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Abstract The geochemical processes controlling chemi-

cal composition of groundwater are studied using hydro-

chemical and isotopic data in Abdan-Dayer coastal plain,

south of Iran. The salinity of groundwater in the coastal

plain ranges from 1,000, a fresh end-member, to more than

50,000 lS cm-1, a saline end-member. Groundwater

salinity increases from the recharge area toward areas with

a shallow water table close to the Persian Gulf coast due to

direct evaporation and sea water intrusion as confirmed

by mixing binary diagrams, stable isotope content, and

Br-/Cl- ratio. Groundwater flow pattern in the study area

has been modified due to over-pumping of groundwater in

recent years which resulted in further saline water migra-

tion toward fresh water and their mixing. The maximum

mixing ratio is estimated about 15% in different parts of the

study area according to chloride concentration.

Keywords Hydrochemistry � Mixing � Coastal aquifer �
Salinity � Iran

Introduction

Coastal aquifers are the subsurface equivalents of coastal

areas where continental fresh groundwater and seawater

meet (Post 2005). Over-pumping of groundwater in coastal

areas to meet the growing population demand for fresh

water increases the effect of salinization processes. Fur-

thermore, coastal areas in the arid and semi-arid conditions

have higher vulnerability to salinization. Most of the

coastal aquifers in Iran are situated along the northern edge

of Persian Gulf characterized by arid and semi-arid climate

conditions. These aquifer systems mostly show an unbal-

anced water budget. In addition, over-pumping in these

coastal aquifers has resulted in groundwater quality dete-

rioration. Growing demand for fresh water in coastal areas

and the lack of resources other than groundwater in these

areas make the coastal aquifers management a complicated

task, due to processes affecting the groundwater quality

and quantity.

Variation of chemical contents of groundwater in a

coastal aquifer is investigated in this study. The chemical

contents of water results from three factors: (1) the type of

rock, (2) the chemical condition of water, and (3) the flow

condition (Backalowicz 1994). As a result of these factors

numerous chemical reactions produce chemical constitu-

ents in groundwater measured as groundwater quality or

salinity (Hem 1985; Richter and Kreitler 1993; Drever

1982; Appelo and Postma 2005). Generally, salinization of

groundwater may result from numerous processes such as

intrusion of sea water, migration of saline water, evapora-

tion, dissolution of minerals, mixing and pollution resulting

from industrial, municipal, and agricultural activities

(Vengosh and Rosenthal 1994; Petals and Diamantis 1999;

Zammouri et al. 2007; Kouzana et al. 2009).

This study attempts to investigate the main processes

controlling the groundwater hydrochemistry in Abdan-

Dayer coastal plain, in South of Iran. Degrading of

groundwater due to increase of salinity in the study area

causes some problems for farmers. The study area is of

particular importance as an active agricultural zone in

Bousheher Province, South of Iran (Fig. 1). The results will

provide essential guidelines for an optimum manage-

ment of groundwater protection and pumping in the study

area.
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Geological setting

Groundwater aquifer in the study area comprises quater-

nary alluvium which is surrounded by Namak Anticline

(mainly limestone) to the north and north-west and Derang

Anticline (mainly sandstone) to the south (Fig. 1). The

southern part of the plain is in contact with Persian Gulf.

Structurally, the plain is a part of the Zagros Mountainous

Region. The Zagros Mountainous Region is one of the five

major structural zones in Iran (Alavi 2004). The general

geology and stratigraphy of the Zagros Region has been

described in detail by Stocklin (1968) and Alavi (2004).

The geological formations in decreasing age are Bangestan

Group (Cretaceous), Pabdeh-Gurpi (Late Paleocene-

Eocene), Asmari-Jahrom (Paleocene-middle Eocene),

Gachsaran (early Miocene), Mishan (early to middle

Miocene), Aghajari (late Miocene-Pliocene), Bakhtiari

(upper Pliocene), and recent quaternary alluvium (Fig. 1).

The Bangestan Group (Bg in Fig. 1) comprises bituminous

shale and limestone, and outcrops in the core of the Namak

Anticline. The Pabdeh-Gourpi (Pd-Gu in Fig. 1) Formation

contains calcareous shale and gray marl and acts as a

hydrogeological barrier. The Asmari-Jahrom (As-Ja in

Fig. 1) and Gachsaran (Gs in Fig. 1) formations are the

most important geological formations in the study area.

The limestone terrain of the Asmari-Jahrom formation has

a known potential for groundwater storage. The Gachsaran

Formation comprises marl, gypsum, anhydrite, and salt

where outcrops in the northern parts of the studied plain.

The Mishan (Mn in Fig. 1), Aghajari (Aj in Fig. 1), and

Bakhtiari (Bk in Fig. 1) formations mainly contain marl,

sandstone, and conglomerate, respectively. The Namak

anticline mainly comprises limestone layers of Asmari-

Jahrom Formation and Bangestan Group while sandstone

layers of the Aghajari Formation outcrops in the Derang

Anticline.

The distribution and spatial variation of alluvial sedi-

ments (Q in Fig. 1) in the study area are investigated based

on the geophysical studies and geological logging through

3 exploration and 17 observation wells (Bousheher Water

Fig. 1 Geological map of the study area including sampling points
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Authority 2005; Sharifzade 2009). The exploration studies

defined an alluvial aquifer 100-m thick. A coarse sediment

cover of up to 35 m thickness is laid on the upper parts of

the aquifer. Generally, the sediments have coarse-sand size

close to mountains, especially in northern margin of the

plain changing to finer size in deeper and middle parts of

the plain. The Bakhtiari Formation is the bed rock of

alluvial aquifer in a syncline form.

Hydrogeological setting

Abdan-Dayer plain with an area of 370 km2 behaves as a

single unconfined aquifer. The Average transmissivity of

this unconfined aquifer is 2,500 m2 day-1 (Bousheher

Water Authority 2000) and hydraulic gradient ranges from

0.0015 to 0.0038. Topographical surface dip is gentle

toward south (Persian Gulf coast) with a slope of about

1–2%. Water table elevation ranges from 10 to -3 m rel-

ative to sea level, suggesting a hydraulic potential for sea

water intrusion. However, it lowered about 10 m during

1999–2009 (Sharifzade 2009). Because of over-pumping in

two parts (i.e., well fields) of the study area, namely Abdan

and Lombedan villages (Fig. 1), groundwater level draw-

down in these two locations is relatively high compared

with other parts of the plain. Depth to groundwater table

varies from \5 m in southern margin close to the Persian

Gulf coast to more than 30 m in the northern-west margin

of the plain. The regional groundwater flow in the studied

aquifer is unusual and does not mimic the surface topog-

raphy due to excess pumping through production wells

which are concentrated in two well fields in the study area

(Fig. 2). The regional groundwater flow in left part of the

studied plain is from the southern margin to the north and

north-west, based on potentiometric map (Fig. 2). The

groundwater also has potential to flows from the sea coast

to the aquifer. The Asmari-Jahrom limestone formations of

Namak Anticline (Fig. 1) could recharge the aquifer

through the northern boundary (Bousheher Water Author-

ity 2000).

Fig. 2 Isopotential map in the study area (Oct. 2008)
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Sampling and analysis

Sampling sites include two types of well: observation wells

(denoted as OW in Fig. 1 and Table 1) and production

wells (denoted as PW in Fig. 1 and Table 1). Samples for

major ion analysis were collected from 16 observation

wells, 53 productions wells, and 5 springs. Sea water

samples were also collected on October 2008. Samples

were tightly closed in 150 ml bottle after sampling. Water

temperature, pH, and electrical conductivity (EC) were

measured in the field by portable ELE instruments and

major ions of water samples (Na?, K?, Ca2?, Mg2?, Cl-,

HCO3
-, CO3

2-, SO4
2- and NO3

-) were analyzed at lab-

oratory. Calcium and Magnesium were measured by titra-

tion with EDTA, sodium and potassium were determined

by flame photometry, chloride and sulfate were determined

by turbidimetric methods, and bicarbonate was deter-

mined by titration with HCl. The quality of the analyses was

evaluated using the ion balance (IB) equation as below:

IB ¼ ðsum of cations � sum of anionsÞj j
ðsum of cations þ sum of anionsÞ

� �
� 100 ð1Þ

where cations and anions are expressed in meq/l. All

analyses were subjected to a less than 5% error (Table 1).

The Br concentration was measured in 14 samples by ICP-

MS method (Table 1) and 19 representative samples were

collected for stable isotope analysis (d18O and d2H). The

isotope analyses were reported in % versus Vienna stan-

dard mean ocean water (VSMOW) shown in Table 1.

Geochemical properties and salinization processes are

interpreted as a result of using conventional graphical and

Arithmetic methods such as Piper diagram, composite

diagram, mixing estimations, and ionic deviation. The

PHREEQC code (Parkhurst and Appelo 1999) was used to

perform speciation and saturation index calculations (e.g.,

saturation state with respect to calcite, dolomite, gypsum,

and halite).

Results and discussion

Chemical composition of groundwater

Results of hydrochemical and isotopic analyses are repor-

ted in Table 1. Groundwater temperature ranges from 20 to

24�C which is 6–10�C lower than ambient air temperature.

All water samples measured in the field exhibited a pH

range from 7.1 to 8.8. Values from wells are slightly

alkaline[8. Water samples show a wide range of variation

in EC values (from 1,000 to 50,000 lS cm-1) as well as

chloride concentration (from 63 to 21,000 mg l-1). Most of

the water samples could be considered as intermediate state

of two end-members based on the chloride content as well

as EC value including: fresh (Cl \ 300 mg/l) and saline

end-member (Cl [ 1,800 mg/l). The fresh water samples

are attributed to north and north-west margin of the plain.

The saline groundwater samples are located in the southern

and central parts as well as close to the coastal areas. Other

samples are approximately distributed between these end-

members.

Two end-members for the chemical facies are evident

through plotting of the Piper diagram: Na–Cl and Ca–Mg–

SO4 facies (Fig. 3). However, some of samples are distrib-

uted between them. The spatial distribution of Ca–Mg–SO4

facies in the study area, mainly fresh water samples, matches

with the outcrops of Gachsaran Formation containing

gypsum and anhydrite minerals. On the other hand, samples

of Na–Cl facies correlate with the shallow groundwater and

the areas close to the sea coast.

Saturation index with respect to Calcite (SIC), Dolomite

(SID), Gypsum (SIG), and Halite (SIH) range from 0.3 to

1.4, 0.7 to 3.2, -0.9 to 0.1, and -7.5 to -2.6, respectively

(Fig. 4). All samples are supersaturated with respect to

calcite and dolomite. There is a potential for precipitation

of calcite and dolomite in the study area. The higher con-

centration of Cl- correlates with the higher SIG and SIH

values suggesting more dissolution of gypsum and halite in

groundwater (Fig. 4).

Isotope composition of groundwater

Oxygen and hydrogen isotope ratios of the water samples

relative to SMOW (d18O and d2H) range from -0.06 to

-4.65% and from -36 to 10.8%, respectively (Table 1).

Stable isotopic composition of samples is compared with

eastern Mediterranean water line (EMWL) and global

meteoric water line (GMWL) in Fig. 5. Most of the sam-

ples plot around the EMWL suggesting a Mediterranean

meteoric source for groundwater. Comparison of isotope

composition of the water samples shows enrichment from

-3.6 and -7.9 in fresh waters (EC\5,000 lS/cm) to -2.7

and -5.1 in saline water (EC more than 5,000 lS/cm) for

d18O and d2H, respectively. High chloride content of the

samples in saline water samples is in agreement with d18O

enrichment (Table 1).

Salinization processes

Spatial distribution of EC and the chemical and isotopic

composition of groundwater were used to differentiate the

salinity sources. The high values of EC correspond to the

areas characterized by shallow water table. In contrast,

groundwater samples collected from the areas close to

Abdan and Lombedan villages have low EC (Fig. 2). The

variation of EC values along the groundwater flow paths is

interesting and unusual. Although increasing of EC values
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as a representative of ions concentration along groundwater

flow paths is an accepted general rule in groundwater

studies, reverse trend can be caused by mixing of different

waters. The spatial variation of other chemical variable,

such as TDS, TH, and concentrations of Cl and Na follows

the same pattern as EC.

Fig. 3 Piper diagram for the

water samples collected in Oct.

2008
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Fig. 4 Plot of saturation index

with respect to common

minerals versus concentration of

Cl-
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Hydrogeologically, the recharged fresh water from

Asmari limestone layers in the Namak Anticline may be

mixed with saline groundwater which migrates from

southern part of the plain (Fig. 2). In addition, groundwater

quality may be affected by direct evaporation and perhaps

sea water intrusion due to shallow groundwater depth and

potential hydraulic gradient from sea toward the studied

aquifer.

The relationship between Na?, Ca2?, Mg2?, Br-, NO3
-,

and HCO3
- versus Cl- can be used to demonstrate

chemical variation in samples as a result of contribution of

hydrochemical processes (Sami 1992; Vengosh and

Rosenthal 1994; Faye et al. 2005). All samples are dis-

persed between two poles (end-members) and follow a

linear trend almost in all composite diagrams (Fig. 6).

Interestingly, this trend is not evident for NO3
- (Fig. 6f),

most probably due to the use of nitrogen fertilizer in the

agricultural lands. The concentration of NO3 was\10 mg/l

in all samples and its maximum values were matched with

spatial distribution of agricultural activities (Sharifzade 2009).

The concentration of HCO3
- did not show an increasing trend

with increasing the concentration of Cl- (Fig. 6e). HCO3
- was

mainly driven by dissolution of carbonate minerals such as

calcite and dolomite in the presence of dissolved CO2 in

groundwater. Consequently, the concentration of HCO3
- is

10

100

1000

10000

10 100 1000 10000 100000

N
a 

(m
g/

l)

Cl (mg/l)

100

1000

10000

C
a 

(m
g/

l)

Cl (mg/l)

1

10

100

1000

100 1000 10000 100000

B
r 

(m
g/

l)

Cl (mg/l)

100

1000

10000

M
g 

(m
g/

l)

Cl (mg/l)

10

100

1000

H
C

O
3 

(m
g/

l)

Cl (mg/l)

1

10

100

N
O

3 
(m

g/
l)

Cl (mg/l)

10 100 1000 10000 100000

10 100 1000 10000 100000

10 100 1000 10000 10000010 100 1000 10000 100000

A B

DC

E F

Fig. 6 Composite diagram of

chemical constituents versus Cl

-40

-30

-20

-10

0

10

20

30

-6 -5 -4 -3 -2 -1 0 1

‰

‰

EMWL

GMWL

Fig. 5 Relationship of d2H and d18O in the studied samples with

GMWL (Craig 1961) and EMWL (Gat 1981)

Environ Earth Sci

123



nearly constant in fresh water samples and slightly decreased in

saline water samples as a result of precipitation of carbonate

minerals during evaporation.

The concentration of Na? ranges from minimum

20 mg/l to maximum 9,262 mg/l in saline water samples.

The trend of Na? and Cl- does not follow a 1:1 trend

line, suggesting the effect of additional chemical pro-

cesses other than dissolution of halite (Fig. 6a). The

concentration of Ca2?, Mg2?, and Br- increases in

different rates with increasing Cl- concentration

(Fig. 6b–d). These behaviors may be the result of dif-

ferent concentrations of these ions of the end-members

(i.e., fresh and saline water) and the effect of other

chemical processes other than mixing. The concentration

of Br- in the study area ranges from 2.9 to

150.73 mg l-1. Concentration of Br- may be enriched

due to evaporation and/or seawater intrusion (Fig. 6c).

There are several indications of mixing between two end-

members as fresh and saline sources: (1) EC values

reduce from more than 35,000 to less than 2,000 lS/cm

along flow lines (Fig. 2); (2) a linear plot of the samples

on Piper diagram (Fig. 3); (3) the linear trend between

two end-members in plots of major ions and Br- versus

Cl- (Fig. 6); and (4) the isotopic composition of the

water samples in comparison with isotopic composition

of sea water and freshwater samples (Fig. 5). In order to

find out the percentage of saline water (fs) in each

sample, estimation is made based on the linear mixture of

fresh and saline water end-members as follows:

fs ¼ ðClsample � ClfÞ=ðCls � ClfÞ ð2Þ

where Clsample, Clf, and ClS are concentrations of Cl in

mixed sample, fresh water, and saline water, respectively.

According to groundwater flow pattern (Fig. 2), sample

OW38 in western part of the area close to Derang Anticline

in Fig. 1 and seawater are considered as saline end-mem-

bers. Sample PW54 with the lowest EC is considered as

representative of fresh end-member. Solving Eq. 2 for

mixing ratio (fs) by assuming seawater and sample OW38

as saline end-members show that the maximum mixing

ratios of saline water are 8 and 15%, respectively. Chloride

was assumed as a conservative species during the mixing

processes. However, concentration of Cl- could be modi-

fied due to evaporation and environmental processes, i.e.,

irrigation return flow.

Generally, high concentration of Cl- is correlated with

high concentration of major ions, suggesting a linear

mixing between two chemically distinct end groups

(Fig. 6). However, the linear simple mixing between two

end groups (i.e., fresh and saline water) may be disturbed

by several known hydrochemical processes such as disso-

lution precipitation of minerals, evaporation, and cation

exchange. The major hydrochemical processes are dis-

cussed in the following sections.

Water–rock interaction

The lithology of the alluvial aquifer is the result of erosion

process on surrounding formations which mainly consist of

limestone, dolomite, gypsum, marl, sandstone, conglom-

erate, and partly halite. Dissolution of these minerals could

release some ions to groundwater. Therefore, the HCO3
-,

Ca2? and Mg2? may be mainly derived by water–rock

interaction in the study area. Comparison of molar content

of (Ca2? ? Mg2?) with (2HCO3
- ? SO4

2-) is used to

evaluate the contribution of dominant rock-forming min-

erals including calcite, dolomite, and gypsum (Fig. 7). It is

seen in Fig. 7 that although most of the samples plot

around the 1:1 trend, deviation of data from the 1:1 line

suggesting a process such as cation exchange which could

modify the concentration of cations in some parts of the

study area (Sami 1992).

Dissolution of halite can provide a part of Na? con-

centration in groundwater which is equal to Cl- molar

concentration. The molar content of (Ca2? ? Mg2? -

SO4
2- - 2HCO3

-) versus (Na? - Cl-) is used to esti-

mate the concentration of Na?, Ca2?, and Mg2? resulted

from the dissolution of halite, dolomite, calcite, and gyp-

sum (Fig. 8). Assuming that all Na, Ca, and Mg are

released from dissolution of halite, calcite, dolomite, and

gypsum as a geologic source, the values of (Ca2? ?

Mg2? - SO4
2- - 2HCO3

-) and (Na? - Cl-) reach a

minimum value close to zero. Figure 8 shows a deviation

from geologic source for major cations. Small depletion of

Na? in fresh water samples and enrichment of Ca2? and

Mg2? in saline water samples could be caused by cation

Fig. 7 Scatter plot of Ca ? Mg versus 2HCO3 ? SO4 of groundwa-

ter samples
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exchange process (Sami 1992; Kim et al. 2003; Wen et al.

2005).

The cation exchange often occurs in coastal aquifers

during intrusion or freshening processes (Appelo and

Postma 2005). The general cation exchange reactions are

2NaþðKþÞ þ Ca2þ � X ¼ 2NaþðKþÞ � Xþ Ca2þ ð3Þ

2NaþðKþÞ þMg2þ � X ¼ 2NaþðKþÞ � XþMg2þ ð4Þ

where X represents cation exchange sites in aquifer mate-

rials (Appelo and Postma 2005) and ions in molar con-

centration. The reverse reaction occurs when Ca-rich fresh

water flows to saline porous media. In the presence of

cation exchange processes, the molar content of (Na ? K)

and (Ca ? Mg) in samples could be deviated from line 2:1

as suggested by Sami (1992). Enrichment of Ca ? Mg in

the water samples could occur by cation exchange where

saline water flows to the aquifer and potentially sodium is

absorbed and calcium and/or magnesium are released

(Fig. 9). However, samples with high EC (i.e., saline water

samples) plot above the 2:1 line because of being not

affected by cation exchange in the beginning of the

groundwater flow path. Conceptually, saline water through

migration toward coastal aquifer not only mixed with fresh

water but also modified by cation exchange processes.

Evaporation

The aquifer in the study area is unconfined and the water

table is not deep in some parts. The evaporation from

groundwater table is mainly related to groundwater depth

and soil properties of vadose zone. The water table depth in

the saline water samples varies between 3 and 10 m which

are shallow enough for direct evaporation. The effect of

evaporation is intensified by high capillary fringe due to

fine-grained sediment in these parts of the plain. However,

the water table depth in the northern margin of the plain

(belongs to fresh water samples) is more than 30 m which is

too deep for any direct evaporation. Pan evaporation data

shows a value of 2,600 mm/year in average for the area

-0.1 -0.05 0 0.05

Fig. 8 Plot of (Ca ? Mg) - (SO4 ? 2HCO3) versus (Na–Cl) molar

ratio

Fig. 9 Plot of (Na ? K) versus (Ca ? Mg) molar ratio
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(Sharifzade 2009). Evaporation from groundwater table

could be evidenced according to two chemical indicators:

(1) enrichment in stable isotopic composition of the saline

water samples in comparison with the fresh water samples

(Fig. 5) and (2) low Na?/Cl- and Br-/Cl- ratios for the

samples mainly in the saline water samples. Generally, Br-

and Cl- are conservative and the Br-/Cl- ratio in waters

with certain sources (e.g., fresh water and sea water) is

constant. Values about 0.0015 for Br-/Cl- ratio could be

considered as the effect of seawater intrusion (Vengosh

et al. 1999). The samples in group 2 show Na?/Cl- ratios

\0.8 (Fig. 10a) and Br-/Cl- ratios\0.01 (Fig. 10b). These

low values could be considered as indicators of evaporation

from water table (Vengosh and Rosenthal 1994).

Irrigation return flow

Groundwater irrigates vast fields of tomato in western and

eastern parts of the study area close to Abdan and

Lombedan villages (Fig. 1). Therefore, groundwater is

intensively exploited by production wells in these two

specific locations. A part of the irrigation return flow

infiltrates into water table flushing the pesticides, nitrogen

fertilizers, and the salts deposited in top soil into aquifer.

The anomaly in concentration of NO3
- observed in the

area is caused by contaminated irrigation return flow

(Table 1; Fig. 6f).

Conclusions

The results of this study show that the migration of saline

water toward the fresh water has an important role in

degradation of groundwater quality in the study area. This

condition was aggravated by over-pumping of groundwater

and modification of natural groundwater flow pattern in

recent years. The mineralization of groundwater (e.g., EC)

ranges from 1,000 to more than 50,000 lS cm-1. The

spatial distribution of EC values in the study area reveals

combinations of several geochemical processes that are

responsible for chemical composition of groundwater in

the studied plain. Results emphasizes that the mixing of

saline water and fresh water is the main contribution to the

groundwater quality degradation. It must be noticed that

the expected chemical composition of mixed samples may

be modified in the presence of several chemical processes

such as cation exchange, dissolution and precipitation of

minerals, evaporation, and so on. It seems that the reduc-

tion of pumping rate could help improve groundwater

quality. As a final conclusion, understanding the processes

and factors that control chemical composition of ground-

water plays the main role in the management of coastal

aquifers.
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