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Abstract

In the present study, the quality of groundwater and the effects of pumping on the phreatic surface beneath the Zanjan Plain
located in northwestern Iran were investigated by measuring water levels in 81 observation wells as well as various physico-
chemical parameters including electrical conductivity (EC), total dissolved solids (TDS), total hardness (TH) and pH. In addi-
tion, the results of the chemical analysis of major anions and cations from 53 boreholes that were sampled during the period
2004-2018 were evaluated. The water level measurements indicated that the elevation of the phreatic surface had declined
by up to about 8 m during the studied period, indicating an average decrease of about 0.57 m per year. A comparison of the
measured physicochemical parameters with WHO, ISIRI, and EPA standards for drinking water quality showed that some
parameters including EC, TDS, TH, SO, and Cl in the northwestern and central parts of the plain exceeded the allowable
level. An assessment of water quality index (WQI) values showed that most parts of the Zanjan Plain lie in the “good” qual-
ity class, although in some parts, the water quality of “poor” quality class, most likely due to the effects of urban activities.
A comparison of the results from a Schoeller diagram assessment with WQI values showed some differences between the
results of the qualitative classification of some parts of the Zanjan Plain groundwater based on the two mentioned methods.
The results of the present study showed that groundwater of some areas of the Zanjan Plain is not suitable to be used for
irrigation of agricultural lands with limited drainage. The Piper diagram also indicated that the dominant groundwater quality
facies on the Zanjan Plain were Ca—Na—HCO; and Ca—HCO; water types. The results of the Spearman correlation analysis
also showed a high correlation of most anions with cations. Analysis of the volume changes versus qualitative changes in
groundwater also showed a general decreasing trend of water quality with decreases in the volume of groundwater in storage
in the aquifer, although in some conditions due to changes in solubility of water-soluble materials because of the changes in
groundwater level, other trends were also observed.
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Introduction

With the increasing population and technology develop-
ment, human need for water in various applications such
as drinking, agriculture, and industry has greatly increased.
On the other hand, due to the scarcity of surface water
resources in most parts of the world, groundwater resources
have become increasingly important sources of water to
meet human needs. Water withdrawal from groundwater
resources has increased in many parts of the world in recent
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decades, especially in hot and dry areas. The large increases
in groundwater withdrawals combined with the impacts of
human land uses have decreased both the availability and the
quality of groundwater resources (Jamshidzadeh and Mir-
bagheri 2011; Naghipour et al. 2018; Adimalla and Qian
2019; Beyene et al. 2019; Chande and Mayo 2019; Salman
et al. 2019; Shakerkhatibi et al. 2019). Additionally, ground-
water use in some areas has caused other problems such
as the formation of sinkholes and land subsidence (Salvati
and Sasowsky 2002; Heidari et al. 2011). Therefore, it is
important that management measures are implemented to
prevent and control the decreasing quantity and quality of
groundwater resources.

This is particularly the case in Iran, which with an aver-
age annual rainfall of 250 mm, (or less than one-third of the
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global average annual rainfall), is considered to be one of the
regions with the least rainfall in the world (Baghvand et al.
2010). Due to the uneven rainfall distribution in different
parts of Iran, many parts of the country (particularly in the
center of the country) face rainfall deficits. These factors
together with a lack of surface water resources mean that
groundwater is the dominant source of water to meet the
country’s demands.

The presence of different gypsum and evaporate minerals
in sediments that are being affected by increasing ground-
water draw-off in parts of central Iran has caused signifi-
cant adverse impacts on groundwater quality in the region
(Baghvand et al. 2010; Jamshidzadeh and Mirbagheri 2011;
Sadat-Noori et al. 2014; Ebrahimi et al. 2016). Additionally,
in areas with more rainfall, such as the northwestern areas of
the country, the intense groundwater withdrawal for agricul-
tural and industrial activities has also reduced groundwater
availability and quality in these areas (Azizi et al. 2019;
Shakerkhatibi et al. 2019).

The changes in the quality of groundwater resources
due to exploitation have been evaluated by some research-
ers. MacDonald et al. (2016) studied the impacts of over-
abstraction from the transboundary Indo-Gangetic Basin
on the quality of groundwater systems in Pakistan, India,
Nepal, and Bangladesh with satellite gravity data. Zhang
et al. (2017) showed that increasing groundwater abstrac-
tion along with anthropogenic pollution and infiltration of
saline seawater in the Arabia Peninsula are the main reasons
that influence the quality of groundwater in this area. Shaji
et al. (2018) showed that excessive use of fertilizers and
abstraction of groundwater in the Palakkad district, Kerala
decreased groundwater quality and by increasing the vol-
ume of abstraction, the concentration of nitrate would also
increase. Evaluation of the effect of excessive exploitation
on the groundwater quality by geostatistical analysis of elec-
trical conductivity (EC) and sodium adsorption ratio (SAR)
during pre-monsoon and post-monsoon seasons in a region
in Pakistan was done by Farid et al. (2019). El Osta et al.
(2020) investigated groundwater quality in Nubian Sand-
stone Aquifer which was affected by excessive groundwater
abstraction using multiple methods such as the Water Qual-
ity Index (WQI) and a simple geochemical model (NET-
PATH). Putranto et al. (2020) analyzed the risk assessment
of groundwater vulnerability due to the exploitation of
groundwater resources in the Salatiga basin, Indonesia, and
classified it into low, moderate, and high classes.

As excessive groundwater abstraction can cause adverse
impacts on groundwater quality, it is important that a variety
of hydrogeochemical assessment tools are used to assess the
effects of groundwater use in one of the most intensively
pumped aquifers in Iran. This has been done in the present
study and for this purpose, different qualitative methods
were used.
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Materials and methods
Study area

Zanjan province is located in the northwest of Iran (Fig. 1).
This province has an area of more than 21,773 km? and a
population of about one million. The climate in the prov-
ince is cold and dry during the winter and temperate during
the summer. The province has an average annual rainfall of
330-360 mm, which mostly falls in the months of March
to mid-May. Zanjan Plain, with an eastern longitude of
47°51'-49°00" and a northern latitude of 36°20-37°00’, is
located in the northern part of the province (Fig. 1). The
total area of the Zanjan Plain is 4705 km?, of which 1667
km? consist of low-lying land near the Zanjanrood River
margin and 3038 km? comprises areas with gentle to steep
slopes.

The topographic study of the Zanjan Plain depicted that
the heights in the southeastern and some northern parts of
the plain had the highest elevation of about 2000 m above
sea level and by moving to the central and northwestern
parts of the plain, the topographic elevation decreased
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Fig.1 Location of the Zanjan Plain, Zanjan Province, Iran
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gradually. The lowest elevation of 1400 m above sea level
was in the northwestern part of the plain. These circum-
stances revealed that the topographic slope was mainly in
a southeast—northwest direction in the Zanjanrood River as
the thalweg of the Zanjan Plain and from the surrounding
mountains to the Zanjanrood River.

The Zanjan Plain is underlain by a sequence of alluvial
sediments and river terraces in different thicknesses which
are up to 500 m near the Soltanieh city and are decreasing
gradually in the central and northern parts of the plain.
Sediment granulation in the southern part consists of
coarse-grained sediments including rubble and gravel in
foothills and fine-grained ones along the Zanjanrood River.
Additionally, the northern parts of the area are dominated
by fine-grained sediments including silt and clay, i.e., no
good aquifer in these areas. The Zanjan Plain aquifer is
recharged by precipitation, melting of snow, and rivers in
rainy seasons.

Zanjan Plain has a variety of agricultural activities due
to the suitable weather conditions, the presence of fertile
soils and due to its accessibility through major roads, rail,
and through an airport. Consequently, about 72% of the
Zanjan Plain area is occupied by both irrigated and rainfed
agricultural land uses (Fig. 2). Most of the irrigation uses
pumped groundwater from beneath the plain. However, a
limited part of the farms uses surface water resources such
as rivers and streams, which also play an important role in
feeding groundwater aquifers in the Zanjan Plain. About
60% of the farms are rainfed, though not directly using
groundwater, but prevent much of the water from penetrat-
ing deep into the ground and recharging the aquifer.

250000 300000
1 1

4080000
1
T
4080000

Landuse / (Percentage of area)

I Rock 0.5%

[ Grassland 25.7%

- Irrigated farming 12.5%
§ - Waterway 0.6% §
g Dry farming 59.3% g
S | M urban 11% N

I Industrial 0.3%

0 20

L L J 2

T T
250000 300000

Fig.2 Land use map of the Zanjan Plain

Data collection

To measure groundwater level and concentration of phys-
icochemical parameters including pH, electrical conductiv-
ity (EC), total dissolved solids (TDS), total hardness (TH),
major cations (K™, Na™, Mg™, and Ca*?) and major anions
(CI~, HCO,™, CO,*", and SO,*"), 81 observation wells were
constructed by the Zanjan Regional Water Company and 53
existing sampling wells were used, respectively. The depth
of the wells was about 100 m (Fig. 3). The groundwater lev-
els were determined using an on-site water level measuring
device. In addition, physicochemical parameters of ground-
water were determined by sampling wells using a cylindrical
sampler with the corresponding cable and performing labo-
ratory tests based on the standard analysis methods (APHA
2017) (Table 1) during the period 2004-2018.
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Fig.3 Location of sampling wells in the Zanjan Plain

Table 1 Methods and equipment used for measuring different qualita-
tive parameters from the samples

Parameters Method used

EC 2510-B

TDS 2540-C

TH 2340-C

pH 4500-H*B

Ca*?, Mg*?, Na*, K* 3500-Ca,
3500-Mg,
3500-NaD,
3500-KD

CI-, HCO,~, CO;*7, SO, >~ 4500-Cl,
2320-B,
2320-B,
4500-SO,B
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Data analysis methods
Water quality index

Water quality standards are not suitable for the full evalu-
ation of the water quality because they only indicate maxi-
mum allowable or desirable values, while a (range) floating
state for water quality evaluation can give more reasonable
results (Chaturvedi et al. 2018). The Water Quality Index
(WQI) is a good method for evaluation of water quality that
can reduce a large amount information about the chemical
properties of a water sample into a single variable (Adimalla
and Qian 2019). This index has been used for the evaluation
of groundwater quality in many areas (Sadat-Noori et al.
2014; Adimalla and Qian 2019; Verma et al. 2020). The
index was first proposed by Horton (1965) and is calculated
using Eq. (1):

WQI = )’ sI, )
where S, is calculated using Eq. (2):
SI=W,; X g, @

where W, is the relative weight of each parameter and g; is
the water quality class, which are obtained using Eqgs. (3)
and (4):

W, = 2?21 o (3)
G
q; = 3 x 100, 4)

where w; is the weight assigned to each parameter based on
its influence on water quality, ranging from 1 (the minimum
weight) to 5 (the maximum weight), C; is the value of the
measured parameter, and S, is the parameter value in the
standard state and #n is the number of parameters. The Water
Quality Index classifies water into five classes of “excellent”
to “unsuitable” (unfit) for drinking purposes, as shown in
Table 2.

EC, TDS, and TH are considered to have the maximum
influence on water quality in the Zanjan Plain, with the

Table 2 Water quality

T f wat WQI
classification considering the vpe oF waret Ql range
water quality index Excellent <50

Good 50-100

Poor 100-200

Very poor 200-300

Unsuitable (unfit)  >300

for drinking
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maximum assigned weight of 5. Weights in the range of 2—4
were assigned to other chemical parameters such as SO,, pH,
and ClI considering their influence on the quality of drinking
water, as shown in Table 3.

Results and discussion
Quantitative changes in groundwater table

Groundwater elevation contours for the aquifer beneath the
Zanjan Plain in 2018 are shown in Fig. 4. As can be seen
from Fig. 4, the direction of groundwater flow beneath the
Zanjan Plain is mainly in a southeast—-northwest direction
with some localized flow from the north to the northwest.
The temporal changes of the average water depth in the
Zanjan Plain wells from 2004 to 2018 are shown in Fig. 5.
As can be seen from Fig. 5, the average water depth in the
Zanjan Plain wells has increased from 44.2 m in 2004 to
52.2 m in 2018. Generally, groundwater level in the Zan-
jan Plain has decreased by about 8.00 m over 14 years. In

Table 3 Assigned weight and relative weight of the chemical param-
eters in the Zanjan Plain

Parameters WHO standard Weight (w;) Relative
weight
W)
EC 1500 5 0.208
TDS 1000 5 0.208
TH 500 5 0.208
SO, 250 4 0.166
pH 6.5-8.5 3 0.125
Cl 250 2 0.083
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Fig.4 Groundwater table elevation contours of the Zanjan Plain
(2018)
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Fig.6 Number of water draw-off wells in the Zanjan Plain (2004—
2018)

other words, an average phreatic decline of 0.57 m per year
has occurred in the Zanjan Plain wells. During the stud-
ied period, the annual rainfall has fluctuated several times;
whereas, generally, no significant decline was observed.
Therefore, the decrease in the groundwater table was mainly
due to an increase in the number of wells (Fig. 6) as well
as the annual rate of groundwater abstraction from different
parts of the Zanjan Plain aquifer (Fig. 7).

Figure 8 shows the proportion of groundwater that is used
for drinking, industrial and agricultural uses in the Zanjan
Plain and indicates that most of the groundwater abstraction
(78%) is used for agricultural purposes. The groundwater
abstraction has caused average annual decreases in water
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Fig.7 Water draw-off from the Zanjan Plain aquifer (2004-2018)
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Fig. 8 Groundwater applications in the Zanjan Plain

levels in the northwestern, central, and southeastern parts
of the plain of 0.26, 1.02, and 1.18 m, respectively, during
the mentioned period (Fig. 9). A land-use map of the Zanjan
Plain (Fig. 2) indicates that the southeastern part of the plain
which has the greatest water table decline also has the high-
est density of irrigated agricultural lands.

Groundwater quality changes

Groundwater quality parameters measured in the northwest-
ern, central, and southeastern parts of the Zanjan Plain are
shown in Table 4. As can be seen from Table 4, groundwater
in the southeastern part of the plain generally meets the rel-
evant water quality standards. However, in the central and
northwestern parts of the Zanjan Plain and near the Zanjan
city, water quality parameters including EC, TDS, TH, SO,
and Cl exceed the maximum allowable standards. This is
attributed to the fact that the groundwater in this area is
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Fig.9 Average annual phreatic decline in the southeastern, central
and northwestern parts of the Zanjan Plain

influenced by urban activities, as well as the fine-grained
characteristics of aquifer sediments in this area.

Spatial distribution of groundwater quality
parameters

EC

The electrical conductivity indicates the concentration of
ionized elements in water, with a maximum allowable stand-
ard value of 1500 ps/cm (WHO 2017). Accordingly, 92%
of the Zanjan Plain wells had EC less than the maximum
allowable value. As can be seen from Fig. 10, wells No. 43,
44,47, and 51 located in the central and northwestern parts
of the plain had EC values greater than the allowable limit.

TDS

The measured TDS values in the Zanjan Plain groundwater
in most wells located in central and southeastern parts of the
plain were less than 600 mg/1 indicating a good water qual-
ity according to (WHO 2017). According to this standard,
water with a TDS value of more than 1000 mg/1 is consid-
ered unsuitable for drinking. Hence, 94% of the sampling
wells had allowable TDS range, and only wells No. 44, 47,
and 51 located in the central and northwestern parts of the
Zanjan Plain had TDS values greater than the allowable limit
(Fig. 10).

Table 4 Average physicochemical parameters in the Zanjan Plain (2004-2018)

Region pH EC (ps/cm) TDS (mg/l) TH (mg/l) Cation (mg/l) Anion (mg/1)
Na Mg K Ca SO, da CO; HCO;
Northwest of plain
Mean 7.6 1113 688 368 83 36 3.1 87 223 102 02 168
Max 7.9 2058 1216 750 167 90 55 152 457 279 24 277
Min 6.9 236 148 88 14 6 04 25 21 9 0 100
Center of plain
Mean 7.6 807 510 254 69 23 28 o4 152 46 2 197
Max 7.8 1253 1095 465 183 57 47 97 499 105 8.7 321
Min 7.2 443 273 134 29 12 08 34 42 15 0 134
Southeast of plain
Mean 7.7 624 391 190 57 23 23 39 84 31 25 218
Max 7.9 1140 719 280 134 44 47 63 247 81 14.1 282
Min 7.5 332 203 108 22 10 12 18 21 13 0 141
Water quality criteria (drinking water quality)
WHO (2017) 6.5-8.5 1500 1000 500 200 - - - 250 250 - -
ISIRI (2009) (max desirable)  6.5-8.5 - 1000 200 200 30 - 300 250 250 - -
ISIRI (2009) (max allowable) 6.5-9.0 - 1500 500 250 - - - 400 400 - -
EPA (2018) (MCL) 6.5-8.5 - 500 - - - - - 250 250 - -
Acceptance percentage of 100% 92% 94% 94% 100% - - - 86% 98% — -
samples (WHO)
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Fig. 10 Spatial changes of EC, TDS, TH, SO, and Cl in the Zanjan Plain
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TH

Hardness in water is due to the variety of multivalent solu-
ble metal ions, especially calcium and magnesium cati-
ons, and is considered a traditional measure for measur-
ing water capacity to react with soap. In other words, the
higher the water hardness, the greater the amount of soap
needed to produce foam (WHO 2017). Water hardness
also plays an important role in human heart disease (Jam-
shidzadeh and Mirbagheri 2011). The range of calcium
ions is 100-300 mg/1 to meet the taste limit. This limit for
magnesium ions is lower, however, in some cases, con-
sumers withstand water hardness above 500 mg/l (WHO
2017). In the Zanjan Plain, 94% of samples had hardness
less than the maximum allowable standard (WHO 2017),
while according to the ISIRI (2009) standard, 43% of sam-
ples lie in the desirable range. Wells No. 43, 44, and 51 in
the northwestern part of the plain have a hardness greater
than the maximum allowable limit according to (WHO
2017) (Fig. 10).

Sulfate

According to the WHO (2017) and ISIRI (2009) standards,
the concentration of the sulfate ions should not exceed
250 mg/l to prevent unsuitable tastes in water. However,
according to the ISIRI (2009) standard, a maximum allow-
able concentration of sulfate ion (SO,) of 400 mg/l1 is also
tolerable for drinking purposes. The range of sulfate ion
concentrations in the plain was 21-499 mg/l. The lowest
sulfate concentrations were measured in wells in the south-
eastern part of the Zanjan Plain where no wells exceeded
the recommended drinking water limit (WHO 2017). Sul-
fate concentrations were generally higher in groundwater
in the central and northwestern parts of the plain, with
wells No. 34, 42, and 47 in the central part of the area and
wells No. 43, 44, and 51 in the northwestern part of the
area exceeded the WHO standards. Generally, 86% and
94% of the plain wells had good quality according to the
WHO (2017) and the ISIRI (2009) standards, respectively.
The spatial distribution of sulfate in groundwater is shown
in Fig. 10.

Chloride

The recommended drinking water limit for chloride concen-
trations is 250 mg/l (WHO 2017). In the Zanjan Plain, most
wells met the drinking water standard for chloride (Fig. 10).
The exception to this was well No. 44 located in the north-
western part of the area which had a chloride concentration
of 279 mg/l.
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Groundwater evaluation using the water quality
index (WQI)

The evaluation of groundwater quality using the WQI
showed that wells in southeastern and central parts of
the Zanjan Plain lie in the “good” and “excellent” quality
classes, and that some wells in the central and northwestern
areas lie in the “poor” quality class due to high EC, TDS and
TH values (Fig. 11), which is mainly attributed to the nega-
tive effect of urban and industrial activities of the Zanjan
city. The average WQI values for the southeastern, central,
and northwestern parts of the plain were 43, 55, and 74 indi-
cating generally “good” water quality throughout the plain.
Figure 12 shows the changes in the WQI from 2004 to 2018.
As can be seen from Fig. 12, water quality has fluctuated
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over a period of 14 years but has always been in the “good”
quality class.

Schoeller diagram

Schoeller (1965) developed a diagram that utilized the phys-
icochemical parameters to simply indicate the suitability of
the water quality for drinking purposes, which has been used
by many researchers (Babanezhad et al. 2018; Sunkari et al.
2019; Fallahati et al. 2020). Using this diagram, the south-
eastern and central parts of the Zanjan Plain were found
to lie in the “good” range and the northwestern part of the
plain lied in the “acceptable” range for drinking water use.
Generally, it can be concluded from the use of the Schoeller
diagram that, on average, groundwater quality of the Zanjan
Plain lies in the “good” quality class (Fig. 13). Comparison
of the water quality classification results of different parts
of the plain using the Schoeller diagram and WQI showed
that the northwestern part of the plain would be considered
to have a “good” condition in terms of the WQI, but the
Schoeller diagram indicated that water quality in this area
would be classified in the “acceptable” range.

Wilcox diagram

In addition to evaluation of the quality of water for drinking,
considering the widespread use of groundwater resources
for agricultural use in the Zanjan Plain, it is also impor-
tant to evaluate the quality of water for agricultural use. For
this purpose, the Wilcox (1955) diagram is generally used.
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Fig. 13 Groundwater classification of the northwestern, central, and
southeastern parts of the Zanjan Plain using a Schoeller diagram

This diagram classifies the suitability of water for irrigation
purposes using the EC and sodium adsorption ratio (SAR)
parameters (Igbal et al. 2018; Barik and Pattanayak 2019;
Beyene et al. 2019; Owoyemi et al. 2019). Considering the
obtained values for the EC and SAR parameters in the Zan-
jan Plain (Fig. 14), most of the samples plotted in the C2-S1
area on the Wilcox diagram which indicated that ground-
water in the region was generally suitable for irrigation use.
In addition, some samples of the central and northwestern
parts of the plain plotted in the C3-S1 area of the Wilcox
diagram, indicating that the relatively high water salinity in
these areas was classified as being in the “medium” water
quality class, and unsuitable for the irrigation of the soils
with limited drainage (Liu et al. 2020).

Piper diagram

The Piper diagram is a tool for determining the water hydro-
chemical facies from the relative proportions of major ions
in water samples (Piper 1944). Using this diagram, the cati-
ons of most groundwater samples from the Zanjan Plain
were found to plot in the calcium and sodium—potassium
range. Additionally, the anions in most of the samples plot-
ted in the carbonate-bicarbonate field, although some of the
samples plotted in the sulfate field (Fig. 15). By fitting the
obtained data from measuring the physicochemical param-
eters of the samples, it was found that the dominant facies in
groundwater in the plain were Ca—Na—-HCO; and Ca—HCO,.
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Fig. 14 Classification of the Zanjan Plain samples using the Wilcox
diagram for agricultural use
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Fig. 15 Hydrochemical facies
of the Zanjan Plain samples
using the Piper diagram

Spearman correlation analysis

The results of the Spearman (1904) correlation analysis
of the physicochemical parameters of the Zanjan Plain
groundwater showed that there is a corresponding relation-
ship between some of the parameters. As can be seen from
Table 5, there was generally a strong correlation between the

S0,>~, CI~, and HCO,~ anions and the Ca™, Mg*?, K*, and
Na* cations, indicating that the relationship could be due to
the effects of evaporative concentration of these parameters
along groundwater flowpaths or the common sources of
them. There was a strong correlation between EC and both
the anions and cations, except CO32‘. The weak correlation
between EC and CO;~ is attributed to the low correlation

Table 5 Relationship matrix

; . Parameters EC TH SO, Cl HCO; CO; Ca Mg K Na
between the physicochemical - -
parameters of the Zanjan EC 1
Plain groundwater using the b
. . TH 0.91 1
Spearman Correlation Analysis
pH -0.19 -033* 1
SO, 093> 0.87° -024 1
Cl 0.87° 081° -0.14 081° 1
HCO, 039® 038 -0.08 0.19 0.17 1
CO, 0.01 —0.04 040> -0.09 005 021 1
Ca 074 0.80° —0.54" 0.82° 0.67° 005 -025 1
Mg 0.8* 084> —0.04 066° 070° 058 014 045" 1
K 091°> 0.77° -0.11 088 080" 031* 002 068 064° 1
Na 090° 0.72° -0.06 086> 0.82* 038 0.05 056> 0.67° 09® 1

4Correlation is significant at the 0.05 level

PCorrelation is significant at the 0.01 level
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of the CO;>~ in the measured samples as well as the error of
the measurement equipment.

Groundwater quality in the Zanjan Plain considering
the water table changes

Changes in the volume of groundwater resources can sig-
nificantly influence their quality due to the effect of the vol-
ume and quality of the input and output flows, changes in
the solubility of soluble materials, changes in groundwater
flow velocity, as well as changes in dissolved material con-
centration because of a decrease or increase in the volume
of groundwater. Figure 16 shows the changes in EC, TDS,
TH as well as the total studied cations and anions in the
Zanjan Plain aquifer versus changes in water depth in the
observation wells, as an index of aquifer volume changes.
There was a good agreement between increased depth of
the wells and increased values of the studied parameters,
indicating a decrease in groundwater quality of the Zan-
jan Plain due to a decrease in groundwater volume. How-
ever, in some years, there were different changing trends
between some of the quality parameters and the volume of
groundwater. For example, despite the decreasing trend of
the water depth in the plain wells from 2005 to 2006, the
EC parameter increased which may be due to an increase in
the concentration of the dissolved materials because of the
saturation of some substrates as a result of an increase in the
groundwater table

Conclusions

The main purpose of the present research was to study
changes in the availability and the quality of groundwater
resources in the Zanjan Plain over time and to evaluate
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how the excessive groundwater usage had affected ground-
water quality. The study was undertaken using data from
81 observation wells and 53 sampling wells for the period
2004-2018. Changes in the groundwater table showed an
average groundwater phreatic decline of 8 m during the
studied period in the Zanjan Plain due to increased ground-
water abstraction for various uses, especially for irrigated
agriculture.

The results showed that the rate at which the groundwater
table decline varied throughout the plain, but was highest
in the southeastern part of the plain where there was a high
rate of groundwater abstraction for irrigated agriculture. The
evaluation of groundwater quality using the WHO, ISIRI
and EPA standards showed that the quality of groundwater
beneath the southeastern part of the Zanjan Plain was gen-
erally better than the central and northwestern parts due to
lower physicochemical parameters including EC, TDS, TH,
Cl, and SO,.

Using the WQI it was found that, on average, groundwa-
ter in all three parts of the plain could be categorized in the
“good” quality class, but this classification varied through-
out the plain. The southeastern part was classified as having
an “excellent” and sometimes “good” quality class with an
average WQI value of 43. The central part was also clas-
sified as having an “excellent—good” quality class with an
average grade of 55. The water quality index values in the
northwestern part of the plain were generally in the “good”
to “excellent” classes with an average score of 74, but some
wells in this area were classified as having “poor” water
quality. The water quality classification using the Schoeller
diagram produced similar results to the WQI, although dif-
ferences were observed in the northwestern part of the plain.

An assessment of the suitability of groundwater for use
for irrigated agriculture using the Wilcox diagram indicated
that groundwater in the southeastern part of the plain was
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Fig. 16 Groundwater quality versus groundwater table changes in the Zanjan Plain
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generally suitable for this purpose (class C2-S1) but was less
suitable in the central and northwestern parts of the plain
(class C3-S1) because of higher EC levels.

An assessment of groundwater quality using a Piper dia-
gram indicated that the dominant groundwater facies on the
plain were Ca—HCO; and Ca—Na—-HCO;. The results of the
Spearman correlation analysis showed a significant corre-
lation between the cations and anions and with EC, with
the exception of CO; because of its low concentration. An
assessment of the association between the decline in the
groundwater table and water quality indicated that there
was a direct relationship between the amount of drawdown
and the degradation of water quality because of the reduc-
tion of the volume of stored groundwater. However, due to
the effect of different substrates on the solubility of water-
soluble materials, differences were observed in this trend.
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