0.24 0.15 0.25 0.426 9.66 6 374 175.3 130 547 3443 441 546.3
L14 0483 0.77 0.82 0.296 026 037 0326 051 0.62 0.356 033 0576 0.136 03 023 4383 427 43 2943 281 35 380 361 59
L15 0.166 0.63 071 0.1 011 023 0.296 09 0206 027 04 055 04 0.24 021 1 13 456 5333 51 38.6 68.6 80 58.3
L16 0.046 0.19 0.176 0.05 0.08 025 0.08 015 0233 0.04 0.2 0.066 0.033 0.08 0.18 10 10 1126 70.6 64 2376 68.6 87 291.3
L17 0.186 03 0236 0.166 023 0336 0.143 0.12 0.176 0.096 0.15 0.28 0.073 0.13 0.173 7.66 10 113 17.3 21 493 31.3 41 37
L18 0.046 0.06 0.046 0.043 042 0.156 0.016 04 0.163 0.016 0.05 0.136 0.093 0.09 0.173 13 13 34 493 42 67.6 37 33 63
L19 0.15 0.11 0.14 0.163 013 033 036 041 0.39 0.093 0.08 0.04 0.44 055 025 374 332 28.6 547 633 180.6 546.3 500 177
L20 0.84 133 1223 0.296 0.24 0433 0436 1 0283 041 038 0353 0276 031 0553 178.6 216 14 188 184 33.6 512.6 571 184.6
121 0.016 0.1 0.166 0.073 033 0313 0.023 022 0.18 0.106 03 0133 018 043 0303 233 30 1293 37.3 42 376 59.6 64 513.6
L22 0.343 0.19 0.176 0.156 0.42 0.24 0.186 027 0.286 0.076 0.11 021 035 0.52 0413 149.3 111 19.6 903 111 185.6 1216 140 355
123 0.696 052 0.64 025 0.18 0.096 0.186 0.2 0.11 0.183 035 0.05 0613 0.74 021 43 60 30 35 41 56.6 59 61 155
124 0.126 031 0283 0.163 0.09 0.126 0.033 041 0.19 0.186 017 0176 0.09 0.09 0.036 433 6 420 21.3 12 602.3 15 23 793.3
L25 0.086 0.02 0.023 0.07 0.28 0.066 0.09 0.11 0.05 0.073 0.1 0.04 0.03 1 0.06 19.6 10 62.6 185.6 170 27.6 355 331 52,6
L26 0.14 013 012 0.04 0.16 0.093 0183 019 0.136 0.143 0.16 0.05 0453 056 027 24.66 28 733 1243 130 19 160 170 1053
L27 0.296 043 0.4 0.193 031 0.156 0.38 056 0216 0.183 022 0.116 0.286 25 0.153 1416 164 9.66 177.3 215 1753 196.6 172 3443
L28 0.673 033 0356 0453 053 0.186 113 18 0586 0953 1.25 0506 1.92 23 1.246 257 315 233 3186 351 37.3 413 452 59.6
L29 1.053 1.24 1.613 0.686 1.33 1 0.986 092 1.563 0.756 0.88 0.956 0.69 111 1.896 420 400 257 602.3 560 3186 7933 763 413
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Table 2. Cont.
Site Pb (i]:l- (VI\’IIi’n- He (I:Lgl- (xign- cd (ii- (Vfl?n— As (:- (V“:isn- Cr (15:1- (Vfl:irn- Cu (i‘;- (\S\I;ln— Zn (i‘l‘l— (lf/:‘n- Fe Fe (Au- (Vfl:n-
1D (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter) (Sumeer) tumn) ter)
L30 0.11 143 1.356 0.05 0.16 0.876 0.086 0.09 0.44 0.066 0.09 0.52 0.203 0.56 1.043 34 36 116 72 78 149 63 61 221.6
L31 0.046 0.36 0.33 0.023 0.08 0.086 0.106 0.3 0.25 0.143 0.05 0.246 0.03 0.08 0.336 52.3 41 523 116.6 115 116.6 120.6 123 120.6
L32 0.356 0.06 0.093 0.34 0.58 0.1 0.233 0.31 0.123 0.173 0.17 0.07 0.11 0.25 0.24 116 100 7.66 149 141 17.3 221.6 218 31.3
L33 0.48 0.16 0.183 10.95 0.33 0.5 0.596 0.74 0.353 0.623 0.94 0.49 0.41 0.52 0.92 112.6 122 49.6 237.6 164 61.6 291.3 270 77.3
L34 0.35 0.24 0.233 0.113 0.56 0.28 0.403 0.46 0.25 0.273 0.32 0.493 0.716 0.85 0.99 87.6 80 508 129 134 170.6 218.3 240 191.3
L35 0.143 0.14 0.293 0.35 0.88 0.69 0.19 0.31 0.353 0.26 0.29 0.406 0.34 0.44 0.563 18.6 21 125.3 90 110 581 163.6 182 523.6
Mean 0.358 0.423 0.421 0.508 0.312 0.288 0.310 0.476 0.348 0.231 0.336 0.291 0.410 0.59 0.486 107.0 109.2 107.2 175.6 163.2 172.7 234.3 253.2 231.7
SD 0.398 0.37 0.37 1.80 0.24 0.20 0.339 0.384 0.284 0.247 0.322 0.20 0.44 0.60 041 134.5 127.8 133.8 170.6 155.02 171.5 192.3 204.9 193.4
Min 0.003 0.02 0.023 0.01 0.08 0.06 0.003 0.09 0.05 0.01 0.04 0.04 0.03 0.08 0.036 433 6 4.33 17.3 12 17.3 15 23 15
Max 1.506 143 1.61 109 1.33 1 1.16 1.8 1.563 1.02 1.25 0.95 1.92 2.5 1.89 508 427 508 602.3 633 602.3 793.3 763 793.3
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The calculation was made according to the formulas:
CR =CDI x CSF

CSF = Cancer slope factor

The amount is calculated by summing the CR values for each chemical substance
under study. According to USEPA guidelines, the acceptable CR limit is from 10~* to 107°.
Based on this, CR amounts below 10~° pose insignificant and dismissible carcinogenic risk,
while the CR amounts above 1074 is unacceptable [55].

5. Statistical Analysis: Descriptive statistics provided a general overview of the data,
whereas the comparative visualizations (boxplots and bar charts) were used to compare
metal concentrations across seasons and locations. To explore inter-metal relationships and
potential familiar sources, a correlation matrix was generated. Also, PCA was applied to
reduce the dataset’s dimensionality and visualize the complex relationships among seasons,
sampling locations, and heavy metals [56].

6. Interpretation and Conclusion: It involves the synchronization of results from
statistical analysis and integration with their broader environmental implications. The
results were interpreted using existing pollution science to examine the observed spatial
hotspots, seasonal anomalies, and metal groups. It helps to draw evidence-based con-
clusions about the aquatic environment and provides recommendations for sustainable
environmental management.

3. Results and Discussion

The comparative study shows that substantial spatial and temporal variation provides
vital information about the aquatic environment. The results of the statistical study, along
with their environmental implications, help clarify pollution issues on a larger scale. One
limitation of this study is the partial unavailability of autumn data for certain metals
(As, Cr (VI), Cu, and Zn). However, complete datasets for summer and winter allow
reliable assessment of spatial patterns and overall contamination characteristics, while
interpretations of seasonal variability in these metals are made with caution.

3.1. General Concentration Profiles and Seasonal Dynamics

The metals were found to have extremely different concentrations. The most common
metals were iron, Zinc, and Copper, which were highest in summer and winter and had a
higher mean of 100 pg/L. Conversely, Lead, Mercury, Cadmium (during summer/winter),
and Arsenic were at significantly lower concentrations, generally less than 1 ug/L [57].
This overall trend implies a natural occurrence of geogenic or diffuse-source metals (Fe, Zn,
Cu) at a base with less significant amounts of more toxic and, in many cases, point-source
contaminants [58].

The most remarkable conclusion is a seasonal anomaly characterized by dramatic
changes in November (Figures 3 and 4). The mean levels of Cadmium and Mercury were
ten times higher in autumn than in summer and winter. This extreme peak can be attributed
to seasonal hydrological processes, particularly increased surface runoff and first-flush
effects during autumn, which enhance the transport of contaminants from agricultural
and industrial areas into groundwater systems. In addition, reduced groundwater storage
during the post-monsoon period (October-November) may decrease dilution capacity,
leading to higher observed concentrations. Seasonal variations in physicochemical condi-
tions, such as pH and redox potential, may further promote the release and mobilization
of metals from sediments [59]. This is well demonstrated using the boxplots in Figure 3,
where the distributions of Cd and Hg during the autumn months are completely separated
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from the distributions during the summer and winter months, which are concentrated
around zero [60]. Here, seasonal monitoring is extremely important; research conducted
during summer or winter would have been ineffective in detecting this severe episode of
contamination [61].
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Figure 3. Boxplot comparison of heavy metal concentrations (ug/L) across summer, autumn,
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Figure 4. Bar chart of mean heavy metal concentrations by season.
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3.2. Spatial Distribution and Hotspot Identification

The main feature of the dataset of all metals was significant spatial variability. Distinct
spatial clusters of elevated metal concentrations were observed across the study area. As
Figure 5, which displays the concentrations of the three most common metals (Fe, Zn, Cu),
indicates, places like L6, L9, L10, L19, L28, and L29 often had the highest concentrations
across several seasons. An illustration is at location L29, where Fe, Zn, and Cu had the
highest concentrations at 827 pug/L, 692 ug/L, and 451 pg/L, respectively. The consistently
high concentrations at specific locations suggest the influence of localized pollution sources,
potentially associated with industrial activities, municipal wastewater discharge, or legacy
contamination [62]. Figure 6 further breaks down the spatial heterogeneity of four impor-
tant metals using violin plots, showing not only the median concentration of each element
but also the shape of the data distribution at each location. Wides of some locations (e.g.,
L29 of Zn, L10 of Cu) indicate high variability and extreme values, further confirming that
they are hotspots warranting specific investigation and remediation.
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Figure 5. Spatial distribution of high-concentration metals.
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3.3. Inter-Metal Relationships and Source Apportionment

A correlation analysis of the summer data, the most complete dataset, was conducted
to explore potential sources of contamination (Figure 7). The heatmap indicates several
strong positive correlations. For example, there is a significant correlation among Pb,
Hg, Cd, and Cr (VI). This pooling suggests that these metals may originate from human
activities, such as industrial emissions, mining, or atmospheric deposition associated with
fossil fuel combustion [63]. On the other hand, Fe, Zn, and Cu exhibit lower correlations
with the former group but show some correlations among themselves, which may reflect
another group of sources, perhaps a combination of geogenic weathering and diffuse
pollution from urban or agricultural runoff [64].

Correlation Matrix of Metals in Summer
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Figure 7. Correlation heatmap.

Principal Component Analysis (PCA), a dimensionality-reduction method in machine
learning, was used to further investigate these relationships (Figure 8). The PCA biplot
provides an excellent representation of the data. The two major components (PC1 and
PC2) had a considerable amount of cumulative variance [65]. The plot shows a clear
separation of samples by season, with autumn samples distinct from those of summer
and winter, partly due to higher Cd and Hg levels. Moreover, the loading vectors of the
metals confirm the correlation analysis: Pb, Cd, Hg, and Cr(VI) are grouped together and
point in the same direction, supporting the hypothesis of a standard, probably industrial,
origin. Another, looser cluster includes Fe, Zn, and Cu, and implies that they are sensitive
to various environmental factors [66].
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Figure 8. Principal Component Analysis (PCA).

3.4. Implication, Limitations, and Future Work

The study shows that Fe, Zn, and Cu consistently occur at high concentrations. Al-
though these metals are less toxic than others, they may still adversely affect aquatic life.
Their elevated levels also indicate continuous and widespread inputs into the river sys-
tem [53]. The identification of specific hotspots (e.g., L29, L6, L10) is useful for regulatory
bodies in allocating investigative and enforcement resources. It is especially significant that
the Cd and Hg levels spike in the fall, as these elements are extremely toxic and can even
cross the food chain, posing a direct threat to human health when consumed in fish [67].
One limitation of this study is the partial unavailability of autumn data for selected metals
(As, Cr (VI), Cu, and Zn). The absence of complete autumn data limits a full seasonal
comparison; therefore, conclusions regarding seasonal dynamics are drawn primarily from
metals with complete datasets, while interpretations for other metals remain indicative.
Nevertheless, the available data provide reliable insights into spatial patterns and overall
contamination characteristics. Future studies should ensure complete seasonal datasets to
better understand whether the observed autumn anomalies represent broader contamina-
tion behavior across all metals [68]. In addition, a more intensive source apportionment
study, using either isotopic analysis or receptor modeling, is encouraged to clearly identify
the sources of pollution within the identified hotspots. To achieve predictability in water
quality management, long-term monitoring is necessary to track trends, assess the effec-
tiveness of adopted mitigation measures, and understand the seasonality of contamination,
enabling the development of predictive models [69,70].
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3.5. Seasonal Assessment of Heavy Metal Pollution and Human Health Risk from Groundwater
Drinking Water

From the assessment of non-carcinogenic risk, the results show that across all three
seasons, the general risk index values for adults ranged from 0.174 to 0.271, while for
children they ranged from 0.408 to 0.633. These results indicate that the values are below the
safety limit (HI < 1), and that exposure to heavy metals through groundwater consumption
does not pose a significant non-carcinogenic risk. However, higher values of the general
risk index (HI) are observed in children than in adults, as children have lower body weight
and consume more water relative to body mass. Regarding the hazard quotient (HQ), our
results show that copper and arsenic are the largest contributors to non-carcinogenic risk,
while other metals contribute only a small portion to the total risk. The non-carcinogenic
risk (HQ and HI) and Carcinogenic risk (CR) have been given in Tables 3 and 4 respectively.

Table 3. Assessment of non-carcinogenic risk (HQ and HI) from heavy metals for the three seasons
investigated in the studied groundwater drinking water area.

H Metal Summer Autumn Winter
avy Ve THQ (Adul) HQ (Children) HQ (Adult) HOQ (Children) HOQ (Adul) HQ (Children)
H 0.046 0.108 0.013 0.031 0.026 0.061
C 0.007 0.017 0.010 0.023 0.009 0.021
As 0.107 0.249 0.036 0.084 0.132 0.309
Cr (VD) 0.006 0.014 0.008 0.019 0.007 0.016
Cu 0.073 0.171 0.091 0.213 0.073 0.171
Zn 0.024 0.055 0.016 0.038 0.030 0.070
HI 0.263 0.614 0.174 0.408 0.271 0.633
Table 4. Carcinogenic risk (CR) assessment for the three seasons investigated in the study area for
groundwater drinking water.
Season CR As (Adult) CR As (Children) CR Cr (VI) (Adulb) CR Cr (VI) (Children)
Summer 8.7 x 107> 41 x 1075 7.7 x 1077 3.6 x 1077
Autumn 29 x107° 1.4 x 107° 53 x 1077 25 x 1077
Winter 1.1 x 1074 5.0 x 1072 9.1 x 1077 43 % 1077

According to the carcinogenic risk index, the risk values for arsenic ranged from
1.4 x 1072 to 1.1 x 10~*, while for chromium, they ranged from 2.5 x 1077 t09.1 x 1077;
all values obtained are within the acceptable ranges according to USEPA recommendations.
However, the arsenic values recorded during the winter season, which are close to the
upper limit, are of concern, indicating potential long-term concern.

4. Contribution to Sustainable Development Goals (SDGs)

This section discusses the contribution of the current research to the United Nations
Sustainable Development Goals (SDGs) (Figure 9). The results offer practical insights into
groundwater quality, pollution sources, and health hazards, thereby promoting evidence-
based environmental management.

The paper has a direct impact on SDG 6 (Clean Water and Sanitation) by identifying
spatial hotspots and seasonal contamination patterns, which can inform targeted monitor-
ing and remediation plans. To illustrate, feedback on high-risk locations (e.g., L6, L10, L29)
enables prioritization of treatment interventions and aids in selecting suitable technologies
for removing heavy metals. Research has shown that enhanced adsorption-based and
composite materials can be successfully used to remove heavy metals and co-contaminants
from water, offering efficient and scalable treatment methods [71,72]. In this way, the cur-
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rent examination can give a scientific foundation of maximizing such treatment strategies
at location-specific scales.

Heavy Metals Research Contribution to Sustainable Development Goals
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Figure 9. Contribution towards SDGs.

The research also impacts SDG 3 (Good Health and Well-being) by helping eval-
uate the non-carcinogenic and carcinogenic risks of groundwater intake. The findings,
especially the high susceptibility of children and the proximity of arsenic levels to accept-
able standards, offer important information for public health planning and safe drinking
water management.

Moreover, revealing the seasonal patterns of pollution and contamination hotspots
underscores the threat to aquatic life, aligning with SDG 14 (Life Below Water). The research
is also relevant to SDG 15 (Life on Land) as it correlates contamination patterns with sources
of land-based pollution, thereby providing a basis for regulating runoff and mitigating
environmental degradation [73,74].

5. Conclusions

The present study shows widespread chronic contamination, with elevated Fe, Zn,
and Cu levels, and identifies persistent high-risk hotspots (L6, L8, L10, L28, and especially
L29) where metal concentrations reached extreme values, indicating point-source pollu-
tion. A pronounced increase in Cd and Hg concentrations was observed during autumn,
indicating a significant seasonal contamination event and highlighting the importance of
multi-seasonal monitoring. The PCA results further identified two main groups of metals:
Pb, Hg, Cd, and Cr (VI), which are associated with anthropogenic sources, and Fe, Zn, and
Cu, which are linked to diffuse or geogenic sources. These findings collectively support the
study objectives related to quantification, spatial distribution, and seasonal assessment. It
provides evidence-based solutions for decision-makers by establishing a crucial environ-
mental baseline for future assessments and by offering a robust methodological framework
that can be applied globally to evaluate and manage heavy metal pollution in river systems.
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