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Abstract

This study evaluates the groundwater quality near the Mohammadabad municipal solid waste landfill
in Qazvin, Iran, by examining the physical and chemical parameters of the water. The physicochemical
parameters, major ions, and heavy metals in the water were investigated using indices such as the Water
Hydrochemistry, Landfill Quality Index (WQI). In the wet season, the concentrations of chloride (339.8 mg/L), sulfate (365 mg/L),
Heavy Metals, Water quality ~ and sodium (268.7 mg/L), as well as electrical conductivity (EC) with an average of 13035 puS/cm and
index. total dissolved solids (TDS) with an average of 9338.1 mg/L, were significantly higher than the
permissible limits of WHO and EPA. In the wet season, the concentrations of some heavy metals such
as Pb and Ni exceeded WHO standards, averaging 23.7 pg/L and 49.3 ug/L, respectively. However, in
the dry season, metal concentrations decreased, although in the monitoring wells, the average levels of
heavy metals in the order of Fe > Zn > Pb > Mn > As > Ni > Hg still exceeded the permissible limits of
WHO and EPA. Water Quality Index (WQI) results showed that 27.5% of the samples in the wet season
and 8% in the dry season had unsuitable quality for drinking purposes. The stations located near the
landfill exhibited the poorest water quality in both seasons. The results from Piper and Gibbs diagrams
indicated that the dominant water type in the area is chloro-sulfate, and processes such as evaporation
and interaction with evaporitic sediments play a major role in shaping the groundwater chemistry.
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Introduction

The rapid increase in municipal solid waste (MSW) and
industrial production, coupled with inadequate landfill
management practices, has resulted in widespread
contamination of groundwater resources, particularly in
developing countries. Despite their low operating costs,

leachate, posing health risks such as carcinogenic effects
(Najafi Saleh et al., 2020; Kazemi et al., 2023). Qazvin
Province, with a daily waste production of 500-550 tons and
a high reliance on groundwater, faces significant
environmental challenges. The Mohammadabad landfill, one
of the largest in the country, receives 900 tons of waste per

landfills pose a significant threat to groundwater quality due
to the leakage of leachate and the release of hazardous
pollutants, including heavy metals (Huang et al., 2024).
Studies worldwide, including research in Congo, India, and
Iran,, have demonstrated that waters contaminated by landfill
leachate are unsuitable for human consumption due to high
concentrations of heavy metals and organic compounds
(Naveen et al., 2017). In Iran, research conducted in
Ghaemshahr and Saravan has confirmed that groundwater
quality in the vicinity of landfills is severely compromised by

day, and if poorly managed, it could threaten the region's
groundwater quality (Aliaghaei et al., 2020). This study, for
the first time, investigates the impact of the Mohammadabad
landfill on groundwater resources, employing parameters
such as total dissolved solids (TDS), chemical oxygen
demand (COD), dissolved oxygen (DO), and water guality
index (WQI) to propose solutions for improving the
management of these vital resources.
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Materials and Methods
Data sampling and analysis

To evaluate groundwater quality and landfill leachate
pollution of Mohammadabad landfill, Qazvin, the sampling
was carried out during the wet season (June 2021) and dry
season (November 2021). In each period, 12 groundwater
samples were collected from multiple sites including
upstream, downstream, monitoring wells, and the landfill
site. Sampling followed standard procedures: the wells were
pumped, and the sampling containers were flushed before
being transported to the laboratory for analysis (Rice et al.,
2012). Heavy metals were quantified using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), while
physicochemical parameters including pH, electrical
conductivity (EC), total dissolved solids (TDS), and major
anions (carbonate, bicarbonate, chloride, sulfate, and nitrate)
were analyzed through titration, ion chromatography, and
flame photometry. The resulting data were statistically
evaluated using SPSS and Ag.QA software. A topographic
map of the study area was developed utilizing Geographic
Information System (GIS) technigues, incorporating ASTER
digital elevation model (DEM) data via ArcGIS software.

To evaluate groundwater quality, the Water Quality
Index (WQI) was computed based on the guideline
standards of the World Health Organization (WHO) and
the Canadian Council of Ministers of the Environment
(CCME). Each parameter was assigned a weight
according to its relative importance, and deviations from
the prescribed limits were assessed accordingly.
Additionally, range, frequency, and amplitude were
examined as supplementary indicators for water quality
assessment.

Results and Discussion
Evaluation of Water Quality Parameters

The investigation of groundwater chemical parameters
revealed that concentrations of various anions and cations
exceeded the permissible limits set by WHO and EPA
standards during both wet and dry seasons (Table 1).
Notably, chloride (CI7) concentrations were 339.8 mg/L in
the wet season and 363.6 mg/L in the dry season, while
sulfate (SO,*”) measured 365 mg/L and 410.6 mg/L,
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respectively, both exceeding the WHO limit of 250 mg/L.
Sodium (Na*) concentrations were higher in the wet season
at 268.7 mg/L compared to 178.8 mg/L in the dry season, but
monitoring wells near the landfill showed alarming levels:
chloride at 2860.8 mg/L, sulfate at 3000.9 mg/L, and sodium
at 2191.9 mg/L. Electrical conductivity (EC) averaged 13035
uS/cmand total dissolved solids (TDS) reached 9338.1 mg/L,
far exceeding WHO limits. Additionally, organic pollution
indices indicated severe contamination, with BOD levels
reaching 50.2 mg/L in monitoring wells.

Hydrochemical Facies Determination of
Groundwater

Interpretation of the Piper diagram indicates that the
regional groundwater is characterized by a chloro-sulfate
hydrogeochemical type with a dominant sodic facies. This
composition reflects the influence of geochemical processes,
particularly the dissolution of evaporite minerals such as
halite and gypsum, as well as cation exchange reactions.
These findings highlight the significant role of water—rock
interactions in modifying groundwater chemistry, likely
driven by the mineralogical composition of surrounding salt-

bearing formations (Fig. 3).

Processes Controlling Water Chemistry

The hydrochemical composition of groundwater is
primarily governed by three processes: water-rock
interaction, evaporation, and precipitation. The Gibbs
diagram was employed to evaluate the relative influence of
these mechanisms. A typical geochemical trend observed in
the study area involves a transition from bicarbonate to
chloride dominance, accompanied by increased salinity. This
pattern is largely attributed to the dissolution of carbonate
minerals and cation exchange processes with the aquifer
matrix. Plotting the results from two sampling campaigns on
the Gibbs diagram revealed that evaporation plays a
dominant role in the geochemical evolution of groundwater
in the region (Fig. 4).

The Water Quality Index (WQI)
The Water Quality Index (WQI) assessment of
groundwater in the vicinity of the landfill revealed notable
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seasonal variations. During the wet season, 45.5% of the
samples were classified as excellent, 18% as good, 9% as
very poor, and 27.5% as unsuitable for drinking purposes. In
contrast, the dry season showed a shift, with 67% of the
samples falling into the good category, 17% into poor, 8%
into very poor and 8% deemed unsuitable. Wells located
downstream of the landfill consistently exhibited the lowest
water quality in both seasons, whereas upstream wells
demonstrated relatively better quality, particularly during the
dry period. The findings indicate that groundwater quality
generally improves with increasing distance from the landfill.
However, poor water quality was also detected in some
remote areas, likely due to contamination from nearby
livestock farms (Uddin et al., 2023). Additionally, during the
dry season, reduced precipitation combined with elevated
evaporation rates intensified the concentration of pollutants,
further degrading groundwater quality downstream of the
landfill (Fig. 5).

Heavy Metal Concentrations in Water Resources

Groundwater analysis during the wet season revealed that
concentrations of certain heavy metals specifically lead,
nickel, arsenic, and zinc exceeded the permissible limits set
by the WHO (2018) and EPA (2018). Notably, lead
concentrations in samples collected from downstream
stations reached 32.8 pg/LL and 64.4 pg/L, significantly
surpassing the WHO guideline of 10 pg/L. Similarly, nickel
and arsenic levels measured at 103 pg/L and 34.9 pg/L,
respectively, were also substantially above the accepted
thresholds. Although the concentrations of these metals
decreased during the dry season, monitoring wells located
near leachate zones continued to exhibit levels above the
regulatory limits. These findings underscore the persistent
impact of landfill leachate on groundwater quality,
particularly in areas with limited dilution capacity and high
contaminant mobility (Table 2).

Assessing  Groundwater the
CCMEWQI

A comparative graph of the water quality assessment
using the CCMEWQI index revealed that during the wet

season, 36.3% of the samples were classified as good, 54.5%

Quality  Using
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as average, and 9% as poor. In contrast, the dry season
showed an improvement in water quality, with 50% of the
samples classified as excellent and the other 50% as good.
The CCMEWQI index for samples from both the wet and dry
seasons is provided in Figure 6.

Cluster Analysis of Groundwater Quality

Cluster analysis of sampling stations for both wet and dry
seasons revealed distinct groupings based on groundwater
quality parameters. During the wet season, station W12
formed an independent cluster, reflecting markedly different
water quality likely resulting from direct infiltration of
pollutants from the nearby landfill. The first cluster included
stations W5 (used for livestock) and W11 (drinking water
source for Mohammadabad village), indicating similar water
quality characteristics. The second cluster grouped stations
W10 (livestock use), W3, W8, and W9, suggesting relatively
homogeneous hydrochemical conditions across these
locations.

In the dry season, monitoring well P4 situated adjacent to
the waste pile was isolated from the rest due to exceptionally
high concentrations of electrical conductivity (EC), chloride,
and sodium, all exceeding permissible limits. The first major
cluster included samples P5 and P1, both located near
municipal and industrial waste disposal sites, and showed
significant contamination. The second cluster comprised
subgroups with variable water quality, including wells with
the lowest contamination levels such as P2, P3, and P®6.
Additionally, downstream stations (W6, W7, W8, W9, W12,
and W13) were grouped together, indicating the consistent
influence of leachate migration and solid waste impact on
groundwater quality in these areas (Fig. 7).

Bivariate Analysis of Water Quality Parameters and
Heavy Metals

The ion ratio diagrams for the wet season samples
demonstrate significant correlations between key water
quality parameters and heavy metal concentrations. A strong
positive correlation was observed between electrical
conductivity (EC) and the concentrations of chloride,
sodium, and potassium, indicating that elevated salinity is
directly associated with increased levels of these major ions.
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Additionally, a positive correlation between arsenic and
copper suggests a common anthropogenic origin, likely
linked to industrial or urban activities. In contrast, a negative
correlation between nitrate and vanadium implies distinct
pollution sources. Nitrate contamination is predominantly
attributed to agricultural runoff and the use of chemical
fertilizers, whereas vanadium presence is more closely
associated with industrial discharges.

Conclusions

This study evaluated the seasonal variation in
groundwater quality surrounding the Mohammadabad
landfill in Qazvin, focusing on data collected during the wet
(June 2021) and dry (November 2021) seasons. The results
demonstrated that groundwater quality was influenced by
both natural hydrogeochemical processes and anthropogenic
activities, including leachate infiltration from solid waste
disposal sites, as well as agricultural and livestock-related
contamination. Elevated levels of major ions particularly
chloride, sulfate, and sodium along with increased electrical
conductivity (EC) and total dissolved solids (TDS), indicated
significant degradation of groundwater quality, especially in
wells located near the landfill. Organic pollution indices
(BOD and COD) peaked during the wet season due to
increased leachate mobility but remained elevated in
proximity to the landfill throughout both seasons.

Hydrogeochemical analysis identified key processes such
as mineral dissolution, cation exchange, and evaporation as
drivers of groundwater chemistry. Water quality indices
(WQI and CCME WQI) revealed a relative improvement in
water quality during the dry season. However, persistently
high concentrations of heavy metals most notably arsenic and
lead pose ongoing environmental and public health risks.
Although the impact of landfill leachate was localized,
livestock farming was found to be a major contributor to
widespread groundwater contamination. These findings
underscore the need for continuous groundwater quality
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monitoring and further research, including microplastic
detection and stable isotope analysis, to ensure the
sustainable management and protection of regional water
resources.
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Fig. 1. Geological map of Qazvin Province and the Mohammadabad landfill area, 1:100000 (Geological Survey and Mineral
Explorations of Iran, 2002).
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Table.1. Summary of results obtained from field measurements of water parameters, cations, and anions.

Parameter (Unit) Season Min Max Mean Median SD CV  WHO (2018) EPA (2018)
CI- (mg/l)
Wet 130.8 590.3 339.8 3139 1712 05 250 250
Dry 149.2 6182 3636  309.9 178.3 0.49
Monitoring Well  337.2 7628 2860.8 2312 2882 1
NOs™ (mg/l)
Wet 6.8 11.8 9.2 8.8 1.7 0.1 * 10
Dry 6.6 11.9 9 8.8 1.7 0.1
Monitoring Well 4.8 92.1 47.2 45.9 37 0.7
S04 (mg/l)
Wet 1634 7237 365 370.4 1619 04 250 250
Dry 1946 708.7 4106  378.1 1806 04
Monitoring Well  341.8 9210 30009 17704 34448 1.1
HCOs™ (mg/l)
Wet 54.3 192 127.8 132.6 39.1 0.3 100 *
Dry 57 190 128.4 133 37.7 0.2
Monitoring Well ~ 110.7 151 136.2 142 16.6 0.1
Ca% (mg/l)
Wet 59.7 2772 1415 108.3 72.1 0.5 150 *
Dry 59.8 224 120.1 119 46.1 0.3
Monitoring Well ~ 123.2 12159 5239 4433 4175 0.8
Mg?* (mg/1)
Wet 36 319 98.8 60 81.7 0.8 150 *
Dry 33.7 153 80.4 60.2 39.7 0.4
Monitoring Well 52 18729 611.2 445.8 687.3 11
Na* (mg/l)
Wet 1211 501.7 268.7 250.6 1223 04 200 30-60
Dry 934 313 178.8 168 63.43 0.3
Monitoring Well 1725 8098.2 21919 9924 30631 14
K* (mg/l)
Wet 3.5 8.8 5.2 5 1.6 0.3 12 *
Dry 4.1 6.9 5.1 4.8 0.9 0.1
Monitoring Well 6 21.7 12.8 11.2 7.1 0.5
EC (umho/cm)
Wet 885 4250 18714 16365 9342 05 400
Dry 853 2790 1642.8 16125 6275 0.3
Monitoring Well 1960 38600 13035 9260 12808.2 0.9
pH
Wet 6.7 7.8 6.9 6.9 0.2 0.04 6.5-8.5 6.5-85
Dry 6.5 7.7 7.1 7.2 0.3 0.05

\Rl4
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Monitoring Well 6.9 7.6 7.3 7.3 0.2 0.03
TDS (mg/l)
Wet 697.3 22495 1356.7 14146 5051 0.3 1000 500
Dry 691.7 21291 1296.8 12449 456 0.3
Monitoring Well 1153.9 27694 9338.1 64751 93405 1
COD (mg/l)
Wet 3.7 29 115 8.8 10 - - -
Dry 2 176 53 3 6 -
Monitoring Well 3 21.5 13.3 5 9.3 -
BOD (mg/l) 3 5
Wet 111 676 278 219 22.7
Dry 3.8 382 145 10.7 12.8
Monitoring Well 15 81 50.2 52.5 34.6
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Fig. 5. Calculation of water quality index (WQI) for groundwater samples.
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Table. 2. Summary of results obtained from measuring heavy metal concentrations in groundwater samples during the dry and wet

seasons, as well as monitoring wells.

Parameter (Unit) Season Min Max Mean Median SD CV WHO (2018) EPA (2018)
As (ug/l) 10 10
Wet 6.3 349 128 11 8 0.6
Dry 1.2 5.9 3.7 3.8 1.4 0.4
Monitoring Well 53 118 51.2 43.7 38 0.7
Cd (ug/l) 3 S
Wet 2 2 2 2 0.6 0.3
Dry <1 <1 <1 0 0 0
Monitoring Well 1.9 4.1 2.9 2.8 1.6 0.5
Cu (ug/l) 2000 1000
Wet 04 11 3.7 3.6 34 0.9
Dry 1 1 1 1 0.2 0.2
Y
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Monitoring Well  10.9 26.7 185 18.3 11 0.5
Pb (ug/l) 10 15
Wet 136 476 237 22.3 9.5 0.4
Dry 12 36 2.5 2.4 1 0.4
Monitoring Well 474 110 65.1 52.5 249 03
Hg (ug/l) _ 2
Wet 12 12 1.2 1.2 0.3 0.3
Dry <1 <1 <1 0 0 0
Monitoring Well 10.9 26.7 18.5 18.3 11.03 05
Mo (ug/l) 10 _
Wet 16 3.1 2.1 2.1 0.4 0.2
Dry 1 1.9 1.4 1.4 0.5 0.3
Monitoring Well 3.2 3.2 3.2 3.2 1.3 0.4
Fe (ug/l) 300 300
Wet 10 40 26 30 166 0.6
Dry 170 640 3925 370 161.3 04
Monitoring Well 10 3490 1375 1000 13626 0.9
Al (ugll) 200 50-200
Wet 10 90 37 25 30 0.8
Dry 40 90 60 60 134 0.2
Monitoring Well 70 220 148.3 165 577 03
Mn (ug/l) 50 50
Wet 10 10 10 10 3.02 03
Dry 10 10 10 10 2.8 0.2
Monitoring Well 10 140 64 30 60.5 0.9
Co (ug/l) _ _
Wet 1.2 3.8 2 17 1 0.5
Dry <1 <1 <1 0 0 0
Monitoring Well 1.3 2.6 1.9 1.9 0.5 0.2
V (ug/l) _ _
Wet 23.6 595 405 39.8 109 0.2
Dry 9 275 201 20.3 5 0.2
Monitoring Well 21.7 143  62.8 50.4 499 07
Ni (ug/l) 20 —
Wet 193 104 493 38.6 268 05
Dry 12 54 31 3.2 182 05
Monitoring Well 3.6 116 344 9.1 458 13
Cr (ug/l) 50 100
Wet 25 444 18 16.2 108 0.6
Dry 1.7 171 121 13.3 4.3 0.3
MonitoringWell 1.3 154 8.6 8.9 6.3 0.7
Zn (ug/l) 50 _
Wet 12 363 611 7 1115 1.8

\YY
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