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Hydrogeochemical investigations had been carried out at the Amol-Babol Plain in the north of Iran. Geochemical processes
and factors controlling the groundwater chemistry are identified based on the combination of classic geochemical methods with
geographic information system (GIS) and geostatistical techniques. The results of the ionic ratios and Gibbs plots show that water
rock interaction mechanisms, followed by cation exchange, and dissolution of carbonate and silicate minerals have influenced the
groundwater chemistry in the study area. The hydrogeochemical characteristics of groundwater show a shift from low mineralized
Ca-HCOj;, Ca-Na-HCOj;, and Ca-Cl water types to high mineralized Na-Cl water type. Three classes, namely, C,, C,, and C; have
been classified using cluster analysis. The spatial distribution maps of Na*/Cl~, Mg**/Ca**, and C1"/HCO, " ratios and electrical
conductivity values indicate that the carbonate and weathering of silicate minerals played a significant role in the groundwater
chemistry on the southern and western sides of the plain. However, salinization process had increased due to the influence of the
evaporation-precipitation process towards the north-eastern side of the study area.

1. Introduction minerals, oxidation reduction, and biological processes could
be involved in the groundwater chemical composition at the
same time. Salinization is one of the principal water problem
concerns that have become a major threat to the quality of
the freshwater being suitable for human consumption. Land
use activities, climate conditions, and the geological setting
have a significant influence on the groundwater salinity [5].
Improper irrigation and drainage technique in arid and
semiarid areas could also increase the risk of the progressive
salinization of soil, because of the solute accumulation in
irrigation water [2, 6]. Several studies have indicated the
role of other processes such as high evaporation rate and
limited discharge [7], excessive pumping of groundwater

Groundwater plays a major role in the water supply and ecol-
ogy of arid and semiarid regions. The quality of groundwater
is important in order to support life [1]. Groundwater is con-
trolled by natural and anthropogenic factors, such as geolog-
ical structure, composition of precipitation [2], geochemical
process, the interaction between the groundwater and aquifer
minerals [3], and human activities. The interaction of these
factors result in various water types [4]. The groundwater
chemistry depends on different hydrogeochemical processes
that the groundwater undergoes over space and time.

In arid and semiarid areas, such as the Amol-Babol

Plain in the north of Iran and to the south of the Caspian
Sea, several processes evaporation, transpiration, seawater
intrusion, cation exchange, dissociation and precipitation

[8], fossil seawater [9], and seawater-freshwater mixing [10]
which increases the salt concentration in the groundwater.
The coastal area on the north side of the Amol-Babol Plain



is under increasing human pressure from population growth
and the increase in the development of agricultural activities.
Groundwater resources along the shoreline could be threat-
ened by the mixing mechanism of seawater intrusion into the
freshwater, due to the over abstraction of groundwater [11, 12].

In as much as salinization on the Amol-Babol Plain
may be caused by a combination of different processes; this
research was undertaken to identify the source of salinity of
groundwater and determine the hydrogeochemical process
involved in the salinization of groundwater in the study area.

The weathering conditions, altitude, and geological struc-
ture are different in the southern part of the study area, where
the plain is restricted by the Alborz Highlands. The hydro-
chemistry of the groundwater near the Highlands might
be influenced through the dissolution of carbonate rocks,
cation exchange, and the adsorption of dissolved ions as the
dominant processes [1]. Hanshaw and Back [13] noted that
carbonate aquifers constitute a dynamic geochemical system
with the water-rock interaction due to the fast dissolution/
precipitation kinetics of carbonate minerals.

Studies of the major ions have been used to identify the
hydrochemical facies of the water. Several researchers have
evaluated the groundwater chemistry and consider hydro-
geochemical processes by developing geochemical modelling
and adopting graphical methods for the interpretation of
water quality indices [2, 14-16]. In recent years, multivariate
statistical techniques coupled with PHREEQC software [17]
and Geographical Information Systems (GIS) [18] have been
applied to detect important information from the hydrogeo-
chemical data in complex systems [4, 19-21]. This multidisci-
plinary approach will be useful to identify and locate different
physiochemical processes in the groundwater in complex
aquifers. The combination of hydrogeochemical tools and
statistical analysis is applied to investigate the properties of
groundwater among the sampling sites. The application of
GIS provides a unified way to represent the physiochemical
characteristic in a specific area, as well as the presenta-
tion of spatial distribution of groundwater hydrochemistry
parameters in the thematic maps [22]. The GIS method
based on Na*/Cl~, Mg**/Ca**, and CI"/HCO;" ionic ratio,
and electrical conductivity (EC) is an attempt to understand
the groundwater quality variations by the distribution maps
[20]. Although GIS is an appropriate tool to map, query,
and analyse the data [22], which could be effective for the
authorities to manage the natural resource in a given certain
area [23], not many studied have been conducted with this
method in hydrochemical evaluation of groundwater.

The sustainable development of water resources in the
arid and semiarid areas highly depends on the investigation of
the hydrogeochemical evolution of groundwater. Neverthe-
less, limited research is available regarding the hydrochemical
characteristics of the Amol-Babol Plain.

This study focuses on investigating the major hydrogeo-
chemical aspects of groundwater chemistry on the Amol-
Babol Plain as well as providing an overview of the spatial
distribution of the groundwater ionic ratios by using GIS and
interpolation techniques.
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2. Materials and Methods

2.1. Study Area. The study area is in the Amol-Babol Plain,
which is located between longitudes 51°26’ and 52°55'E and
latitudes 35°46’ and 36°43'N (Figure 1). It consists of a broad
plain on the northern side of the Mazandaran Province which
is bounded to the south by the Alborz Highlands and to
the north by the Caspian Sea. The plain covers an area of
1822 km?. Topographically, the study area starts from the hill-
side of the Alborz Highland (above 970 m), which is covered
by forest and irrigated lands in the valley. The plain has been
formed by river deposits that developed alluvial fans, a flood
plain, and marine deposits. The lowest elevation of about
—25mis observed in the coastal regions near the Caspian Sea.

The main annual temperature is about 17.9°C. The tem-
perature decreases from the north of the area, which is close
to the Caspian Sea to the south around the Alborz Highlands
[24]. The annual precipitation is about 880 mm. Precipitation
varies from 350 mm in the rainy season to 147 mm in dry sea-
son. The annual evaporation is about 750 mm in the middle
of plain where the evaporation increases in proportion to the
distance from the Caspian Sea [24].

Haraz, Babol, and Talar are the three largest rivers in the
study area. The rivers begin from the Alborz Highlands and
flow northward to the Caspian Sea. The Haraz River flows on
the western side of the Amol-Babol Plain and passes through
the City of Amol. The river is a major source of agricultural
activity in the region. The Haraz River has a length of 185 km
with an annual discharge of 940 mcm [24]. The Babol River
passes through Babol City. The annual flow is 493 mcm. The
Talar River on the eastern side of the study area flows to about
58 km from Shirgah to the Caspian Sea. The annual discharge
rate is 311 mcm at Kiakola station.

Around 63% of the total water consumed is provided from
the groundwater resources in the Amol-Babol Plain. More
than 80% of the water resources for agricultural activities are
supplied by the groundwater. Moreover, the groundwater is
the main source for drinking in the study area.

2.2. Geology. The Amol-Babol Plain is part of the geological
unit of the Georgian-Rasht Zone situated in the north of the
Alborz great fault, which extends from Georgian to Lahijan
[25]. The oldest geological formation of the study area dates
back to the Permian age and includes Dorud, Ruteh, and
Nessan formations, which mostly consist of a limestone layer
and also thin layers of shale and marl [25]. These formations
mostly outcrop in the southern parts of the study area near the
Haraz road. When global de glaciation started in the Triassic
age, sedimentation stopped in the Alborz area [25], and the
sea level started to rise with the commencement of sedimen-
tation during the Jurassic period. The bedrock of the area
mostly belongs to the lower to middle Jurassic formation.
The lithology of the study area consists of conglomerates,
sandstone, siltstone, shale, and coal seams. The late Jurassic
is represented by the presence of limestone in the sediment
layers. Cretaceous marl and clay cover top of the Jurassic
limestone in the south and south-eastern side of the study
area. During the Quaternary period, the process of deposition
developed unconsolidated clay and sandy sediments with
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FIGURE L: Geological map and electrical resistivity curve of the
Amol-Babol Plain.

freshwater over an extensive part of the plain [25]. Alluvial
fans have been formed by the weathering of rocks, transport
and deposition of sediments by the rivers. During this
process, Haraz homogenous and Talar heterogeneous alluvial
fans had been extended to the western and eastern side of the
Amol-Babol Plain [26]. The Caspian Sea is a remnant of the
Paratethys Sea, which became an enclosed water body around
5.5 million years ago, because of tectonic uplift, a decrease in
sea level and climate change [25]. Then within the last one
million years, old sea water, which was trapped between the
layers of sediment layers, was washed and discharged to the
sea by the river and groundwater flows [25]. However, fossil
saline water still remains in limited areas on the north eastern
side of the plain, due to the weak discharge rate of the Talar
River and the heterogeneous sediment layers of clay and sand
in the study area [26].

2.3. Hydrogeology. Groundwater in the study area is rep-
resented by an unconfined aquifer and a confined aquifer.
The unconfined aquifer extends to around 94% of the plain,
except for a limited area on the north-eastern side. The thick-
ness of alluvial deposits changes from less than 10 m for the
coastal land to around 200 m for the Haraz alluvial fan in the
west and south-western part of the plain. The groundwater
tables decrease from the Highlands on the southern side to
the coastal area (Figure 1).

The main direction of the groundwater flow is from
the recharge zone (Alborz Mountain) in the south to the
discharge area (Caspian Sea) in the north part of the plain
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FIGURE 2: Schematic map of groundwater table in the study area.

(Figure 2). The hydraulic gradient varies from 10 per thou-
sand in the southern area to 0.5 per thousand in the coastal
plain of the Caspian Sea [26]. There are around 61,496 shallow
and 6,634 deep wells on the Amol-Babol Plain. The water
abstraction from the plain aquifer was about 390 million m®
for agricultural activities and around 44 million m’ for drink-
ing purposes, during the 2008 to 2009 period [26]. The total
abstraction of groundwater was 507 million m’ through the
wells, springs, and quants, of which 342 million m? (around
94%) was discharged from wells [26].

2.4. Groundwater Sampling and Analysis. A total of 306
groundwater samples were collected from 153 wells during
the dry and wet seasons in 2009. After pumping out for 10-
15 minutes to prevent nonrepresentative samples of stagnant
or polluted water [27], the analyses were undertaken within
24 hours of the sampling exercise. The parameters, such as
temperature, electrical conductivity (EC), pH, total dissolved
solid (TDS), and dissolved oxygen (DO) were measured in
the field immediately after sampling using a multiparameter
WP600 series meter. The bottles were rinsed using the
groundwater to be sampled. The samples were taken and
stored in the acid-washed polyethylene bottles [28]. The bot-
tles were rinsed using the groundwater to be sampled. Also,
the samples were filtered using a 0.45 ym, acetate cellulose fil-
ter on site [28, 29]. The collected samples were kept at 4°C and
transported to the laboratory. The samples were analysed for
sodium, potassium, calcium, magnesium, chloride, sulfate,
bicarbonate, and carbonate based on the APHA [28] pro-
cedures in the laboratory. The Ca** and Mg** were deter-
mined titrimetrically using the standard EDTA method, and
sodium and potassium by flame photometry. The anions
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TABLE 1: Variographic parameters of the groundwater chemical composition.
. Nugget Sill (Cy/Cy+C)*100
Rat Model 58 o/%o RMSS
e o (Cy) (C,+C) Ratio
Ca/Mg Exponential 0.043 0.1214 33.9% 0.921
Na/Cl Exponential 0.125 0.1875 60.1% 1.058
CI/HCO, Exponential 0.396 0.9891 40.0% 1.068
EC (uS/cm) Exponential 0.047 0.1458 32.3% 1.166

and bicarbonate were determined by acid titration, while the
chloride concentration was determined by AgNO; titration
and the sulfate and phosphate values by spectrophotometer.
The quality of the analyses of the parameters to obtain a
reliable dataset was controlled by sending the blank samples
to the laboratory. The accuracy of the results was checked by
calculating the ion balance errors, which was generally within
+5.

2.5. Statistical Analysis. Multivariate statistical analyses were
applied to obtain significant information from hydro-
chemical data sets in complex systems. Chemical variables
were graphically interpreted using Piper, Schoeller, and Gibbs
diagrams to show the groundwater facies for the Amol-Babol
Plain. Multivariate statistical methods of descriptive statistics,
Pearson correlation analysis, discriminant analysis (DA), and
cluster analysis (CA) were performed as quantitative and
independent methods for classification of groundwater sam-
ples and to correlate between the chemical parameters and
groundwater samples. Multivariate statistical analysis utilizes
normally distributed data [30]. The data for most chemical
parameters are positively skewed. The data varied between
0 and +2. Only values within the range of -2 to +2 showed
a normal distribution [31], F~, Na*, K*, NO,~, CO;*", and
pH were not found to be normally distributed (Table 2).
The data were then log-transformed so that it will be normally
distributed Prior to the multivariate analyses, all the param-
eters were standardized by subtracting the mean value and
dividing by the standard deviation of parameters [16]. Dis-
criminant analysis was applied to characterize and categorize
the water quality into exclusive and exhaustive groups based
on the relationship between dependent variable and inde-
pendent variables [32]. Linear combinations of independent
variables will discriminate the groups to minimize the mis-
classification error [33]. DA was applied on the raw data using
forward stepwise methods to determine the most significant
variables that highly influenced groundwater quality [34].
For the classification of variables based on the similarities
within a class and heterogeneity between the classes cluster
analysis was applied on the normalized dataset by means
of the Ward method [35]. Hierarchical agglomerative cluster
analysis (HACA) was mostly used where clusters were formed
sequentially, by starting from the most similar pair of objects
and forming higher clusters [36]. The dendrogram provides
a visual summary of the clustering process, presenting a
picture of classes and their proximity. In this study, the
degree of association of relationship between two variables
was summarized using Pearson’s correlation analysis [30].

The values of correlation varied from +1 to —1. Where +1
indicates strongly positive correlation, —1 represents strongly
negative correlation, and 0 means no linear correlation.

2.6. Identification of Salinization Zones. Geographical infor-
mation system (GIS) and geostatistical techniques provide
an integrated tool to investigate the spatial distribution of
EC, Na*/Cl™, Mg®"/Ca**, and CI"/HCO, ionic ratios. The
spatial distribution maps of each ratio, EC, and SAR were
generated using the ordinary kriging method, which is one
of the best interpolation methods in ARCGIS geostatistical
extension [22]. Ordinary kriging is a method for linear
optimum appropriate interpolation with a minimum square
error of the un sampled location, based on the following [37]:

Z" (x0) = ZnAiZ (x:) (1)
in1

where Z*(x,) is the estimated value at location x,, # is the
number of the points, Z(x;) is the known value at location
x;, and A; is the kriging weight. The basic geostatistical tool
for modelling the spatial autocorrelation of a regionalized
variable is the semivariogram, which measures the average
degree of dissimilarity between the unsampled values and the
nearest data values [38]. The experimental variogram’s value
for a separation distance of h is half the average squared
difference between the value at Z(x;) and the value at Z(x;+h)
[39]:

n(h)
Y12 (x) - Z(x; + B)), )

i=1

1

y(h) = i

where n(h) is the number of data pairs within a given class of
distance and direction. The best fitting variogram model has
been chosen by calculating the experimental semivariogram
and fitting alternative semivariogram, using cross validation.
The nugget/sill ratio and the root-mean square error (RMSS)
were applied to provide accurate prediction in semivari-
ograms.

Based on Table 1, the exponential model was chosen as
the fitted model for Ca/Mg, Na/Cl, CI/HCO;, and EC. The
nugget/sill ratio varied between 30 and 60% and the RMSS
values ranged around one, implying that there is a relatively
insignificant bias and a good estimation of prediction vari-
ability.



The Scientific World Journal

L1 ae 90°S Tye 200 €L°0 60°S ST’ (4! 90°0 08¢ 18°%1 961 9T’¢8 190°0
66°0 60°0S £7001 SLET 6€ 60 8681 1'8t¢ (474 ¥ €T VLT 6Ty STyl 6
89T 689 809 185 780 88°0 8¢S 899 (443! 80 610 S8°01 S's 16'C8 850
L0°0 Pyl 6'8% 8T'T8 L6'TT 60°0— 90T SoF ¥'8L €691 10T €0°01 69°¢€ 199 9L1
780 1854 99'88 620T €LT S0°0 8'S0T 6'¢€T ¥'vee (A 00°S 99°9% 0TS 9¢ €rel
Se'0— 19¢ 8'¢Pl 8'S¥C 0°6€ 170 ¥S6S | §rat LyeT €0°¢y 60°0 8€°9C L'TTT G81 S8y
€10 STo 790 171 STo 600 €0 9¢°0 901 1o 8¢ ¥€0 650 LST 10
80°0 8¥%'¢ce 7801 9ot SLS €0 6879 9T19 01 S0 8€'0— ST9¢ LL STyl S0
00T 6901 6'CLY S9L (013 €0'T 6141 iiad S8L SLST ¥8'1 611 60% 096 STt _‘00H
L0V ¥'¢9 £0°S8 STy 0¢ 9¢’0 ]! 96'C8 (114} 0s €50 96T 7'c8 0sT ST f0D
S50 6CT ¢ 96'S LT SO'T 96°0 LE'T 6Ty €IT Sv'0 W1 se'e L9°9 9T1 oa
¥L0 G681 €686 44°18 S679 sv'o L'STS 9'THSI w¥e L'EY6 8¢'T ¥61 ¥'689 1971 S0rv Sd.L
120 6'9¢T 8LecT 6€0T 8'188 70 7'S69 7'920T 0TI¢ 89¢I S9'T Ul 9v¢6 1661 €879 od
9TC 10 789 L9L SS9 €0°0 €0 86'9 [4y Ly'9 €€°0 0 w69 YL %S9 Hd
LET 0T 0T Svee 61 80°0— 60 €€°0C S9'1C S0°61 180 (44! €661 SL'€T 811 armjeraduray,
SSOUMMS as URIA XeIA UTA SSOUMS as U "XeIA U SSOUMNS as ueIN “XeJA U S
¢ sse[D T SSE[D I sse[D

‘ure[q [oqeg-jowry jo sojdures 1ayempunoid ¢G1 oy 10j sisA[eue [eor3sness 2ANdLIdsa(T i A19V],



160

140 -

120

100

80

Dissimilarity

60 -

40 A

20 A

N =T T B

Class 2 Class 1 Class 3

(a)

The Scientific World Journal

1000 7

100 -

Concentration (meq/L)

10 ; ; ; ; .

HCO;, SO, Cl Mg Ca Na
Parameters
—&— Class 1
—@— Class2
—- Class 3

(b)

FIGURE 3: (a) Dendogram of the cluster analysis; (b) Schoeller diagram of the threea groundwater cluster.

3. Results and Discussion

The cluster analysis classified the groundwater samples into
three general classes, namely, C,;, C,, and C;, using clus-
ter analysis based on the similarities among the chemical
parameters involved in the groundwater quality on the
plain (Figure 3(a)). The level of significance of the chemical
parameters of sodium, magnesium, calcium, chloride, and
electrical conductivity was determined by discriminant anal-
ysis according to spatial variation of the sampling wells in the
study area.

The samples in classes C; and C; had a similar anionic
composition that was dominated by HCO;~ with abundance
orders of HCO;™ > CI™ > SO42_ (meq/L) (Figure 3(b)). The
samples in clusters C; and C; had a cationic composition
that was dominated by Ca** and Mg”", respectively, with
abundance orders of Ca** = Mg®" > Na* (meq/L). Therefore,
the chemical compositions of these classes were characterized
by the Ca-Mg-HCO; water type. The samples in cluster one
represented the freshwater type due to the mean concentra-
tions of TDS of around 686 mg/L and EC about 939 yS/cm,
whilst the C; water samples tended to brackish be water
(average TDS =1004 mg/L and average EC =1372 uS/cm). The
samples in the second cluster showed a different ionic com-
position that was dominated by Na*, with abundance orders
Na* > Ca** = Mg*" (meq/L) (Figure 3(b)) and the anionic
composition was dominated by CI” > HCO,;~ > SO,*”
(meq/L).

Thus, their chemical composition was characterized by
the Na-Cl type, which could be supported by the mean TDS
values being greater than 1549 mg/L and an average EC of
around 2058 S/cm, which represents the brackish to saline
water type.

3.1. Hydrogeochemical Facies. The Schoeller diagram showed
that Ca®* and HCO;~ are the dominant ions in most parts
of the study area (Figure 3(b)). The majority of groundwater
samples showed Ca-Mg-HCOj;, mixed Ca-Cl and Ca-Na-
HCO;, and NaCl types. About, 71% of the groundwater
samples were characterized as Ca-HCO; type, due to the car-
bonate dissolution process and wide contact with limestone.
The groundwater type changed to Ca-Cl, Ca-Na-HCOj;, and
Na-Cl as it moved from the west and south side towards the
eastern and north-eastern sides of the plain (Figure 4(b)). The
Ca-HCOj; water, which extended in the Haraz alluvial fan and
the southern side of the Alborz Highlands, represented per-
manent hardness of the groundwater. Towards the center of
the plain, the groundwater type changed to Ca-Cl and Ca-Na-
HCO;, which indicated the slightly saline water. To the east
and north-eastern sides of the plain Na* was the dominant
cation, while CI~ was the dominant anion. The groundwater
samples were classified as Na-Cl type, which represented
the saline water type. The spatial distribution map showed
that the groundwater type gradually changed from freshwater
on the south and western sides to saline water on the north-
eastern side of the plain (Figure 4(b)).

3.2. Correlation of Major Ions. In general, the groundwater
was found to be slightly acidic with pH values varying from
minimum 6.41 to a maximum of 7.67 especially on the
southern side (class 1) where it was covered by carbonate rock
formations. Naturally, rainwater is slightly acidic [40], due to
the reaction with carbon dioxide in the atmosphere, thereby
making the rainwater slightly acidic, according to (1) (Table 1):

H,0 + CO, — H,CO; (Carbonate Acid) (3)
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area.

The carbonate acid in the water could be breaks down based
on (4), producing (HCO;) and H:

H,CO,; «— HCO; +H"
, (4)
HCO; «— H" + CO,*

The alkalinity of water is the measure of its capacity for
neutralization [41], which is represented by the bicarbonate
(HCO;™). HCO;™ was the dominant anion, which varied
from a minimum of 182.5 mg/L to a maximum of 1065 mg/L
in the study area. The concentration of HCO;~ showed spatial
variation, due to the existence of carbonate rock in the
recharge area.

Significant differences were observed in the total dis-
solved solids, where the TDS values vary from a minimum
of 414 mg/L (from class 1) to a maximum of 2441 mg/L (from
class 2). The large variations of the EC and TDS in the ground-
water were dependent on the geochemical processes and the
anthropogenic activities, such as the application of fertilizers
and seawater intrusion in the study area.

The high values of TDS concentration represented a high
concentration of dissolved ions in the groundwater samples,
which strongly correlated with the EC values (r = 0.985;
P < 0.05), CI” concentration (r = 0.719; P < 0.05), and
Na values (r = 0.853; P < 0.05) (Table 3). The strong
correlation between TDS, EC, Na, and CI” showed that these
ions could be derived from the same source. Moreover, there
was a significant correlation (r = 0.737; P < 0.05) between Na
and CI, which indicated that groundwater salinity in the plain
may have originated from three sources seawater intrusion,
evaporated deposits, and fossil saline water entrapped in
the sediments. From the analysis of the major ions, it was
observed that Ca®* and Mg®* were the dominant cations, with
the exception of samples belonging to class two, which were

characterized by a high concentration of Na* and K. The
calcium concentration was as high as 175 mg/L and as low as
20 mg/L.

High calcium concentration might have originated from
calcite and dolomite weathering or silicate rock dissolution.
Ca®" and Mg®" constitute the possible sources of hardness,
which were common in the limestone areas.

The groundwater hardness showed a strong correlation
with Ca** (r = 0.746) and Mg** (r = 0.775), which
reflected that they originated from the same sources. The con-
centration of potassium in the groundwater samples varied
from 0.58 to 82.9 mg/L on the plain. Although, high potas-
sium concentrations have been derived from anthropogenic
sources, such as potash feldspar in the agricultural lands,
which were mostly observed in the central part of the plain,
the weak correlations between K" and other major ions sug-
gested that potassium mostly originated from k-feldspar or
k-bearing minerals (Table 3) [2].

3.3. Ionic Ratio. Calcium and magnesium were the dominant
cations and bicarbonate was the dominant anion in wide
areas of the western, eastern, and central sides of the plain.
The abundance of Ca** and Mg** in the groundwater could
be related to the presence of carbonate rock in the basin,
while weathering of carbonate and silicates may contribute
Ca®" and Mg”*" in the groundwater. The dissolution of
calcite and dolomite can be shown by the groundwater’s
Ca®*/Mg”" molar ratio. A Ca’*/Mg** molar ratio that is
equal to one indicates dissolution of dolomite rocks [42],
while a greater ratio may represent a more dominant calcite
contribution from the rocks. A Ca**/Mg*" ratio, greater than
2, may represent the dissolution of silicate minerals into the
groundwater [43]. Whilst 59% of the groundwater samples
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FIGURE 5: Distribution of ionic ratios for major groundwater ions from the study area.

had A Ca**/Mg** ratio between 1 and 2, which indicated that
the dissolution of calcite 38% of the samples had a higher
ratio than 2, which showed the effect of silicate minerals
that contribute calcium and magnesium to the groundwater
[42]. Only a few samples (around 2.6%) were indicative
of the dissolution of dolomite with Ca**/Mg** ratio <1

(Figure 5(a)). The spatial pattern in the ratio of calcium
and magnesium showed the variation from the south to
the central and eastern parts of the plain (Figure 6(a)). The
ratio was the highest towards the Alborz Highlands on the
southern side, due to the increase in calcium concentration
through the weathering of silicate and carbonate rocks in
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FIGURE 6: Spatial distribution of (a) Ca/Mg ratio, (b) CI/HCO; ratio, (c) Na/Cl ratio, and (d) electrical conductivity, of groundwater in Amol-

Babol Plain.

the recharge area. The ratio decreased with the distance
from the weathering zones towards the discharge area in
the Caspian Sea (Figure 6(a)). The dissolution of carbonate
minerals could be represented in the following reactions ((5)
to (8)) in natural systems [44]:

CaCO, (Calcite) + H,CO; — Ca** +2HCO;~  (5)

CaMg(COs3), (Dolomite) + H,CO5

R ) B (6)
— Ca”" + Mg™" +4HCO;,

CaCO, + H,80, — Ca** + S0, + H,CO;,  (7)

CaMg(CO,), + 2H,S0,

(8)
— Ca®" + Mg®" + 280, + 2H,CO,

Dissolution is a simple and common weathering reac-
tion in carbonate rocks [45]. It is specified by the 1:2
ratio of Ca®*/HCO,", and 1:1 equivalent ratio of Ca*" +
Mg**/HCO,", in the groundwater. The mean value of
Ca?*/HCO, ratio was 0.79, which was near the 1:2 ratios
and represented the significance influence of dissolution in
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the carbonate rocks. The Ca** + Mg®*/HCO, ™ mean ratio in
the groundwater was 1.38 that is also near to 1:1 equivalence
ratio, representing that around 61% of the bicarbonate is
related to calcium and magnesium. The lower value of Ca** +
Mg**/HCO;~ was observed in about 5% of the samples
that indicative of other sources of HCO; such as silicate
weathering in the study area. Around 34% of samples showed
the higher ratio of Ca®* + Mg** to HCOj, that represents that
the excess of Ca’>" and Mg”* has been balanced by Cl~ and
SO,*". The plot of Ca** + Mg** versus HCO, ™ +SO,*” will be
near to 1:1line if Ca**, Mg**, $O,*”, and HCO, ™ are derived
from the dissolution of calcite, dolomite, and gypsum. If ion
exchange is the dominant process, the data points tend to shift
to the right due to excess of SO,*”+HCO; . The ion exchange
reaction may be explained as follows:

1 1
ECa - Clay, + Nat — ECa2+ + Na — Clay 9)

If the points were above the median line, a reverse ion
exchange was the active reaction for the excess of Ca*" +
Mg”" over SO,*” + HCO,", which could be represented by
the following reaction:

1 1
Na - Clay + ECa2+ — Na' + ECa - Clay, (10)

The average ratio of Ca** + Mg?*/HCO,™ + SO,*” was 1.09.
Based on the plot, the majority (73.6%) of samples were
scattered close to the 1:1line, indicating that an excess of Ca®*
and Mg”" in the groundwater may be due to the dissolution
of calcite, dolomite, and gypsum.

Moreover, around 14.7% of the samples fall above the
median line, indicating that reverse ion exchange tended
to be the dominant reaction over ion exchange, which was
responsible for the higher HCO, ™ and SO,>” concentration
in the groundwater (Figure 5(b)).

The plot of Ca** +Mg" versus Cl~ and Na*/Cl” versus Cl
clearly indicated that the salinity increased with a decrease in
Na*/Cl” and an increase in Ca®" + Mg**, which may be due
to reverse ion exchange in the clay/weathered layer (Figures
5(c) and 5(d)).

The aquifer matrix may adsorb dissolved sodium in
exchange for bound Ca** and Mg”". Na* was a dominant
cation and Cl” was a dominant anion on the east and north
eastern side of the plain, which were mostly classified as the
second cluster group. The high concentration of sodium and
chloride in the groundwater could be related to the weath-
ering of silicate rocks, the evapotranspiration process and/or
seawater intrusion.

The CI" /HCO; " ratio may show the influence of saliniza-
tion due to the seawater mixing to the groundwater. The ratio
of CI" /HCOj; versus Cl ranged from 0.02 to 3.09 and showed
a strong positive linear relation to the CI™ concentration (r =
0.89, P < 0.01) (Figure 5(e)). About 80.7% of groundwater
samples showed Cl'/HCO;™ ratios lower than 0.5, which
means the groundwater was unaffected or freshwater.

The remaining samples fell between the ratios of 0.5-
6.6 CI/HCO; which showed that the water was slightly or

1

moderately affected by salinization. The spatial distribution
map of CI"/HCO;" ratio indicated that the unaffected water
mostly covered the south and western side of the plain.
However, salinization influenced the groundwater towards
the east and north-eastern side of the study area, which was
suspected to be affected by fossil saline water (Figure 6(b)).

The relationship between Na*-Cl~ has been used to
identify the process that controls the salinity and saline
intrusion in arid and semiarid areas [2, 46]. The origin of
sodium concentration can be from different processes in the
groundwater. The average molar ratio of Na*/Cl™ was 1.70
in the study area, which indicated higher Na* values than
the CI” (Figure 5(f)). The majority of the samples showed a
Na'/Cl ratio equal to or greater than 1 that may represents
sodium, which had been released from the silicate weathering
process. Silicate weathering is the reaction of the feldspar
minerals with the carbonate acid in the water, which is
specified by bicarbonate as a dominant anion in the ground-
water [47], similar to the Amol-Babol Plain (Figure 3(b)).

Halite is a dominant source of Na* and CI” in the
groundwater; the molar ratio varies spatially as a result of
the cation exchange [48]. The availability of free halite for
dissolution in the soil zone may increase in the arid and
semiarid regions with low annual precipitation of less than
<600 mm [49]. The ratio of Na"/Cl™ being equal to one
indicated that halite dissolution could be responsible for the
sodium concentration in the water samples. Based on the
spatial distribution map of the Na*/Cl™ ratio, the majority
of the study area was covered with a ratio greater than 1.5,
which indicated the role of silicate weathering as the source of
sodium in the study area (Figure 6(c)). Limited zones on the
eastern side near the Babol and Ghaemshahr City represent
a ratio near to one. Groundwater salinity may also relate
to the formation of salt layers by leaching from the soil
surface during evaporation in a semiarid climate. In the plot
of Na*/Cl” versus EC, the Na*/Cl~ showed a decreasing trend
with increasing EC along with a higher a Na*/Cl™ ratio in
class 1, which indicated that the Na* originated from the
silicate weathering process (Figure 5(d)).

Moreover, most of the samples belonging to classes 2
and 3 were plotted parallel to the electrical conductivity axis
(Figure 5(d)) thereby indicating the role of evaporation and
evapotranspiration to increase sodium concentration.

The electrical conductivity increased gradually from the
west and the south to the north-eastern side of the plain
(Figure 6(d)). The suspected area for the evaporation process,
which was mostly covered with classes 2 and 3, showed
the greater values of electrical conductivity. The silicate
weathering process was found on the south and western side
of the plain, which were monitored by the sampling well from
class 1 (Figure 6(d)).

3.4. Gibbs Plot. Several factors control groundwater chem-
istry, which can be related to the physical situation of the
aquifer, bedrock mineralogy and weather condition. Gibbs
(1970) suggested TDS versus Na"/Na* + Ca** for cations and
TDSversus Cl”/(Cl"+HCO,; ") for anions to illustrate the nat-
ural mechanism controlling groundwater chemistry, includ-
ing the rainfall dominance, rock weathering dominance,
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TABLE 4: Statistical summary of saturation indexes of minerals in groundwater using PHREEQC.

Anhydrite Aragonite Calcite Dolomite Gypsum Halite
Class 1
Min. -4.239 —-0.437 —-0.289 -1.005 —4.014 —8.348
Max. -1.500 0.577 0.725 1.034 -1.268 —6.560
Mean -1.996 -0.076 0.072 -0.096 -1.759 —~7.437
Cv 0.215 0.030 0.030 0.133 0.216 0.192
SD 0.464 0.174 0.174 0.365 0.464 0.439
Class 2
Min. —4.170 -0.277 —-0.129 —-0.403 -3.931 —-7.021
Max. -1.488 0.457 0.605 0.821 -1.254 —5.228
Mean -2.363 0.080 0.227 0.303 -2.127 -5.882
Cv 0.589 0.036 0.036 0.135 0.587 0.216
SD 0.767 0.189 0.189 0.367 0.766 0.465
Class 3
Min. -2.329 -0.497 -0.350 —-0.968 -2.093 -7.560
Max. -1.471 0.290 0.438 0.539 -1.235 —5.953
Mean -1.723 -0.075 0.072 -0.042 -1.486 -6.780
Cv 0.031 0.023 0.023 0.100 0.031 0.167
SD 0.177 0.151 0.151 0.316 0.177 0.409

and evaporation and participation dominance. Based on the
Gibbs diagram, the entire samples plotted fell into group one
and 60% of the samples of group three may have been influ-
enced by rock weathering reaction (Figure 7). The chemistry
of all the samples belonging to class two and around 30% of
samples from class three were controlled by the evaporation-
precipitation dominance field (Figure 7). It seems that the
ion chemistry of fresh groundwater (class 1 and most of
class 3) generally related to carbonate and silicate weathering
process on the south and west side of the study area.
However, evaporation was the secondary factor that mostly
control the groundwater chemistry in the north-eastern part
where the class 2 sampling wells were situated.

3.5. Saturation Index. The interaction between the ground-
water and rocks controls the geochemistry of the groundwa-
ter. The mineral equilibrium calculation can predict the ther-
modynamic control on the composition of the groundwater
that has equilibrated with various minerals [50]. The satu-
ration index was applied to predict the reactive mineralogy
of the subsurface from the groundwater sample data without
collecting the samples of the solid phase and analysing the
mineralogy [50]. The saturation index (SI) was calculated
using the computer geochemical program PHREEQC for
groundwater samples [51], which can be defined as

IAP
SI = log< > ) (11)
where IAP is the Ion Activity product and K is the equilib-
rium constant. Equilibrium is indicated when SI = 0; the
groundwater is supersaturated when SI > 0, which shows
that precipitation is needed to achieve equilibrium. If SI <
0, the groundwater is under saturated; this indicates that

dissolution is required to reach equilibrium.

The first and third groups showed slightly different behav-
iour from class 2 with respect to their carbonate minerals
(Table 4). In classes 1 and 3, groundwater was supersaturated
compared to the calcite and less saturated when com-
pared to the dolomite and aragonite. In class 2, groundwater
was supersaturated with calcite, dolomite, and aragonite.

The super saturation of groundwater with these carbonate
minerals suggested that these carbonate minerals were the
main components in the host rock. However, the lower
saturation of these minerals has influenced the chemical
composition of the groundwater. The evaporated minerals
including, halite, gypsum, and anhydrite were under satu-
rated in all groups, indicating that the soluble component
Na*, CI”, Ca**, and SO,*" concentration was not limited by
mineral equilibrium [4].

4. Conclusions

The integration of statistical approaches and geochemical
methods were applied to investigate the regional factors and
processes governing the chemical composition of ground-
water on the Amol-Babol Plain. In general, the dominant
hydrogeochemical facies of groundwater were the Ca-HCO,
type, which covers large parts of the western, southern, and
central sides of the plain, and changes to the Ca-Cl and Ca-
Na-HCO; types on the centre and the east side and Na-Cl
type on the north-eastern side of the study area. The ground-
water chemistry was mainly controlled by the weathering
of minerals. Water rock interaction, including dissolution of
carbonate mineral and silicate weathering, was the major
hydrogeochemical processes that affect the groundwater
hardness on the Amol-Babol Plain. The excessive sodium
concentration could be due to the weathering of silicate
rocks on the south and western sides of the plain, whereas
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FIGURE 7: Gibbs plots explain groundwater chemistry and geochemical process in the study area.

evaporation was the dominant process in addition to the
chloride on the east and north-eastern sides of the study area.
Based on the hierarchical cluster analysis of sampling wells,
samples of the first and third classes, which were distributed
on the west, south, and central sides, represent the fresh-
water type. The Gibbs plot indicated that the hydrochemistry
of these groups were mainly influenced by the rock domi-
nance, including carbonate and silicate rocks weathering. The
groundwater type of second class gradually changed to saline
water towards the north-eastern side of the plain. The Gibbs
diagram clearly displayed the role of the evaporation process
in the groundwater chemistry of the second group. The
groundwater samples were saturated with respect to calcite
and dolomite in all three groups, and were under saturated
with respect to halite and gypsum minerals. Special manage-
ment could be suggested for the salinity control in the areas
with saline water, which were specified by spatial distribution
maps in the ArcGIS environment.
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