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The Aji-Chay river is the most important river discharging into endangered Lake Urmia in NW of Iran.
The present study investigates the hydrogeochemical characteristics and origin of dissolved ions in the
Aji-Chay river and some of its tributaries passing through Tabriz plain which is located at the east side of
Lake Urmia. For this purpose, 317 water samples were collected during 9 years (2005–2014) from four
stations and clustered to nine groups using K-means algorithm. Major cations and anions were considered
to distinguish the hydrogeochemical evolution of water. The Piper, Langelier–Ludwig and StiA diagrams
classiBed water samples into predominant Na–Cl endmember and Ca–HCO3 only in the upstream zone.
With respect to Gibbs diagrams, mineral saturation indices and geology of the area, water chemistry of
the Aji-Chay river reCects that water–rock chemical interactions including dissolution/precipitation of
carbonate and sulfate minerals known as dedolomitization and dissolution of evaporitic salts along the
Cow path are the dominant factors controlling the water chemistry; furthermore, evaporation, silicate
weathering, and ion exchange reactions change the chemistry of water to some extent. Overall, water
quality is evaluated as poor. Furthermore, intense halite dissolution increases Na concentration in water
which in turn reduces its suitability for irrigation purposes.
Keywords. Hydrogeochemical processes; water–rock interactions; surface water; K-means clustering;
Lake Urmia; Aji-Chay river.

1. Introduction
Water resources are increasingly gaining significance for industrial development and socio-economic sustainability worldwide, especially in rural
areas where the population depends on untreated
water resources for irrigation, livestock, farming
and daily consumption (UNICEF and WHO 2004;
Moe and Rheingans 2006; Reddy and Behera
2006). The quality of consumed water displays
direct and indirect eAects on human health
(Srinivasan and Reddy 2009; Keshavarzi et al.

2012; Zia et al. 2017). As population grows, poor
quality water inevitably becomes the only available
water resource in semi-arid and arid regions of the
world where suitable water resources are scarce;
thus, reliable water quality prediction and monitoring is of paramount importance for such cases
(Gleick 2003; Rijsberman 2006).
Assessing water quality requires a comprehensive understanding of various physico-chemical
controlling factors along the water Cow path from
upstream to downstream. Water quality depends
on a variety of naturally occurring hydrochemical
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processes involved with water–rock interactions as
well as anthropogenic disturbance. Moreover, climate, topography, overlying land uses, recharge
water source and atmospheric precipitation may
have significant impact on the water chemistry
(Vrebos et al. 2017; Bhat and Jeelani 2018; Qu
et al. 2019; Srivastava and Parimal 2020). Dissolved chemical compounds in water are used to
describe water chemistry and consequently its
suitability for irrigation or drinking. A long-term
hydrogeochemical investigation based on the concentration of major cations and anions can give
insight into spatiotemporal changes of water
chemistry and reveals the variation trend in
chemical composition. These investigations can
help us to develop new management strategies
either to control water pollution or to promote its
quality (Howden et al. 2011; Lucena-Moya et al.
2012).
Hydrogeochemical analysis is essential to reveal
the chemical characteristics of water resources.
Surface water and groundwater resources in Tabriz
plain have been studied by Barzegar et al.
(2016b, 2017). They have examined the eAect of
intense industrial and agricultural activities in the
west of Tabriz city by multivariate statistical
analysis of heavy metals; however, surface water in
Tabriz plain requires a comprehensive study with a
special focus on its hydrochemistry because it
comprises a significant portion of irrigation water
in the area. The water is collected behind the
Nahand and Amand dams which provide water for
irrigation. The former also provides a portion of
drinking water for Tabriz city (Jeihouni et al.
2015). Furthermore, Zarrineh and Abad (2014)
have reported that several new dams are under
construction in the mentioned area, which in turn,
enhances the necessity of a detailed long-term
investigation to delineate the main contributing
factors aAecting the hydrogeochemical characteristics of surface water in this area.
Agriculture and fruit production are the main
activities of people in some parts of Tabriz plain.
There are plenty of fruit and crop production farms
in the west of Tabriz city which use surface water
for irrigation to some extent (Faramarzi 2012). The
surface water is also being used for irrigation of
medium to high salt-tolerant crops (Barzegar et al.
2016b). This intensity of agricultural activity
requires to evaluate the overall quality and propriety of water and its chemical condition for
healthy growth of current crops. Furthermore, it
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helps farmers to select proper salt-tolerant crops in
the future.
This investigation is based on a 9-yr sampling
program from Aji-Chay tributaries in Tabriz plain
(northwest of Iran) to distinguish the responsible
processes for salinity and high TDS value of water.
Considering the fact that chemical composition of
surface water reCects its quality, the main objectives are deBned as: (1) to identify the chemical
water endmembers, (2) to examine temporal and
spatial variations of water chemistry, (3) to
determine the main factors controlling the chemical compositions of surface water in water–rock
interaction level, (4) to identify the origin of dissolved ions in the water path, and (5) to elucidate
the chemical evolution of the surface water from
upstream to downstream. In summary, this investigation provides valuable knowledge about AjiChay river water and broadens the information on
its chemistry for further water-related studies
including water resource management strategies
and also a comprehensive insight into the identiBcation of anthropogenic inCuences on the surface
water of this area.
2. Study area
Tabriz plain is the most important drainage basin
in the east side of Urmia hypersaline lake where
Aji-Chay river Cows through it from its eastern
branches and eventually discharges to Lake Urmia
in the northwest of Iran (Zarrineh and Abad 2014).
Aji-Chay water is highly aAected by the material
composing its basin in Tabriz plain. This plain
covers an area roughly about 700 km2 between
Sahand stratovolcano mountain in the south and
Qaradagh mountain range in the north (Bgure 1).
According to Barzegar et al. (2016a), long-term
precipitation records show an average of 230.7
mm/year which mostly happens as rain and snow
in spring, autumn and winter and the average
annual temperature is 12.8°C for this area.
The oldest geological formations include Permian–Triassic and Cretaceous limestone and
metamorphic rocks around Qaradagh Mountain
range in the north of the study area. These formations later are aAected by post-Cretaceous
igneous intrusions and dikes. The Miocene Upper
Red Formation is composed of a sequence of
limestone, red marl, dolomite, conglomerate and
salts such as halite, sylvite and anhydrite with
sparse gypsiferous and saltiferious sandy units.
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Figure 1. Map representing major features of the study area, simpliBed geological formations, drainage network and sampling
stations.

This is the most widespread formation extended
from east to west of the study area. In the southeastern part, Pliocene beds overlay the Upper Red
Formations which consists of lacustrine yellow
marl, sandstone, and clay minerals. The PlioPleistocene volcanic pyroclasts overlaid the Pliocene formations around Sahand volcano (southern)
and Qaradagh mountain ranges (northwest). This
formation consists of andesitic tuA, dacite and
rhyodacite with widespread presence of blocks,
boulders, gravel, and sand of alluvial origins. The
Quaternary alluvial deposits are the prevalent

formation in Tabriz plain. The alluvium, fans, and
recent Aji-Chay terraces consist of numerous
gravel beds, sand, silt and clay. Erosion of grains
makes them well rounded and Bner towards the
west of the plain. These alluvial terraces are widely
spread along the Aji-Chay river bank (Asadian
1993).
Aji-Chay river has several main branches. This
study focusses on two of its tributaries in the
northern part, Gomanab-Chay and Sinekh-Chay
rivers and their sub-branches. These two rivers
have permanent Cow throughout the year and they

199

Page 4 of 15

cross the sedimentary formations therefore, they
transport Bne suspended solid materials during the
higher discharges and saline water during the lower
discharge periods. In the southern part, water
originates from the Sahand mountain and the river
basin is mainly composed of various Plio-Pleistocene volcanic pyroclasts and water quality is
evaluated as good (Barzegar et al. 2016a).
It is necessary to map farmlands and agricultural
activities in the area to assess their spatial relation
with surface water resources. For this purpose, we
have utilized the normalized difference vegetation
index (NDVI) which is a well-known remote sensing method for vegetation mapping (Ke et al. 2015;
Schultz et al. 2015; Zhou et al. 2016). NDVI is
calculated from Operational Land Imager (OLI)
images of Landsat-8 to map farmlands, fruit production gardens and croplands in the area. A
threshold value assigned to NDVI to eliminate
natural grasslands and pastures (Wang and Tenhunen 2004). The NDVI layer in the geological
map reveals the fact that traditional farmlands are
located around river basins. This reveals that the
surface water is significantly utilized for irrigation
purposes (Bgure 1).
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and chloride (Cl–) were analyzed by volumetric
methods and sulfate (SO2
4 ) by spectrophotometry.
Total dissolved solids (TDS) was determined by
drying the sample after Bltration and weighing the
solid part of it.
For assessing the accuracy of the analysis, the
ion charge balance calculated by the following
formula (Hounslow 1995):
Cation  Anion balance
ð1Þ
Total cations  Total anions
\  5%:
¼
Total cations þ Total anions
3.2 Data clustering
In order to reveal the inherent partitioning nature
of data and reduce data size, the K-means clustering algorithm is performed (MacQueen 1967).
The number of clusters for each station determined, then the obtained cluster centroids are
taken into account for this investigation.
Silhouette graph of each cluster shows how well
each object has been clustered, allowing to compare the quality of the clusters and to select the
proper one. The overall average silhouette width is
considered for the selection of the appropriate
number of clusters (Rousseeuw 1987).

3. Material and methods
3.1 Sampling and chemical analysis

3.3 Geochemical modelling

The results presented in this investigation are
based on a total number of 317 samples collected
and analyzed by East Azarbaijan Regional
Water Authority during a period of 9 years from
2005 to 2014 with approximately a monthly
interval from four hydrologic stations (Bgure 1).
The anthropogenic pollution such as agricultural
or industrial activities is almost absent in the
study area. Therefore, the samples are assumed
to have not been subjected to anthropogenic
contaminations.
The pH and electrical conductivity (EC) of
samples were measured by a portable device in the
Beld. The major ionic content of samples was
analyzed in the hydrogeology laboratory of East
Azarbaijan Regional Water Authority. Major
cations and anions were analyzed considering
standard methods suggested by the American
Public Health Association (APHA 2005). Sodium
(Na+) and potassium (K+) were determined by
Came photometer. Calcium (Ca2+), magnesium

(Mg2+), carbonate (CO2
3 ), bicarbonate (HCO3 )

Mineral dissolution and precipitation are the
inevitable processes that control water chemistry.
To understand the extent of these processes, saturation indices (SI), considering the existence of
known minerals in the study area, were calculated
by PHREEQC version 3 (Parkhurst and Appelo
2013) thermodynamic program. PHREEQC is
widely used for modelling the trend of dissolutions
or precipitation of various major and minor mineral phases. The saturation indices of a particular
mineral is deBned as:
SI ¼ logðIAP=KÞ;

ð2Þ

where SI is the saturation index, IAP is the ion
activity product, and K is the solubility product of
the mineral. If the water is saturated (SI [ 0) with
respect to a mineral, then that mineral face will
crystalize and precipitate from its saturated ionic
components. On the other hand, if it is undersaturated (SI \ 0) with respect to a certain mineral
phase, that mineral can continue to dissolve until
the solution reaches an equilibrium.
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4. Results and discussion
4.1 Data clustering
K-means algorithm clustered the water samples to
nine groups. A graphical presentation of optimal
silhouettes for each of the stations is shown in
Bgure 2. Gathered samples from Kamanaj, Pardil
and Anakhatoon stations fall into two clusters and
only Pol station is composed of three clusters;
considering that one of the clusters has only three
samples, so it is safe to conclude that water samples in all of the four stations fall into two clusters.
This division of water samples into two separated
chemical compositions is strongly related to evaporation and precipitation variations in dry and wet
seasons, which is also observed in trend analysis
study of Aji-Chay river basin in wet and dry
seasons by Niazi et al. (2014).
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4.2 Physico-chemical characteristics
of the water samples
General physico-chemical characteristics and basic
statistical parameters of obtained nine cluster
centroids for samples are summarized in table 1.
The pH value Cuctuates between 7 and 8.3 indicating the alkaline nature of water. TDS values
range from 245 to 58,503 mg/L. TDS value significantly increases from headwaters to Aji-Chay
main river as the water Cows through its sedimentary basin, especially Miocene red bed formation. The minimum TDS value is 245 for Kamanaj
station and the maximum recorded TDS value is
58,503 mg/L for Pardil station. EC is an indirect
indicator of natural water mineralization which
varies very similarly to TDS, ranging from 379 to
90,355 ls/cm with an average of 26,968 ls/cm.
The calculated error values of the ion charge

Figure 2. Silhouette plots for optimum numbers of clusters detected using average silhouette width (S. value).

12069
58503
245
347
4099
12609
48577
2936
18262
245
58503
17516
21461
8.0
7.4
8.3
8.1
7.9
7.7
7.0
8.1
7.8
7.0
8.3
7.8
0.4
84
Pol

3

82
Anakhatoon

2

59
Kamanaj

2

92
Pardil

2

81
11
34
25
57
25
3
70
11
Min
Max
Mean
Std. dev.

0.31
2.77
0.04
0.06
0.26
0.55
1.23
0.26
0.99
0.04
2.77
0.72
0.87

59.58
1138.64
0.60
0.78
49.65
179.06
746.67
33.26
253.36
0.59
1138.64
273.51
400.64

6.89
61.11
1.07
1.54
5.43
14.20
46.87
5.83
23.47
1.07
61.11
18.49
21.57

7.65
83.98
2.05
2.96
7.73
19.70
66.40
6.36
27.29
2.05
83.98
24.90
29.97

5.93
106.55
0.26
0.25
4.90
15.33
60.42
4.99
19.70
0.25
106.55
24.26
36.08

64.16
1176.36
0.38
0.46
54.18
193.16
796.67
36.07
282.09
0.38
1176.36
289.28
416.92

4.23
3.70
2.86
4.56
3.99
4.91
4.05
4.08
3.31
2.86
4.91
3.97
0.62

0.10
0.00
0.26
0.07
0.08
0.08
0.00
0.11
0.00
0.00
0.26
0.07
0.08

18449
90355
379
534
6251
19398
74733
4517
28095
379
90355
26968
33109

TDS
(mg/L)
EC
(ls/cm)
PH
CO3
(meq/
L)
HCO3
(meq/
L)
Cl
(meq/
L)
SO4
(meq/
L)
Ca
(meq/
L)
Mg
(meq/
L)
Na
(meq/
L)
K
(meq/
L)
Samples
of cluster
No. of
clusters
No. of
samples
Station
name

Table 1. Descriptive statistics of analyzed parameters and cluster information for obtained cluster centroids.
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Na–Cl
Na–Cl
Ca–HCO3
Ca–HCO4
Na–Cl
Na–Cl
Na–Cl
Na–Cl
Na–Cl
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balance ratio for all of the samples are within the
acceptable range of 5% indicating the reliability
of chemical analysis.
Major anions and cations species presented in
surface water were analyzed and considered in this
study. The order of decrease in average abundance
in meq/L of the major cations is Na [ Ca [
Mg [ K and for major anions, it is Cl [ SO4 [
HCO3 [ CO3. Refer to table 1 for the exact values
of minimum, maximum, mean and standard deviation of each ion. The dominant cation and anion
in surface water are Na and Cl which are responsible for the water salinity and prove the presence
of halite and other evaporative salt minerals.

4.3 Hydrochemical facies
In this investigation, hydrogeochemical facies of
Aji-Chay river were determined based on Piper
(Piper 1944) and Langelier–Ludwig (Langelier and
Ludwig 1942) diagrams. Each of them has
advantages and disadvantages over the other.
Piper diagram is widely used to identify the general chemistry of water samples. It helps to distinguish similarities and differences among
samples, implying the evolution of water chemistry from one sampling location to the other. Two
distinct water types are distinguished based on
Piper diagram (Bgure 3) for water samples. The
Kamanaj station has Ca–HCO3 water type where
alkaline earth metals (Ca, Mg) dominate over the
alkali metals (Na, K), while weak acidic ions CO3
and HCO3 exceed strong acidic ions Cl and SO4.
For the rest of the samples (other three stations),
water type change to Na–Cl, where alkali metals
(Na, K) exceed alkaline earth metals (Ca, Mg) and
strong acidic ions (Cl, SO4) dominate over weak
acidic ions (CO3, HCO3). Na–Cl type usually
causes problems for both irrigation and drinking
usages. This significant increase in Na and Cl ions
suggested that water chemistry is strongly inCuenced by the lithology of the river basin and
indicates that the dissolution of evaporative salt
content of Miocene formations into the water
plays a key role in changing the hydrogeochemical
facies of it.
Langelier–Ludwig diagram (Bgure 4) provides
additional insight into the water chemistry. Based
on the plot of samples in the double-bar Langelier–Ludwig diagram, similar to Piper diagram,
two water types are identiBed. Samples falling in
the lower right corner are related to Kamanaj
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station in the north of the study area with
Ca–HCO3 water type. As water Cows downward
to the main stream and crosses Na–Cl rich Miocene red bed evaporitic formations, water chemistry evolves to Na–Cl type. This water is
extremely saline and the salinity is driven from
halite dissolution, therefore, samples fallen at the
end of the upper left corner of Langelier–Ludwig
diagram are related to Pol, Pardil and Anakhatoon stations.
Methods of representing the chemistry of water
in forms like the StiA diagram (StiA et al. 1951) are
helpful to visualize the general chemistry of water
based on the distribution of major ionic concentration of individual samples. The relative proportions of the various ions in solution depend on
their relative abundance in the host rock and on
their solubility (Singh and Hasnain 1998). StiA
diagrams of nine detected cluster centroids in
Bgure 5 reveal that water chemistry of seven clusters from Pol, Pardil and Anakhatoon stations are
identical and the Na–Cl pair is the main component of water. On the other hand, Kamanaj station
demonstrates a different kind of water, where
Ca–HCO3 pair prevails over Na and Cl concentrations which testify the Piper and Langelier–Ludwig diagrams. Seasonal variation in
concentration of major ions within clusters of each
station has been observed in StiA diagrams; however, the overall chemistry of water is not aAected
and the ionic proportion of water is constant. This
proves our hypothesis that two clusters of each
station are related to dry and wet seasons, but not
different types of water because the internal proportion of chemical ions is stable for each of the
clusters.

4.4 Processes controlling the river water
chemistry
To determine the mechanisms controlling water
chemistry, samples are plotted in Gibbs diagrams
(Gibbs 1970). Gibbs diagrams are widely used to
classify the source of ionic concentrations in surface water based on the three major water
chemistry mechanisms according to the variation
of the Na/(Na + Ca), (Na + K)/(Na + K + Ca)
and Cl/(Cl + HCO3) weight ratios as functions of
TDS in surface water. These three mechanisms
are (i) atmospheric precipitation dominance,
where rocks and soils do not contribute to the
concentration of water ions, (ii) rock dominance,
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the opposite of precipitation dominance,
comprised of waters taking their chemical
compositions from dissolved salts, rocks and soils
in their basins so the chemistry of this water
highly depends on the materials that exist in their
basins, (iii) evaporation dominance in which the
mechanism controlling the chemical composition
of water is evaporation and consequently fractional crystallization process. This mechanism
covers an extended variety of water chemistry
from high salinity Na-rich to medium-salinity Carich freshwater, and it is the main controlling
factor in hot and arid regions.
Gibbs diagrams in Bgure 6 imply that chemistry
of water in the study area for Kamanaj station is
controlled by the rock dominance process, and for
other three downstream stations evaporation–
crystallization processes play a pivotal role.
According to calculated SI values (table 2),
water is saturated with respect to carbonate minerals (calcite, dolomite and aragonite) and it is
undersaturated with respect to evaporitic salts
(halite, gypsum and sylvite). This means that
carbonate minerals will gradually precipitate into
the river basin, whereas existing evaporitic minerals tend to dissolve into the river water.

4.5 Graphical interpretation
of hydrogeochemical process
Saturation indices as well as Piper and StiA
diagrams, revealed the general water chemistry. In
order to exactly determine the various chemically
controlling processes that play role in the composition of surface water, several bivariate composition diagrams were generated based on ionic
concentration. These diagrams simplify the perception of ion exchange, evaporation and
rock–water interaction processes by visualizing
chemistry of major ions within an aqueous environment. These processes modify the chemistry of
water along its Cow path. Extracting chemical
information based on graphical interpretation to
predict rock-forming minerals is a helpful procedure to understand the natural sources of chemical
compounds in water, but care should be taken to
resolve the complicacy of chemical reactions in
aqueous systems between rock-forming minerals
and the dissolved ions in the water. For all the
diagrams, ions concentrations are converted to
meq/L to maintain the logic of chemical
calculations.
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4.5.1 Evaporation
The Gibbs diagrams suggest that evaporation is the
dominant process in the three stations located in
downstream which is conBrmed by high EC value. In
general, an increase in the evaporation intensity
increases the total TDS, which in turn, leads to the
increase of EC value. In such conditions, evaporitic
minerals become enriched in water due to evaporation, but the (Na + K)/Cl ratio is not aAected. It
remains unchanged regardless of EC variation.
Assuming that the mineral dissolution or precipitation is absent, the constant (Na + K)/Cl ratio
with respect to EC is used as an indicator of the
evaporation process (Jankowski and Acworth 1997).
A constant ratio of (Na + K)/Cl vs. EC is observed
in Bgure 7(a) for samples of downstream stations
which suggests that evaporation controls ionic concentrations of water in downstream stations by
assuming that mineral dissolution and ion exchange
reactions are negligible. In the following sections,
the eAect of mineral dissolution will be assessed in
order to clarify whether the mineral dissolution or
evaporation is responsible for constant (Na + K)/
Cl trend in the downstream stations.
4.5.2 Silicate weathering
Igneous rocks are dispersed in the study area,
mostly distributed in the north where they comprise majority of Kamanaj station basin. Despite
the greater resistance of silicates to weathering,
they may release a significant amount of K and Na
into the water. However, carbonates and evaporated salts weather more readily, thus ionic concentrations resulted from silicate weathering in
most cases are overshadowed by those from
carbonate weathering (Saleem et al. 2015).
Na and K in water are mainly derived from the
weathering of alkaline silicates such as clay minerals or dissolution of chloride rich minerals,
mainly halite and sylvite. The (Na + K) vs. Cl
diagram is a common procedure to unravel the
weathering process. The dissolution of halite and
sylvite is the dominant process for samples falling
around 1:1 line where the ratio of (Na + K) to Cl is
almost one. DeBciency in Cl amount relative to Na
and K suggests additional contributions of Na and
K from silicate weathering (Meybeck 1987). Also,
samples that fall below the 1:1 line with a higher
concentration of Cl indicates that reverse ion
exchange is probably the dominant process
(Rajmohan and Elango 2004).
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Furthermore, Bgure 7(b) shows that most
samples are plotted along the 1:1 line and very
slightly above it, indicating that equal molar concentrations of (Na + K) and Cl are produced by
dissolution of halite and sylvite content of bedrock
in the river Cow path. Considering the lithology
of the study area and mild weather of Tabriz
plain, dissolution of minerals is more reasonable for
the constant ratio of (Na + K)/Cl vs. EC in
Bgure 7(a); thus, evaporation eAect on water
chemistry is not considerable.
4.5.3 Ion exchange
Besides evaporation and weathering, ion exchange
also is another important mechanism inCuencing
the chemistry of surface waters. Ion exchange
involves the replacement of ions in the solid face of
aquifers by ions in solution. Chemical characteristics of water are highly aAected by the salinity of
river water and its chemical interactions with
existing ionic compounds within its basin, usually
clay minerals of sediments and other silicate minerals. This interaction is known as ion exchange
reaction between water and available base
exchanger material in the river basin (Latifa et al.
2017). Generally, cations from clay minerals tend
to be substituted with dissolved magnesium and
calcium ions in water and vice versa. Cation
exchange is generally represented by this reaction:
2Naþ þ Ca2þ EXCH $ Ca2þ þ 2Naþ EXCH;
ð3Þ
where EXCH stands for the base exchanger such as
clay minerals.
Because water is not saturated with respect to
halite or gypsum hence Cl, SO4 and HCO3 are
driven from halite, sylvite, calcite, dolomite and
gypsum dissolution; therefore, the evidence for
cation exchange will be provided by a cross plot
diagram of [(Na + K) – Cl)] representing the
amount of Na gained or lost relative to that
provided by halite and sylvite dissolution, vs.
[(Ca + Mg) – (SO4 + HCO3)] deBned as the
amount of Ca and Mg gained or lost relative to that
provided by gypsum, calcite and dolomite dissolution. A linear relation between the two mentioned
parameters with a slope of ‘–1’ will attest that the
cation exchange reaction has taken place in the
system (Fisher and Mullican 1997). The observed
relation between these two parameters in
Bgure 7(c) exhibits a linear proportion (R2 = 0.99)
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Figure 3. Piper trilinear diagram showing the hydrogeochemical facies.

Figure 4. Langelier–Ludwig diagram showing the transition of surface water chemistry along the Cow path.
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Figure 5. StiA diagrams showing similarity and difference between geochemical patterns of cluster centroids.
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Figure 6. Gibbs diagrams representing dominant processes controlling the chemistry of Aji-Chay water.

Table 2. Saturation indices computed for some of the important mineral phases.
Saturation indices
Mineral phase
Name
Anhydrite
Aragonite
Calcite
Dolomite
Gypsum
Halite
Sylvite

Pardil station

Kamanaj station

Anakhatoon station

Pol station

Chemical
formula

Cluster
No. 1

Cluster
No. 2

Cluster
No. 1

Cluster
No. 2

Cluster
No. 1

Cluster
No. 2

Cluster
No. 1

Cluster
No. 2

Cluster
No. 3

CaSO4
CaCO3
CaCO3
CaMg(CO3)2
CaSO4:2H2O
NaCl
KCl

–1.60
0.36
0.50
0.92
–1.30
–4.19
–5.82

–0.19
0.77
0.91
1.89
0.08
–1.73
–3.79

–2.95
0.83
0.98
1.58
–2.64
–8.29
–8.75

–2.85
0.32
0.46
0.44
–2.55
–8.09
–8.53

–1.63
0.28
0.43
0.66
–1.33
–4.33
–5.95

–1.11
0.00
0.14
0.16
–0.81
–3.31
–5.17

–0.44
0.27
0.41
0.87
–0.16
–2.11
–4.30

–1.63
0.44
0.59
1.08
–1.33
–4.66
–6.11

–0.99
0.75
0.90
1.89
–0.70
–3.01
–4.78

with a slope value of about –0.994 indicating that
Na, Ca and Mg cations participate in the ion
exchange reactions.
Based on the geology of the study area, calcite,
dolomite, and gypsum are abundant. Assuming the
simple dissolution of these minerals, a charge balance relation is expected between the ionic products of them. Thus, the plot of (Ca + Mg) vs.
(CO3 + HCO3 + SO4) will be close to 1:1 line. The
data points tend to shift to below 1:1 line when
forward ion exchange is responsible for deBciency
of Mg and Ca due to Bxation of them in base
exchanger (Kumar et al. 2009). Samples fall above
the median line in Bgure 7d, where a reverse ion
exchange, as well as carbonate and sulfate mineral

dissolution, are the probable reactions happening
in the watershed (Yidana and Yidana 2010).

4.5.4 Dedolomitization
Calculated saturation indices show that water is
undersaturated with respect to sulfate minerals, a
condition that favours continuous dissolution of
gypsiferous layers (gypsum or anhydrite) into the
water which produces equal amounts of Ca and
SO4. On the other hand, water is saturated with
carbonate minerals; consequently, calcite and
dolomite cannot dissolve into the water and in
natural thermodynamic conditions dolomite is
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Figure 7. Bivariate composition diagrams (a) Plot of (Na + K)/Cl ratio vs. EC, (b) relationship between Cl and (K + Na),
(c) diagram for identifying ion exchange reactions adopted from (Fisher and Mullican III 1997), (d) scatter diagram of
(Ca + Mg) vs. total cation (CO3 + HCO3 + SO4), (e) diagram showing relationship between Ca and (SO4 + Mg), and
(f) scatter diagram of Mg/Ca vs. TDS.

more soluble than calcite. According to Back et al.
(1983), in supersaturated samples, calcite will be
more readily precipitate than dolomite. Calcite

precipitation will deplete water of HCO3 and Ca
which causes additional dissolution of dolomite and
gypsum to compensate consumed Ca, CO3 and
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HCO3 in the system. This continuous addition of
calcium derived from gypsum dissolution, simultaneously leads to the calcite precipitation which
removes carbonate and calcite from the solution,
thereby causing further dolomite dissolution as a
consequence of the common ion eAect. The chain of
reactions will continue while gypsum does not reach
an equilibrium point, thus the dissolution of gypsum induces the transformation of dolomite to calcite in the sediments and concomitant precipitation
of calcite (Appelo and Postma 2005). The whole
process is deBned as dedolomitization, a well-recognized process especially in carbonate beds containing evaporative sulfates, which increases Mg,
Ca and SO4 concentrations in water. Dedolomitization in groundwater is frequently reported for
carbonate aquifers containing gypsiferous layers
(Vallejos et al. 2015; Salcedo S
anchez et al. 2017).
However, the results of this study demonstrate that
dedolomitization process happens in river basins of
surface water under the atmospheric pressure where
dolomite and gypsum exist.
Based on the reaction stoichiometry of sulfate
and dolomite minerals dissolution mentioned
below, it is anticipated that (1) sulfate dissolution
releases an identical amount of SO4 and Ca to the
water. (2) Dolomite dissolution releases an equal
amount of Mg and Ca ions. Dolomite is the only
possible source of Mg and similarly, sulfate for SO4.
The presence of high concentrations of SO4 and Mg
conBrms the dissolution of sulfate and dolomite
into the water. Consequently, (3) two moles of Ca
will be yielded when 1 mole of Mg and 1 mole of
SO4 releases from dolomite and sulfate dissolution
respectively; thus, Ca and (Mg + SO4) concentrations should be equal when dedolomitization does
not happen (Plummer et al. 1990). The plot of Ca
vs. (SO4 + Mg) in Bgure 7(e) provides strong evidence that the water samples evolved from
dedolomitation. As it was expected, the trend line
of samples follows the Y = 0.52X with R2 = 0.97
instead of 1:1 line (Bgure 7e). So, (4) half of the Ca
cations from sulfate and dolomite dissolution has
been precipitated in the form of calcareous cement.
Sulfate mineral dissolution may promote calcite
precipitation in order that, for each mole of dissolved sulfate, one mole of calcite precipitates
which holds the Ca concentration half of the net
result of Ca from dolomite and calcite dissolution
as it is explained in noted processes (1–4).
CaSO4 ! Ca2þ þ SO2
4

ðsulfate dissolutionÞ;
ð4Þ

CaMgðCO3 Þ2 þ2CO2 þ 2H2 O $ Ca2þ þ Mg2þ
þ 4HCO
3

ðdolomite dissolutionÞ:

ð5Þ

When equilibrium with calcite and dolomite is
maintained, the molar ratio of Mg to Ca is
expected to remain near 0.8, as the two ions
behave similarly with respect to complexation and
activity coefBcient corrections. Based on the total
mass transfer in dedolomitization process in
equation (6) described by Appelo and Postma
(2005), the Mg/Ca ratio can be used as an
indicator of the dedolomitization process. Wu
et al. (2009) indicated that the Mg/Ca ratio is
about 0.76 when dedolomitization is a major
geochemical process. Figure 7(d) depicts an
average value of 0.73 for the molar ratio of the
Mg/Ca in the studied water which is very close to
the calculation of Wu et al. (2009). The ratio of
Mg/Ca increases when the rate of dedolomitization
is higher, but it decreases to a constant as TDS
increases due to dedolomitization progress and
consequently, the water becomes saturated with
participant ions, the condition that Bnally puts an
end to the dedolomitization process.
1:8CaSO4 þ 0:8CaMgðCO3 Þ2 ! 1:6CaCO3 þ Ca2þ
þ 0:8Mg2þ þ 1:8SO2
4 :

ð6Þ

5. Conclusion
The Aji-Chay river is the most important river in
Tabriz plain. Water of the two main branches of
this river was studied in detail to detect its natural
hydrogeochemical evolution and chemical characteristics. In this regard, 317 samples were collected
in 9 years from four stations that are not subjected
to anthropogenic contamination. The results of
hydrogeochemical examinations highlight that
lithology, mineral dissolution, ion exchange and
dedolomitization are the major processes that
inCuence water chemistry in Aji-Chay catchment.
Gibbs diagrams identiBed evaporation as a controlling process; also, Fisher and Mullican diagram
implies ion exchange is an ongoing process. Furthermore, dedolomitization process is described by
the plot of Ca vs. (SO4 + Mg). Detected hydrogeochemical processes suggest that the surface
water composition is largely inCuenced by the
lithology of the catchment.
Generally, the quality of the water is poor, saline, and alkaline in nature in the downstream and
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near the Aji-Chay river. Piper diagram conBrms
that Ca–HCO3 end member in the upstream and
Na–Cl end member in the downstream are the
dominant hydrochemical facies. Upstream water
demonstrates acceptable chemical condition; however, water quality gradually decreases as it crosses
certain lithological units where the dissolution of
major evaporitic minerals including halite, gypsum, and carbonates release significant amount of
cations and anions into the water and results in
increased EC and TDS values as well as its salinity.
Na and Cl are the dominant ion pairs responsible
for the salinity problem of water which limits its
application for irrigation of nearby agricultural
lands.
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