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Abstract The main aims of the present study are to
identify the major factors affecting hydrogeochemistry of
groundwater resources in the Marand plain, NW Iran and to
evaluate the potential sources of major and trace elements
using multivariate statistical analysis such as hierarchical
clustering analysis (HCA) and factor analysis (FA). To
achieve these goals, groundwater samples were collected in
three sampling periods in September 2013, May 2014 and
September 2014 and analyzed with regard to ions (e.g.,
Ca’*, Mg>", Na* and K", HCO; ™, SO,*~, CI", F~ and
NO;7) and trace metals (e.g., Cr, Pb, Cd, Mn, Fe, Al and
As). The piper diagrams show that the majority of samples
belong to Na—Cl water type and are followed by Ca—HCO;
and mixed Ca—Na—HCO3;. Cross-plots show that weather-
ing and dissolution of different rocks and minerals, ion
exchange, reverse ion exchange and anthropogenic activi-
ties, especially agricultural activities, influence the hydro-
geochemistry of the study area. The results of the FA
demonstrate that 6 factors with 81.7% of total variance are
effective in the overall hydrogeochemistry, which are
attributed to geogenic and anthropogenic impacts. The
HCA categorizes the samples into two clusters. Samples of
cluster C1, which appear to have higher values of some
trace metals like Pb and As, are spatially located at the
eastern and central parts of the plain, while samples of
cluster C2, which express the salinization of the
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groundwater, are situated mainly westward with few local
exceptions.
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Introduction

Groundwater is a significant source of water supply for
domestic, industrial and agricultural sectors in both urban
and rural regions in many countries throughout the world.
Its chemical composition, especially in the arid and semi-
arid regions, is chiefly affected and controlled by natural
process (e.g., local hydrology-hydrogeology, rock—water
interactions, evaporation, dissolution and deposition of
minerals, groundwater flow and interaction with other
types of aquifers) and anthropogenic activities (e.g.,
industry, agriculture, mining and urbanization) (Sajil
Kumar 2014). Naturally, groundwater is usually free from
contamination, but anthropogenic activities can impact
significantly on the quality; hence, interventions are needed
prior to its usage (Yidana et al. 2012). The quality of
groundwater is characterized by different physicochemical
features and constitutes the final result of all the processes
and reactions that act on the water from the moment it
condenses in the atmosphere to the time it is discharged by
a well (Arumugam and Elangovan 2009; Pichaiah et al.
2015; Pandey 2016).

Understanding of the hydrogeochemical processes and
contamination sources and regular monitoring of water
quality are essential for sustainable development and
effective management of groundwater resources (Tiwari
and Singh 2014). Various methods such as different
graphical techniques (e.g., Piper, Durov, Stiff diagrams)
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and bivariate or scatter plots that have been developed for
the visual understanding of hydrogeochemical data in order
to show water classification, sources of water solutes,
reveal the discernible patterns, trends, dissimilarities of
water composition and quality (Dalton and Upchurch 1978;
Sadashivaiah et al. 2008).

In recent years, multivariate statistical techniques such
as clustering analysis (CA) and factor analysis (FA) have
been used to identify geochemical controls on the com-
position of groundwater (Tziritis 2014; Varol and Davraz
2015; Hassen et al. 2016) and determine anomalies
resulting from different impacts, such as anthropogenic and
geogenic (Hernandez et al. 1991; Birke and Rauch 1993;
Helena et al. 2000; Pereira et al. 2003) on a variety of
scales. Clustering analysis (CA) is a group of multivariate
techniques whose primary purpose is to assemble objects
using predetermined selection criterion to classify objects
in clusters that exhibit high internal (within cluster)
homogeneity and high external (between clusters) hetero-
geneity (McKenna 2003). The levels of the similarity at
each observation are used to construct a dendrogram
(Lokhande et al. 2008). The dendrogram provides a visual
summary of clustering process, presenting a picture of
groups and their proximity, with a dramatic reduction in
dimensionality of the original data. Factor analysis meth-
ods allow a reduction in the number of variables that
describe system behavior and the identification of new,
homogeneous subgroups that are easier to identify (Lawr-
ence and Upchurch 1982; Al-Qudah et al. 2011).

In last decades, water crisis has occurred in Iran due to
several reasons including rapid population growth which is
disproportional to the environmental capacity, develop-
ment of agriculture, industry and urbanization, decrease in
the number of appropriate structures to store, distribute and
convey water and worldwide occurrence of drought (i.e.,
Iran) since 1995 (Manouchehri 2000; Motiee et al. 2001).
Water shortages have become an increasingly serious
problem, especially in the arid and semiarid regions of
western Iran (Jalali 2006; Pazand et al. 2012). Therefore,
understanding the groundwater quality and its hydrogeo-
chemical properties is of great importance for the sustain-
able management of groundwater resources.

Marand plain is one of the fertile plains of East
Azarbaijan Province, NW Iran. In the last decades, rapid
population growth and agricultural development and recent
droughts have tremendously increased pressure on
groundwater resources. Although the groundwater is the
main resource for irrigation and drinking, very few studies
have dealt with the hydrogeochemistry, especially trace
metals. Pazand et al. (2012) evaluated the geochemistry
and quality of the groundwater in the Marand basin. Kha-
leghi and Shahverdizadeh (2014) assessed the water quality
of the Marand plain for the purpose of drinking and
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irrigation. Fakhri et al. (2015) investigated the nitrate
concentration in the groundwater of the Marand plain and
applied AVI and GODS methods for assessment of the
groundwater intrinsic vulnerability.

With the above backgrounds, the main objectives of the
present study are to identify the major processes affecting
hydrogeochemistry of groundwater resources and to eval-
uate the potential sources of major and trace elements using
multivariate statistical techniques, such as hierarchical
clustering analysis (HCA) and factor analysis (FA).

Materials and methods
Study area

Marand plain, with an area of approximately 826 Km?, is
located in northwest Iran’s East Azarbaijan province. The
plain is a sub-basin of the Caspian Sea basin and bordered
to the north by Ghezel-Dagh and Ghaleh-Dagh Mountain
ranges, to the west by Zonouz-Chay and Zilbir-Chay rivers,
to the south by the Mishow and Pir-Dagh Mountain ranges
(Fig. 1). The plain is restricted between the highlands with
a moderate slope (2-5%) from northern, southern and
eastern highlands toward the center and western of the
plain.

Generally, the majority of precipitation in the area
occurs during the autumn, winter and spring; from the third
month of autumn (December) till the end of winter
(March), it falls as snow rather than rain. The mean annual
precipitation is 242.7 mm. The mean annual temperature is
11.4 °C, ranging from 36 °C in the summer (July) to
—12.4 °C in the winter (January). The monthly evapo-
transpiration (ET) rate varies between 5 mm/month in
winter and 370 mm/month in summer. Based on the
Emberger climate classification, the climate of the area is
defined as cold and dry (Fakhri et al. 2015).

Marand plain is of great importance in the region due to
agricultural activities and population density. The popula-
tion has increased from 36,108 in 1976 to 239,209 in 2011.
Groundwater is the primary source of fresh water for
drinking, agricultural, domestic and industrial uses in the
area. Hence, water quality is a critical factor affecting
socioeconomic welfare, apart from the direct environ-
mental pressures.

Geological and hydrogeological setting

The Marand plain lies between the Alborz and Azarbaijan
zones of Iran (Nabavi 1976) and is a part of the Central Iran
structural units (Berberian 1976). The geological map of
the Marand basin is shown in Fig. 2 (adopted from Efte-
khar Nezhad et al. 1991). The exposed lithological units of
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Fig. 1 Location map of the

study area East Azarbaijan
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the area range in age from Pre-Cambrian to Quaternary.
The oldest geologic units in the study area are Pre-Cam-
brian shales and consist of mica shales, schists, dolostones,
sandstones, tuffs, rhyolites, andesites, metamorphic rocks
and intermediate layers of crystalline limestones and
cherts, which are situated in the shout of the plain.
Volcanic formations like chlorite-schists, lava, rhyolites,
tuffs and andesite, as well as Pliocene conglomerates and
sandstones are outcropped and situated unconformity on
different units of the Miocene, in the northern slopes of the
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Mishow Mountain. Also, volcanic formations of Tertiary
age including andesites and basalts with sandstone and
limestones are exposed in the northeast of the plain
(Eftekhar Nezhad et al. 1991).

The central parts of the study area are plain regions,
which are covered by Quaternary alluvial deposits and
surrounded by conglomerates (Eftekhar Nezhad et al. 1991;
Pazand et al. 2012).

Zilbir-Chay and Zonouz-Chay are the most important
rivers in the study area. These rivers originate from
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Fig. 2 Map of the study area showing geological units and sampling points with water types

southern slopes of Sultan—Jahangir Mountain and west-
ern slopes of Kiamaki-Dagh Mountain, respectively.
Zilbir-Chay River flows in an east—west direction in the
plain. Zonouz-Chay River enters the plain from the north
and joins the Zilbir-Chay in the west and finally, exits
from the plain and flows to the Aras River (Fakhri et al.
2015).
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Based on the results of geophysical investigations and
geological logs, there are three types of aquifer systems
developed in the plain area, including an unconfined, a
semi-confined and a confined aquifer (Fig. 1). The
unconfined aquifer is developed at the eastern part of the
plain area where alluvial deposits are course without many
gradation changes; it is developed within old and recent
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terraces, alluvial fans and fluvial sediments composed of
gravel, sand, silt and clay. The thickness of the unconfined
aquifer varies between 220 and 270 m in the east and
southeast of the plain and reaches to <40 m in the center of
the plain. At the southern part of the plain is developed a
semi-hard conglomerate formation with Plio—Pleistocene
debris of low permeable and semi-permeable regions
because of clay and marl layers. The confined aquifer,
mostly in the form of alluvial deposits, is covered by clay
and marl layers with thicknesses varying from 10 to 30 m.
The maximum thickness of the confined aquifer reaches
170 meters in some parts of the plain. The confined aquifer
is located in the central and western plain area, as well as in
some parts of the Zilbir-Chay and Zonouz-Chay Rivers
terraces. The semi-confined aquifer is placed in western
part of the plain; its thickness varies between 10 and 150 m
(Fakhri et al. 2015). Figure 3 shows six geological cross
sections of the different layers of alluvial deposits, which
were deduced from the geophysical investigations; the
location of the geoelectrical sondes is illustrated in Fig. 4.
Groundwater resources of the plain have been formed in
quaternary alluvial deposits. Figure 4 shows the schematic
positions of the aquifers in the Marand plain.

Generally, the regional groundwater flow direction fol-
lows the topography of the area, mainly from the highlands
to the center and from east to the west of the plain (Fig. 5).
In general, the aquifer systems are fed by precipitation,
recharge from the rivers, groundwater return flows from
irrigation and groundwater lateral cross-flows from the
surrounding mountains (Fakhri et al. 2015). Discharge
occurs by base flow to the Zilbir-Chay River and also
artificially through water galleries known locally as
“ganat.” Abstractions are via dug wells which supply
water for agricultural and drinking purposes. In the last
20 years, the groundwater levels have declined because of
extensive abstraction and low recharge. Pumping and
recovery tests showed that transmissivity is in the range
25-945 m*/day and the storage coefficient 0.0625 (Fakhri
et al. 2015).

The bedrock of the plain consists of conglomerate in the
east and southeast, silt, sandstone, granites, andesite, basalt
and schist in the north and limestone and gypsum in the
west.

Water sampling and analysis

Groundwater samples were collected from shallow and
deep wells, springs and qanats in three sampling periods in
September 2013, May 2014 and September 2014 (n = 48
and 27 for major ions and trace metals analysis, respec-
tively). Figure 2 illustrates the location of the sampling
points. To conduct the sampling, two separate polyethylene
bottles were used for samples of major ions and trace

elements. Each polyethylene bottle was rinsed three times
with the subsequent water sample prior to sampling, to
prevent potential elemental contamination from the bottle
during storage. Water samples for trace metals analysis
were acidified by adding 2 mL of HNO;3; 50%.

The pH and electrical conductivity (EC) of the
groundwater samples were measured in the field. The
collected groundwater samples were analyzed in the labo-
ratory for cations (Ca®>", Mg?", Na™ and K™) and anions
(HCO;5™, SO42_, Cl™, F~ and NOj3™) using the standard
methods as suggested by the American Public Health
Association (APHA 2005). Na™ and K' were determined
by flame photometer. Ca**, HCO; ™ and C1~ were analyzed
by volumetric methods and SO,*~, F~ and NO;~ by
spectrophotometry at “Hydrogeology Laboratory of
University of Tabriz”. Trace metals concentrations such as
Cr, Pb, Cd, Mn, Fe, Al and As were analyzed by atomic
absorption method at “Water Quality Control Laboratory
of the East Azarbaijan Province”. Statistical parameters of
analyzed samples for the three sampling periods are given
in Table 1.

The accuracy of the analysis was calculated from the ion
balance equation (Eq. 1)

(C-4)

B={cra 100 (1)

where C and A are the concentrations of total cations and
total anions, respectively, in meq/L, and B is the percentage
of ionic balance error (Domenico and Schwartz 1998). The
ion balance error did not exceed 5% in any of the sample
analyses.

Multivariate statistical analysis

Multivariate statistical analysis can help to simplify and
organize large data set to support meaningful insight (Yidana
et al. 2008; Nesrine et al. 2015). In this study, hierarchical
cluster analysis (HCA) was performed using Ward’s method
(Ward 1963). The Ward method uses an intra-cluster variation
to form clusters, and the clusters are formed by maximizing
the homogeneity within each cluster (Hardle and Simar 2007).
The squared Euclidean distance criteria were used as measure
of distance, which is one of the most commonly adopted
measures. The squared Euclidean distance usually gives the
similarity between two samples, and a distance can be repre-
sented by the difference between analytical values from the
samples (Otto 1998; Bhuiyan et al. 2011).

Factor analysis (FA) uses linear combinations of the
variables to form the factors with a mean of zero and
standard deviation of one. In the present study, the prin-
cipal component analysis (PCA) was used to extract
eigenvalues and eigenvectors from the covariance matrix
of original variables to produce new orthogonal variables

@ Springer
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Fig. 3 Geological cross sections from the Marand plain

known as varifactors (VFs) through varimax rotation,
which are linear combinations of the original variables
(Devic et al. 2014). The first step in FA is to standardize the
parameters for all parameters. This is due to avoid different
units of parameters (Fitzpatrick et al. 2007). The most
common rotation is the normalized varimax rotation, which
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attempts to find the rotation that will maximize variability
on the rotated axes while minimizing it everywhere else
(Al-Qudah et al. 2011). Finally, a scree plot is used to
determine the number of PCs to be retained (Helena et al.

2000). The software package SPSS16.0 was used for sta-
tistical analysis.
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Results and discussion
Hydrogeochemistry

The values of electrical conductivity (EC), which is an
indirect measure of ionic strength and mineralization for
natural waters, range between 377 and 5120 pS/cm for all
three sampling periods; the elevated EC values >2500 pS/
cm are indicative for the existence of increased ground-
water salinization, a fact which should be chiefly attributed
to irrigation water return flows.

Groundwater has generally circum-neutral pH (with med-
ian values of 7.4 and 7.6 for the three sampling periods);
however, relatively acidic (W16) or alkaline samples (W1)
exist as outliers, and their values (5.8 and 8.3, respectively) are
likely to be attributed to the impact of the geological forma-
tions (felsic and mafic—ultramafic volcanic formations,

respectively). Based on the median values for all sampling
periods, the order of abundance of major cations is Na™
(150 mg/L) > Ca** (62 mg/L) > Mg*" (43 mg/L) > K+
(5 mg/L) and of major anions is HCO;~ (286 mg/L) > CI™
(177 mg/L) > SO42_ (89 mg/L). In respect of the trace met-
als, their median values (Al and Cr values accounted only for 2
periods) follow the decreasing concentration order: Al(53 pg/
L) >Fe (51 pg/L) > As (12 pg/L) > Pb (11 pg/L) > Cr
(6 pg/L) > Mn (5 pg/L) > Cd (2 pg/L). However, individ-
ual outliers especially for the most toxic trace elements like Pb
(up to 32 pg/L), As (up to 44 ng/L) and Cd (up to 11 pg/L),
denote that locally are developed significant environmental
pressures related to the aforementioned parameters.

The Piper diagrams (Fig. 6) show that all water types
including Ca—HCO3;, Na—Cl, mixed Ca—Na-HCO3, mixed
Ca—Mg-Cl, Ca—Cl and Na-HCO; can be found in
groundwater of the Marand plain; however, the majority of
samples belong to Na—Cl water type and are followed by
Ca-HCOj; and mixed Ca—Na—HCOs. The plots show that
most of the water samples fall in the field of alkalies (Nat,
K') dominating over the alkaline earth metals (Ca*™,
Mg”) and strong acid (C17, S0,>7) exceed the weak acid
(HCO37). Most of the samples fall in field 2 which show
the highest Na—Cl content. Spatially (Fig. 2) the most
saline groundwaters expressed by the Na—Cl water type are
located mainly in the northern and eastern parts of the
plain; however, few samples are developed centrally.
Mixed water types are located in inner plain areas, denot-
ing a succession with the saline waters due to ion exchange
and reverse ion exchange processes. Recharge areas,
expressed by Ca-HCO; type, seem to follow a SE-NW
direction across the eastern and central plain areas,
implying a potential groundwater flow path.

Reactions between groundwater and aquifer matrix have
a significant impact on water chemistry and can be used for
identifying the origin of groundwater solutes (Subramani
et al. 2010). Different processes including rock weathering,
evaporation, and ion exchange can affect the chemistry of
the groundwater system. To identify these processes,

Fig. 5 Groundwater flow
direction in the Marand plain
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Table 1 Statistical parameters of analyzed groundwater samples for September 2013, May 2014 and September 2014 periods

Unit September 2013 May 2014 September 2014

Min. Max. Median  SD Min. Max. Median  SD Min. Max. Median  SD
pH - 5.9 8.0 7.4 0.4 5.8 8.3 7.6 0.5 59 7.9 7.4 0.4
EC pS/em  387.0 42700 1121.5 1081.1  377.0 4550.0 1187.0 1168.8  430.0 5120.0 12235 1231.3
TDS mg/L 248.0 2733.0 718.0 6919 241.0 2912.0 760.0 748.1 2750 3277.0 783.0 788.0
Ca** mg/L 20.8 288.6 75.3 76.6 14.4 312.6 54.9 58.6 17.6 372.7 56.9 93.7
Mg*+ mg/L 3.8 136.1 43.2 335 3.8 141.5 44.2 38.7 4.8 261.3 40.2 55.5
Na® mg/L 31.9 659.3 170.8 166.8 19.0 655.2 133.5 1604  18.1 643.7 145.5 151.3
K* mg/L 0.4 19.9 2.7 4.1 1.9 254 6.2 53 23 29.7 6.6 55
HCO;~ mg/L 122.0 707.8 338.9 125.6  100.1 510.1 239.1 1054 1733 11140 280.6 190.2
S0,%~ mg/L 5.7 846.8 20.1 218.1 11.0 540.8 119.6 126.5 7.6 779.1 127.0 188.0
Cl™ mg/L 19.5 11340 230.4 296.1 14.8  1205.0 160.9 2863 13.8 959.7 140.0 260.3
NO;~ mg/L 43 95.4 13.3 20.3 1.7 155.5 10.6 232 1.2 85.5 13.3 12.5
SiO, mg/L 0.0 35.1 10.6 7.9 0.5 43.8 1.8 1.1 2.1 36.8 16.6 8.2
F mg/L 0.2 44 0.6 0.9 0.1 0.6 0.2 0.1 0.0 0.6 0.2 0.1
Cr ng/L 0.0 46.0 0.0 9.0 39 17.7 9.1 3.1 - - - -
Pb ng/L 1.0 22.0 12.0 4.6 4.0 31.5 11.0 6.5 1.0 31.0 11.0 6.9
Cd ng/L 1.0 6.0 2.0 1.4 0.1 10.9 1.8 23 0.0 6.4 1.6 1.5
Mn ng/L 0.0 525.0 6.0 101.8 0.0 790.0 0.0 181.7 0.8 1025.0 3.2 245.4
Al ng/L 40.0 1723.0 78.0 372.7 5.0 246.0 38.0 583 - - - -
Fe ug/L 6.0 900.0 72.0 186.3 0.0 269.0 43.3 747  10.3 452.6 37.5 113.2
As ng/L 1.0 31.0 4.0 8.7 0.0 22.0 10.0 75 1.0 44.0 22.0 11.8

different scatter plots can be used; previous studies (e.g.,
Datta and Tyagi 1996; Kumar et al. 2006; Venugopal et al.
2009) showed that if the dissolution of calcite, dolomite,
anhydrite and gypsum are the dominant processes in the
water system, the Ca®* 4+ Mg?" versus HCO;~ + SO,*~
scatter plot will be close to the 1:1 equiline. As well as, the
dominance of HCO;~ + SO4*~ over Ca®* + Mg®" can be
indication of silicate weathering, whereas the abundance of
Ca*" + Mg?" can be an indicator of reverse ion exchange
(Elango and Kannan 2007; Barzegar et al. 2016). As shown
in Fig. 7a, some of the groundwater samples fall on the 1:1
line, whereas most of the samples fall on the both sides of
the line, which indicates the significant impact of silicate
weathering and reverse ion exchange on groundwater
chemistry. In addition, the impact of silicate weathering
can be found by the plot of Na* 4 K™ versus total cations
(TC). As shown in Fig. 7b, most of the data points are
plotted above the Na* 4+ K" = 0.5 TC. This indicates the
involvement of silicate weathering which contributes Na™*
and K* to the groundwater (Stallard and Edmond 1983;
Rajmohan and Elango 2004; Senthilkumar and Elango
2013); some samples deviated from Na* + K* = 0.5 TC
line and show lower Na™ + K™ concentration, due to the
Ca’*/Na™ exchange reactions (Subramani et al. 2010).
The plot of Ca®" versus SO,>~ was used to show the
impact of gypsum dissolution on groundwater chemistry

@ Springer

(Fig. 7c). The plot shows that only few samples fall on the
1:1 line which indicates the dissolution of gypsum. Fall-
ing of the samples above the 1:1 line can be indication of
cation exchange, whereas samples below the 1:1 line can
be indication of the excess of SO4*~ and probably an
oxidizing hydrogeological environment (Tarki et al.
2011).

Fisher and Mulican (1997) suggested that the relation-
ship  between Na™ — CI~ and (Ca*" + Mg*"
— HCO;™ — SO42_) should be linear with a slope of —1.0,
if reverse ion exchange is a significant geochemical process
for controlling the chemistry of groundwater. Figure 7d
shows that the plots define a straight line with a slope of
—1.15, —1.01 and —1.29 for September 2013, May 2013
and September 2014, respectively. This indicates that the
main contribution of reverse ion exchange process occurs
in samples of May 2014. The plot of Ca®>" 4+ Mg”" versus
Na*t (Fig. 7e) was also used for the assessment of ion
exchange and revealed the presence of water samples on
both sides of the 1:1 line, a fact which is an indication that
ion exchange and reverse ion exchange occur jointly.

The plot of Na' versus Cl~ (Fig. 7f) was used to
evaluate of the effect of halite dissolution on the
groundwater chemistry. The plot shows that the majority
of samples fall on the 1:1 equiline. This well-defined
relationship and the relatively high concentrations in
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Fig. 6 Piper diagrams for groundwater samples of the three sampling periods

Na*t and CI~ demonstrate the role of halite dissolution
as a major process contributing to the water salinization
(Appelo and Postma 1993).

Human activity is one of the most important factors
affecting groundwater chemistry. The plot of TDS versus
(NO3™ + CI")/HCO;™ was used to evaluate the impact of
anthropogenic activities on groundwater system. Han and
Liu (2004) and Jalali (2009) suggested that the high cor-
relation between TDS and (NO5;~ + C17)/HCO;™ reveals
the influence of anthropogenic activities especially agri-
cultural activities on water chemistry. As shown in Fig. 7f,
there is a moderate to strong positive correlation between
TDS values and (NO;~ + C17)/HCO;™ for all the samples
which suggests the influence of anthropogenic activities on
the water. The highest correlation (R* = 0.647) is shown
for the samples of May 2014. This is due to the use of the
agricultural fertilizers.

To understand the groundwater interaction with pre-
cipitation (rainfall), rock weathering and evaporation, plots
of log TDS against Na™/(Na™ 4+ Ca*") and CI7/(Cl~ +
HCO57) (Gibbs 1970) were used. As can be seen in Fig. 8,
the ratios of cations Nat/(Nat + Ca”) as well as the
ration of anions CI"/(C1™ + HCO;") are plotted from the
rock domain toward the evaporation domain, which indi-
cates that water—rock interaction and evaporation mecha-
nism are affecting the groundwater compositions. In
addition, a dense clustering of sample points can be seen in
the evaporation domain which indicates the impact of
anthropogenic activities (Li et al. 2013).

Factor analysis

The multivariate statistical method of R-mode factor
analysis (FA) has been applied to groundwater data in
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order to exploit potential correlations among parameters
and to identify the dominant processes that control
hydrogeochemistry. The exact number of factors was
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chosen by Kaiser criterion (1960) in which factors with
eigenvalues smaller than 1 are eliminated; following this
process, 6 factors were finally chosen that explain 81.7% of
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Fig. 8 Gibbs (1970) plots for groundwater samples of the three periods
Tab!e 2 Sorted rotated .f?ctor Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Communality
loadings and communalities
Ca*t 0.932 0.000 0.000 0.000 0.000 0.000 0.910
Mg** 0.908 0.000 0.000 0.000 0.000 0.000 0.860
Cl™ 0.907 0.000 0.000 0.000 0.000 0.000 0.897
Na* 0.855 0.000 0.000 0.000 0.000 0.000 0.822
SO, 0.812 0.000 0.000 0.000 0.000 0.000 0.772
HCO5;™ 0.733 0.000 0.000 0.000 0.000 0.000 0.710
K* 0.684 0.000 0.638 0.000 0.000 0.000 0913
Pb 0.000 —0.917 0.000 0.000 0.000 0.000 0.882
Cd 0.000 —0.874 0.000 0.000 0.000 0.000 0.805
Mn 0.000 —0.665 0.000 0.000 0.000 0.000 0.509
Fe 0.000 —0.534 0.000 0.000 0414 0.406 0.718
Si0, 0.000 0.000 0.835 0.000 0.000 0.000 0.853
As 0.000 0.000 0.772 0.000 0.000 0.000 0.756
Cr 0.000 0.000 0.000 —0.829 0.000 0.000 0.909
NO5;™ 0.000 0.000 0.000 —0.757 0.000 0.000 0.824
Al 0.000 0.000 0.000 0.000 0.904 0.000 0.849
F~ 0.000 0.000 0.000 0.000 0.000 0.932 0.898
Variance 5.035 2.710 1.887 1.603 1.395 1.256 13.888
% variance  0.296 0.159 0.111 0.094 0.082 0.074 0.817

Insignificant loadings below 0.400 are shown as O for simplicity

total variance. Results of the FA are shown in Table 2, and
the loading plot for the first two factors is shown in Fig. 9.

The first factor (FA1) explains 29.6% of total variance
and includes with strong positive loadings the parameters
of Ca**, Mg?*, CI~, Na™, SO,*~, HCO;~ and with med-
ium positive loading K™; it is evident that this factor is
related to the increased groundwater salinization which
occurs due to irrigation water return flow. This process is
typical in agricultural areas where the cumulative accu-
mulation of ions in upper soil horizons increases salinity,
especially when exploitation rate of groundwater used for

irrigation is significantly higher than the recharge of
aquifer systems.

The second factor (FA2) expresses the impact from the
felsic and intermediate igneous formations of the area
(rhyolites, rhyolitic dacites and andesites); it explains
15.9% of total variance and includes with strong negative
loadings the parameters of Pb and Cd and with medium
negative loadings the parameters of Mn and Fe. The strong
correlation among Pb and Cd (often accompanied by Zn) is
frequent a good indication for a potential sulfide mineral-
ization, a hypothesis which seems to be realistic for the
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Fig. 9 Loading plot for the first two factors of the R-mode factor
analysis

study area, based on the geological background of the
substrate formations.

The third factor (FA3) explains 11.1% of total variance
and includes with strong positive loadings Si and As and
with medium positive loading K*; this factor is also
involved with the impact from the volcanic formations, but
the occurrence of SiO, within its dominant parameters
denotes that the nature of rocks involved is more felsic than
those of FA2. However, no specific spatial pattern is
identified for the samples affected by FA2 and FA3; thus,
local geochemical composition of parent rocks and ongo-
ing geochemical processes affecting the mobility of trace
elements is believed to control hydrogeochemistry.

The fourth factor (FA4) explains 9.4% of total variance
and includes Cr and NO3~ with strong negative loadings;
this factor possibly interprets the impact from irrational
agricultural practices and unsustainable use of nitrogen
fertilizers, which finally end up as nitrate ions in aquifer.
Although there is no information about the speciation of
Cr, it is believed that it exists in its hexavalent form which
is far more mobile than the trivalent form in the geological
environments; however, nitrates even though are consid-
ered as a potential oxidant for Cr(IIT) toward Cr(VI) for-
mation, they are not efficient to provoke such redox
processes in a basin scale; the co-occurrence of Cr and
NO;™ is more likely to be attributed to the specific char-
acteristics of the porous aquifers systems which exist in the
study area and are composed mainly by weathered mate-
rials, often from mafic parent rocks, which may host Cr-
bearing altered minerals (e.g., serpentines). Those minerals
are more susceptible to dissolution than other more
stable forms (e.g., olivines) which are hosted in parent
rocks; hence, the possibilities for Cr(VI) mobilization are
higher in alluvial basin; in case of simultaneous agricul-
tural activities, nitrate is also existing as an impact from the
excessive use of fertilizers; hence, there is a correlation
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among Cr and NO;3;™, even though they are not directly
related.

The fifth factor (FAS) explains 8.2% and includes Al
and Fe with strong and weak positive loadings, respec-
tively. It expresses the presence of Al-Fe oxides and
hydroxides in the upper soil horizons, as a result of the
weathering processes.

Finally, the sixth factor (FA6) explains 7.4% and
includes with strong positive loading F~ and with medium
one Fe. Since no geochemical analyses of parent rocks are
available, fluorine origin is a matter of speculation; the two
dominant sources in the study area could be either the felsic
volcanic rocks in which F~ is present in mica minerals, or
alternatively the clastic sedimentary formations (e.g.,
conglomerates with volcanic weathered material).

Hierarchical clustering analysis

The potential correlation among groundwater samples were
explored with the use of a hierarchical cluster analysis
(HCA). Samples were categorized into 2 clusters (C1 and
C2) according to their squared Euclidean distance, and the
results are shown in Fig. 10, while Table 3 contains their
descriptive statistical parameters and Fig. 11 shows their
spatial distribution.

The first cluster (C1) which contains the majority of
samples (38 samples) is spatially located at the eastern
and central parts of the plain, while C2 is situated
mainly westward with few local exceptions. Based on
their hydrogeochemical characteristics (Table 2), C2
factor expresses the groundwater samples which are
impacted from salinization; hence, C1 mainly includes
the majority of samples affected by FAl of the previ-
ously mentioned factor analysis. The salinization effect
can be justified by the elevated median values of EC
(3151.6 puS/cm) and the elevated content of major ions
like Ca*", Mg®", K*, Na*, SO,*~ and CI™ in respect of
Cl. In addition, pH values are slightly more alkaline
(median = 7.5) compared to the neutral (median = 7)
ones of C1. On the contrary, C1 clusters appear to have
higher values of some trace metals like Pb and As,
which are associated with the impact from the volcanic
formations of the substrate as seen in FA2, FA3 and FA6
factors of FA analysis. However, it should be noted that
NO;™ concentrations (FA4), which is one of the domi-
nant environmental pressures of the study area due to the
intensive agriculture, appear to have nearly equal median
values for the two clusters (14.7 and 11.6 mg/L,
respectively); hence, nitrate contamination seems to be
an individual contamination process which cannot be
directly related or affected either with salinization or
with volcanic formations weathering.
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Fig. 10 Dendrogram of HCA
for groundwater samples
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Conclusions

The results of the three sampling periods in the Marand
plain show that the order of abundance of major cations is
Na® > Ca’" > Mg?" > K" and of major anions is
HCOs*~ > Cl™ > SO,>". Also, in respect of the trace
metals, their median values follow the decreasing con-
centration order: Al > Fe > As > Pb > Cr > Mn > Cd.
The values of EC range between 377 and 5120 puS/cm for
all three sampling periods; the elevated EC values
>2500 pS/cm are indicative for the existence of increased
groundwater salinization.

Piper diagrams show that the majority of samples belong
to Na—Cl water type and are followed by Ca—HCOj3 and
mixed Ca—Na-HCO;. Spatially the most saline ground-
waters expressed by the Na—Cl water type are located
mainly in the northern and eastern parts of the plain. Mixed
water types are located in inner plain areas, denoting a
succession with the saline waters due to ion exchange and
reverse ion exchange processes. Recharge areas, expressed

|
—
wsr
—
alll

by Ca-HCOj; type, seem to follow a SE-NW direction
across the eastern and central plain areas, implying a
potential groundwater flow path.

Cross-plots show that weathering and dissolution of
different rocks and minerals, e.g., carbonates, silicates,
gypsum and halite, ion exchange, reverse ion exchange and
anthropogenic activities, especially agricultural activities,
influence the hydrogeochemistry of the study area.

As a result, the FA reveals that 6 factors with 81.7%
of total variance impacts in the overall hydrogeochem-
istry. The FA1 demonstrates the increased groundwater
salinization which occurs due to irrigation water return
flow. The FA2 and FA3 express the impact from the
felsic and intermediate igneous formations of the area.
The FA4 interprets the impact from irrational agricul-
tural practices and unsustainable use of nitrogen fertil-
izers, which finally end up as nitrate ions in aquifer. The
FAS5 expresses the presence of Al-Fe oxides and
hydroxides in the upper soil horizons, as a result of the
weathering processes. The FA6 explains the origin of
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Table 3 Descriptive statistical
parameters of the samples of
cluster 1 and 2

Fig. 11 Spatial distribution of
the groundwater samples of
associated clusters (C1-C2)

Variable Unit Cluster 1 Cluster 2
Min. Median Max. SD Min. Median Max. SD
pH - 6.8 7.5 7.9 0.2 59 7.0 7.4 0.5
EC pnS/cm 398.0 986.0 2950.0 586.3 2310.0 3151.6 4546.6 806.9
Ca>* mg/L 19.2 59.3 97.2 19.2 108.5 175.7 315.3 60.7
Mg?* mg/L 49 342 745 183 40.1 94.3 1795 367
Na™t mg/L 29.3 108.4 427.2 100.8 219.1 372.6 569.5 104.6
K* mg/L 1.7 4.6 13.4 2.7 4.6 6.5 21.9 6.5
HCO;™ mg/L 200.1 253.6 468.8 79.6 152.9 408.8 613.5 145.6
SO42_ mg/L 8.2 69.5 147.6 31.7 115.0 377.6 696.8 161.8
Cl™ mg/L 16.1 124.8 611.6 149.3 345.7 557.1 931.9 203.7
NO5;™ mg/L 6.6 14.7 39.1 9.2 3.7 11.6 27.6 7.6
SiO, mg/L 34 21.3 44.7 10.5 6.6 154 51.7 17.0
F~ mg/L 0.2 04 1.8 04 04 0.5 1.6 0.3
Cr ng/L 0.0 2.7 18.0 3.6 0.0 34 6.1 1.8
Pb png/L 1.7 10.0 20.8 4.8 2.3 6.1 17.3 4.9
Cd ng/L 0.1 1.6 5.1 1.3 0.6 1.2 5.6 1.6
Mn ng/L 0.3 2.6 607.0 153.2 0.5 5.8 176.0 50.7
Al pg/L 0.0 34.7 372.0 834 0.0 48.5 581.3 164.9
Fe pg/L 7.3 45.6 339.5 81.6 12.2 46.6 219.6 56.8
As ng/L 0.3 11.7 19.3 5.6 0.6 6.7 16.7 5.6
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F~, which is present in mica minerals, or alternatively
the clastic sedimentary formations.

The results of HCA distinguish two distinct clusters of
groundwater samples. Samples of cluster C1, which appear
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to have higher values of some trace metals like Pb and As,
are spatially located at the eastern and central parts of the
plain. These high values can be associated with the impact
from the volcanic formations of the substrate. Samples of
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cluster C2, which express the salinization of the ground-
water, are situated mainly westward with few local
exceptions.
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