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Rapid population growth and the continuous rise of quality standards
have made planning and investment in access to clean water one of the
country's main priorities. In line with efforts to optimize the use of water
resources, the need to investigate the factors controlling the quality of
water resources for providing efficient management programs is more
than ever felt. Considering the location of Zanjan Plain and the
concentration of the province's industrial, agricultural and residential
units, preserving and improving the quality of Zanjan Aquifer is
essential. Therefore, this study aimed to investigate the quality status of]
the Zanjan Aquifer and its spatial and temporal changes, as well as to
identify and understand the main factors controlling the quality of the
aquifer in the mentioned plain. In this regard, the information collected
from 47 wells with appropriate distribution throughout the plain during
18 years (2003-2021) was analyzed. The results of this study showed that
sodium and bicarbonate ions were the dominant cation and anion in the
groundwater of the Zanjan Plain, respectively. According to the Piper
diagram, the major part of the Zanjan Aquifer falls into the calcium
bicarbonate type. Principal component analysis was also performed for
14 wvariables under study. The results indicated that the quality
parameters investigated in this study were explained by two main factors
P1 and P2 with a variance percentage of 85.78%. According to the factor
scores of the studied wells, most of the wells showed a stronger
correlation with the second factor and the parameters pH, SAR and SSP
in the dry season, indicating an increase in salinity concentration in
groundwater during low-rainfall months. The results of this study can be
used as a basis for future research and focused on industrial estates and
sustainable management to reduce environmental problems in the study
area.
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EXTENDED ABSTRACT

Introduction: Planning and investments in water security are increasingly becoming a priority policy issue at
the national level due to the rapid population growth and development of water quality regulations and
standards. Understanding the main controls of aquifers is essential for effective management and optimal
allocation of groundwater. The Zanjan alluvial plain is one of the major agricultural regions in Zanjan, and its
water resources originate mainly from the alluvial aquifer, which supports the local domestic and agricultural
water supply. So, monitoring groundwater is essential to gain an understanding of Zanjan Aquifer quality and
adjusting appropriate policies accordingly. This study aims to investigate the status of the Zanjan Aquifer, where
groundwater is an important water resource. Also, this paper highlighted the spatial and temporal variations in
groundwater quality in the alluvial agricultural plain and evaluated the suitability of groundwater for irrigation
and drinking purposes for sustainable agriculture and basic human needs. Besides, the main factors controlling
the groundwater quality in the Zanjan Aquifer were identified.

Methodology: Zanjan Plain, with an eastern longitude of 47°51'-49°00" and a northern latitude of 36°20'—
37°00" and a total area of 4705 km?2, is located in the northern part of Zanjan Province. The aquifer of the plain
is recharged by precipitation, the melting of snow, and surface runoff in rainy seasons. More than 70% of the
area is occupied by agricultural land which mostly uses pumped groundwater from beneath the plain for
irrigation. Physicochemical parameters including pH, electrical conductivity (EC), total dissolved solids (TDS),
total hardness (TH), major cations (K+, Na+, Mg+2, and Ca+2) and major anions (Cl-, HCO3-, CO32-, and
SO42-) from 47 bore wells in Zanjan Plain collected by the Zanjan Regional Water Company were analyzed
during wet and dry seasons over 18 years (2003-2021). The ionic charge balance (ICB) between cations and
anions was computed to confirm the reliability of the analytical results. A piper diagram was also used to
determine the water type, hydrochemical facies and ion exchange. As well, the Spearman correlation was
calculated to determine the inter-relationship between various hydro-chemical solutes. At last, the analysis of
PCA was performed to reduce the number of variables in a data set and also to mark out the major factors
responsible for the origin and release of geochemical solutes into the groundwater.

Results and Discussion: The results revealed that sodium and bicarbonate were the dominant ions in the
groundwater samples. The total average of dissolved solids and electrical conductivity were 774.523 mg/l and
106.811 mS/cm, respectively, which did not have any restriction for irrigation purposes according to the
permitted limit announced by FAO. However, most of the wells, based on WHO standards and Schuler's
classification, were not suitable for drinking in terms of solute concentration and electrical conductivity. In
terms of total hardness, most of the aquifer had hard water. We observed a high positive correlation between K+
and SO42- in the Zanjan Aquifer. It can indicate rock interaction and the frequent use of wastewater for
irrigation. The correlation matrix also showed a high positive correlation between Ca+ and HCO3?",which can be
an indication of the weathering of calcite minerals. The variation in concentration of anions in the collected data
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varied in the sequence as, HCO3;>'<S042-<Cl-<CO32-, while in contrast, the sequence of cations in the
groundwater was Na+<Ca2+< Mg2+<K+. Moreover, based on the Piper diagram, the groundwater was mostly
determined to be calcium-bicarbonate-type water. The plot of the Schoellar diagram confirmed that the major
cations were Na+ and Ca2+ ions, while the major anions were HCO;% and SO4*. Principal component analysis
was also performed for 14 investigated variables. The results indicated that the parameters examined in this
study were explained by the first two main factors, with a variance percentage of 78.85. According to the factor
scores, most of the wells in the dry season showed a stronger correlation with the second factor and the
parameters of pH, SAR and SSP, which indicated an increase in the concentration of salinity in the groundwater
in dry seasons. The outcomes of the study will be helpful for the regulatory boards and policymakers in defining
the actual impact and remediation goals.

Conclusion: The present study has been performed to evaluate the groundwater quality of the Zanjan Aquifer in
the city of Zanjan, Iran, where groundwater is an important water resource. This study confirms that the
majority of the groundwater samples in the study aquifer were mostly bicarbonate-type in nature. Elevated
values of electrical conductivity, total dissolved solids and total hardness in groundwater samples were mainly
due to rock-water interaction. The hydrochemistry of groundwater confirms that most of the collected
groundwater samples in the study area were comparatively saltier than freshwater. Therefore, it is recommended
that the water of the Zanjan Aquifer be treated properly before use as potable water. Since the indiscriminate
withdrawal of groundwater and reuse of industrial and agricultural effluents directly affect the quality of
groundwater, optimal treatment of the effluents returned to the agricultural farm and making people aware of the
problem should be prioritized in provincial planning. Also, the use of adapted crops and varieties is suggested
for risk reduction, soil and water conservation, and efficient water management. Last but not least, farmers'
participation in agricultural planning is regarded as an important tool for successful sustainable management.
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Figure 2- Geology and landuse maps of Zanjanrud basin
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Figure 3- Average monthly and annual rainfall over a long-term period of 15 years (2003-2018) in Zanjanrud basin
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Table 1- Statistical characteristics of qualitative variables of groundwater in Zanjan Aquifer (mg/l)
Standard WHO'

Variable Observation N. Min Max Mean Deviation Standard Irrigation limit"
SO4* 76 13.609 553737 145.241 126.3381 500 960
Cr 76 8.067 35593 53541 55.172 250 170-700
HCOs* 76 94.123  334.876  207.711 50.605 - 500
COs* 76 0 7.452 1.018 1.408 - -
Mg* 76 5786 123.762 27747 19.505 50 -
Ca?' 76 13352 173.969  55.643 32237 200 400
K 76 0.538 5.735 2.888 1.175 12 -
Na' 76 9.41 175.81 65.18 38.28 200 46-460
pH 76 7.357 8.034 7.719 0.149 8.5 6.5-84
TDS 76 136.896  1639.078 523.774 295.787 1000 2000
EC? 76 21575  2539.556 811.106 449.618 400 2500
TH 76 87.611  943.681  253.119 149.204 500 -
SAR 76 0.074 1.108 0.495 0.256 - <9
SSP 76 13.954 49205  30.496 7.97 - 66
'(Ali et al., 2024; Organization, 2002)
ol p2 (e jgySee t
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Table 2- Correlation between variables of groundwater quality in Zanjan Aquifer

Variable  SO4* Cr HCOs* Mg Ca?* K* Na*  pH TDS  EC TH SAR  SSP

S042- 1

Cl- 0.81 1

HCO32- 053 0.54 1

Mg2-+ 0.66 0.73 0.81 1

Ca2+ 084 0.65 042 0.45 1

K+ 076  0.71 0.52 059 054 1

Na+ 0.64  0.62 0.43 054 04 048 1

pH 035 022 -032 016 -0.61 -0.19 008 1

TDS 095 0.89 0.7 08 077 079 0.66 -031 1

EC 095 0.89 0.7 081 077 079 0.66 -031 1 1

TH 082  0.81 0.78 092 07 065 053 -034 091 092 1
SAR 039 038 0.2 024 015 027 092 026 039 039 021 1
SSP 03 029  0.08 0.03 002 031 0.68 026 029 029 00l 08 1
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Figure 4- Piper-diagram of groundwater samples taken from Zanjan Aquifer
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Table 3- The quality of selected wells samples in Zanjan Aquifer in terms of agricultural uses and hardness
Well Na% SAR  EC  Class Water quality for agriculture Water quality based on TH

zl 20.86 0.82 622 C2-S1 A little salty-Good to Permissible Hard
z10 4231 238 927 C3-S1 Salty- Permissible to Doubtful Hard
z12 312 1.11 444 C2-S1  Alittle salty-Good to Permissible Hard
z14 4029 29 1570 C3-S1 Salty- Permissible to Doubtful Total Hard
z15 2811 1.06 517 C2-S1 A little salty-Good to Permissible Hard
z16 2446 0.84 448 C2-81 A little salty-Good to Permissible Hard
z17 5349 371 1137 C3-81 Salty- Permissible to Doubtful Hard
220 5556 3.18 744 C2-S1  Alittle salty-Good to Permissible Hard
z21  25.14 1.14 779 C3-81 Salty- Permissible to Doubtful Hard
722 4325 216 728 C2-S1  Alittle salty-Good to Permissible Hard
224 30.75 1.07 432 C2-S1  Alittle salty-Good to Permissible Rather Hard
725 23.07 094 655 C2-81 A little salty-Good to Permissible Hard
227 4577 2.2 634 C2-S1  Alittle salty-Good to Permissible Hard
z29 3371 1.63 788 (381 Salty- Permissible to Doubtful Hard
z3 3148 1.55 845 (381 Salty- Permissible to Doubtful Hard
z31  51.08 2.67 678 C2-81 A little salty-Good to Permissible Hard
733 269 0.92 438 C2-SI A little salty-Good to Permissible Hard
234 43,65 251 946 (381 Salty- Permissible to Doubtful Hard
738 14.1 0.5 542 C2-81 Alittle salty-Good to Permissible Hard
z4 2459 1.1 776 C3-S1 Salty- Permissible to Doubtful Hard
744 31.66 1.54 824 (381 Salty- Permissible to Doubtful Hard
746 36.68 1.58 600 C2-S1 A little salty-Good to Permissible Hard
z6 3487 1.61 700 C2-S1 A little salty-Good to Permissible Hard
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Table 4- The quality of Zanjan Aquifer in terms of drinking purposes based on Schuler's classification (%)

Water Quality TDS TH Na Cl SO4
Good 82.61 56.52 91.3 100 65.22
Acceptable 13.04 43.48 8.7 0 26.09
Average 4.35 0 0 0 8.7
Inappropriate 0 0 0 0 0
Completely Inappropriate 0 0 0 0 0
Non Potable 0 0 0 0 0
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Table S- Bartlett's sphericity test for qualitative variables of Zanjan Aquifer

Chi-square (Observed value) 1964.172
Chi-square (Critical value) 113.145
Degrees of Freedom (DF) 90
p-value <0.0001
alpha 0.05
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Figure 5- The scree plot for explained variance and eigenvalues for the 13 components (PCs) from the PCA analysis
in Zanjan Aquifer
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Figure 6- Factor loadings for principle components in Zanjan Aquifer during the 18-year study period (2003-2021)
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Figure 7- The loading of the first two principal components of groundwater quality variables (78.85%) in Zanjan Aquifer
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Figure 2— The scores of the first two principal components of groundwater quality variables (78.85%) in Zanjan Aquifer
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