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Abstract
A synchronization study among hydrochemistry, hydrochemical facies evaluation, EC observation, salinity distribution 
and groundwater flow direction has been addressed to assess river water–groundwater–seawater interactions in the 
coastal delta of southern Bangladesh. The findings show that river water, shallow groundwater and deep groundwater 
interact with seawater at various intensities within the complex dynamics of hydrochemical facies evaluation. Deep 
groundwater is intensively influenced by seawater, where shallow groundwater is moderately affected and river water 
is very negligibly affected. Major cation and anion have been plotted in the Piper diagrams and hydrochemical facies 
diagrams (HFE-D) to clarify the result. More than 60% of the water samples of the river lie on the Ca-HCO3 (or Mg-HCO3) 
facies quadrant, and more than 70% of the shallow groundwater samples and more than 95% of the deep groundwater 
samples lie on the Na-Cl facies quadrant of the HFE-D diagram. River water types are dissimilar, and approximately 82% 
of facies are characterized by freshening phases and 18% by intrusion phases. Mixed water types with predominate of 
Na-Cl were observed in shallow groundwater where the hydrochemical facies are characterized by 53 percent freshen-
ing phases and 47 percent intrusion phases. Deep groundwater hydrochemistry clearly indicates the dominant Na-Cl 
type of water in the study area where only four hydrochemical facies are observed and 78 percent correspond to the 
intrusion phases and 22 percent to the freshening phases. Both direct and reverse cation exchange reactions take place 
in shallow groundwater, where deep groundwater is predominantly characterized by reverse cation exchange reactions. 
Two end members: seawater of Bay of Bengal and freshwater, contribute to the exchange reactions in the coastal aquifer 
of the study area. In terms of nitrate contamination, river waters are affected by negligible to low concentrations, shallow 
groundwater is affected by moderate to high concentrations and deep groundwater is affected by moderate to very 
high nitrate concentrations. Dissimilarity in electrical conductivity (EC) values, variation of salinity distribution maps and 
groundwater flow direction suggest the possible interconnections among river water, groundwater and aquifer sedi-
ments. Significant concentrations of  Na+ and  Cl− ions lead to seawater contamination in groundwater, and  HCO3

− along 
with  Na+,  Ca2+,  Mg2+ in river water suggests mixing of freshwater and seawater, which could have adverse effects both 
in coastal delta aquatic life and in agriculture.
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1 Introduction

River water, groundwater and seawater interaction 
studies are often complex and difficult tasks to perform, 
particularly in complex coastal hydrogeological settings. 
The complexities are mainly due to discrepancies in 
catchment physiographic characteristics, such as varia-
tions in topography, geology, climate, river geomorphol-
ogy, as well as the positioning of river water features 
relative to groundwater flow paths in catchments, and 
the availability of sampling sites.

Geologically, the coastal delta of Bangladesh is more 
complex and dynamic than is commonly accepted. 
Coastal erosion, subsidence, strong tidal activity and 
rising sea levels are causing rapid geomorphologi-
cal changes here [1]. This dynamic geology causes the 
coastal region to have unpredictable hydrogeological 
framework. The regressions and transgressions of the 
sea and the nature of the river over the last thousands of 
years have produced a complex system of sedimentary 
deposits comprising fresh and saline water [1, 2]. Interac-
tions among river water, groundwater and seawater in 
the coastal aquifers are influenced by a variety of factors, 
such as sea level rise, coastal geology and hydrogeol-
ogy, cyclone and storm surge activity, tidal interaction, 
river navigability reduction, gradient between fresh-
water–seawater and groundwater well pumping rates. 
Rising sea levels may be one of the prime reasons for 
intrusion of seawater into the coastal aquatic system. 
Research indicates that the sea level in the twenty-first 
century could rise by one meter or more, which would 
raise the vulnerable population to about one billion by 
2050 [3, 4].

A huge number of hydrological and hydrogeological 
studies have been carried out in the Bangladesh coastal 
area. Some of the seawater intrusion studies are: Islam 
et al. [5] reported salinization and increasing amounts of 
metals are becoming a major threat in the coastal aqui-
fer of the country, Naus et al. [6] referred to palaeo- and 
current hydrological processes and their geographical 
or geological controls are responsible for the variation in 
groundwater salinity in the southwestern coast of Bang-
ladesh, Zahid et al. [7] depicted salinity sources in the 
multilayer aquifers of the coastal belt of Bengal delta, 
Sanchez et  al. [2] delineated the saltwater intrusion 
into coastal groundwater systems in the southwestern 
coast of Bangladesh, and Rahman and Bhattacharya [8] 
focused exclusively on the causes of salinity intrusion 
into Bangladesh’s coastal aquifers and [3, 4] studied 
on climate change, groundwater salinization and river 
salinity in the Bangladesh coastal region and stated 
that climate change would cause substantial changes 

in river salinity in the coastal area of Bangladesh by 2050. 
A number of studies have also been conducted on the 
health issue due to salinity and other pollution in the 
coastal area of Bangladesh. For example, [5, 9–11] pub-
lished studies on the scarcity of safe drinking water high-
lighting community health security impacted by saline 
water and other multi-hazards in coastal Bangladesh.

This study particularly focuses on the assessment of 
river water–groundwater–seawater interactions on the 
basis of hydrochemistry of water, hydrochemical facies 
analysis, EC observations, groundwater flow direction 
and salinity distribution in the coastal delta of Bangladesh. 
This study will provide an in-depth perception of the geo-
logical, hydrogeological and hydrochemical environments 
and will assess how these environments are interlinked by 
hydrochemistry and hydrogeology.

2  Study area

Ganges–Brahmaputra–Meghna (GBM) river catchment 
areas are one such catchment area that supplies a mas-
sive amount of runoff compared to adjacent lowland areas 
of the Bangladesh Coastal Delta. Major and minor rivers in 
the study area are considered to be significant sources of 
groundwater recharge; and these rivers are major com-
ponents of the hydrogeological system. The coastal delta 
of Bangladesh is typically low-lying flood-plain land with-
out any prominent undulating areas. Surface elevation 
ranges from 1.32 m at the southern region to 2.16 m at 
the northern region and elevation changes during both 
the monsoon and dry seasons, although positive eleva-
tion increases during the monsoon season due to vertical 
accretion of sediment [12].

Eleven upazilas (sub-district) of six districts in the south-
central coastal area of Bangladesh have been considered 
for this study. The study area comprises the Ganges delta 
plain and tidal delta plain. Geographically, the study 
area lies between 22.00º and 23.50º north latitudes and 
between 90.15º and 90.80º east longitudes (Fig. 1). Two 
types of groundwater sampling piezometric well stations 
are located in the eleven distinct lines at the 11 sites of 
the six (6) districts. The districts are Barguna, Patuakhali, 
Barishal, Lakshmipur, Chandpur and Shariatpur extending 
from south coastal area to the central portion of Bang-
ladesh. Each site consists of 30 m depth 5 shallow wells 
and 100 m depth 5 deep wells along the single line. Total 
groundwater sampling stations are 110, where 55 for shal-
low and 55 for deep groundwater. River water sampling 
stations positioned at seventeen points within twelve riv-
ers. These north–south trending rivers are Meghna, Ten-
tulia, Payra, Biskhali, Sandha, Sikarpur, Dhansiri, Andhar-
manik, Gab khan, Arial Kha, Karkhana and Naya vangani.
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3  Materials and methods

All data used in this study were obtained from Bangla-
desh Climate Change Trust (BCCT) project of Bangladesh 
Water Development Board (BWDB) under Ministry of Water 
Resources (MoWR). River water samples were collected in 
the months of February–March 2012 and groundwater 
samples collected in the months of October–November 
2013. The parameters such as salinity, EC, Na, K, Ca, Mg, 
Cl,  HCO3,  SO4 and  NO3 have been measured in this study. 
Salinity and EC had been measured in the field during 
sampling using EC-meter and rest parameters were meas-
ured in the BWDB laboratory using the Atomic Absorption 
Spectrophotometer (AAS), UV–Vis Spectrophotometer and 
Volumetric Titration.

Groundwater flow directions have been observed 
through the contour map of the dry season groundwater 
table using contour segment of spatial analyst tools of 

the Arc-GIS 10.3. Interconnections between the river and 
the aquifers have also been assessed through graphs of 
electrical conductivity values.

Hydrochemical parameters have been used to deter-
mine the characterization of river water and ground-
water hydrochemistry in order to assess the interac-
tion between river water, groundwater and seawater. 
Ions exchange and chemical reactions among various 
sources of water have been identified from hydrochem-
istry represented by the plotting of major cations and 
anions in the Piper diagrams. These diagrams, plotted 
using Aquachem 2014.2 software, are used to determine 
the predominant water types of the study region. Hydro-
chemical Facies Evaluation Diagrams (HFE-D) have been 
constructed in configured excel sheets to assess freshen-
ing–intrusion phases and ion exchange processes [13]. 
Geostatistical analyst tools Arc-Gis 10.3 have also been 

Fig. 1  Illustrating the location of groundwater sampling wells of 11 sites and 17 river water sampling stations in the coastal area of Bangla-
desh
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used to illustrate the salinity distribution raster maps of 
river water, shallow groundwater and deep groundwater.

4  Results and discussion

4.1  Hydrogeological depiction

Eleven lithological cross sections have been constructed 
along the 100 m depth line wells at eleven sites based on 
washed borehole sediment data (Fig. 2). Detail lithologi-
cal information suggests the study area is possessed with 
multilayer prolific heterogeneous aquifer system com-
posed of deltaic sediments composed of complex mix-
ture of sand, silt, and clay. These cross sections allow us to 
better understand the lithology of individual sites in order 
to evaluate river water–groundwater interactions. Cross 
sections along the line wells suggest the varying nature 
of the aquifers at different locations, consisting of distinct 
stratigraphy; some aquifers are confined in nature, some 

unconfined, some semi-confined or leaky. The lithologi-
cal dissimilarity of eleven locations in the study area may 
indicate variations in the hydrochemical properties of the 
aquifer and the nature of the interconnection between riv-
ers and aquifers.

4.2  Groundwater flow direction

Based on the contour map of the groundwater table, 
it is found that the groundwater flow is directed from 
the lower to the higher values of the groundwater table 
in the study area. Groundwater flows from the south 
to the north of the delta region, where all rivers follow 
the topography of the study area with a general trend 
from the north to the Bay of Bengal in the south (Fig. 3); 
and when rivers are influenced by frequent tidal action, 
regular seasonal inflows and storm surges, the flow 
path moves in the opposite direction. These phenom-
ena related to the flow direction have implications for 
groundwater and river water interactions. Groundwater 

Fig. 2  Lithological cross sections along the line of approximate 100 m depth piezometric wells at eleven (11) locations in the study area
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flow direction in the contour map (Fig. 3) strongly indi-
cates the possible entrance of seawater from the Bay 
of Bengal to the coastal delta aquifer. River water is 
directly connected to groundwater in most locations 
due to sandy-silt lithology; and rivers and of its flood-
plains are significant source of groundwater recharge. 
When aquifers are recharged through the process of 
infiltration and seepage, chemical reactions, such as 
ion exchange, may have occurred with an approach to 
the interaction between river water and groundwater.

4.3  Hydrochemical characterization of river water 
and groundwater

Tables 1, 2 and 3 represent the ten hydrochemical param-
eters of river water samples, shallow groundwater samples 
and deep groundwater samples, respectively. Samples 
were collected during dry season of different year and 
period. River water sampling was performed at various 
times on the same day. That’s why the same river exhibits 
different salinity levels in different sampling times. Low 

Fig.3  Groundwater table con-
tour map showing the direc-
tion of the groundwater flow
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tide and high tide effects are responsible for differences 
in salinity values.  Mg2+ and  HCO3

− ions are dominant in 
river water with an average concentration of 37.41 per-
cent of the total cation and 43.20 percent of the total 
anion, respectively. The shallow and deep groundwater 
have excess levels of  Na+,  K+ and  Cl− ions; where the aver-
age concentrations of  Na+ +  K+ and  Cl− ions in shallow 
groundwater are 63.84 percent and 63.61 percent of the 
total cations and anions, respectively. Deep groundwater 
is very highly concentrated by  Na+ +  K+ and  Cl− ion, with 
an average of 66.27% of total cations and 88.25% of total 
anions, respectively. Excessive concentrations of  Na+,  K+ 
and  Cl− ions lead to seawater contamination in ground-
water, and  HCO3

− along with  Na+,  Ca2+,  Mg2+ in river water 
suggest a mixture of freshwater and seawater.

Hydrochemistry of river water and groundwater has 
been characterized by hydrochemical classification of 
waters. Hydrochemical water types, phases and facies 
were categorized among three sources by plotting major 
cations and anions using piper diagrams and HFE-D dia-
grams. According to Arthur M. Piper [14], Groundwater can 
be classified into 6 types occurring in 6 fields in the Piper 
diagram. These fields are 1. Ca–HCO3 type 2. Na–Cl type 3. 
Ca–Mg–Cl type, 4.Ca–Na–HCO3 type 5. Ca–Cl type and 6. 
Na–HCO3 type. In some cases,  Mg2+ replaces the  Ca2+ and 
forms the Mg–HCO3 water type. Freshening and intrusion 
phases denote the direct cation exchange and reverse 
cation exchange, respectively. In HFE-D diagram freshen-
ing phase points are placed on the left of the mixing line 
and intrusion phase points are placed on the right of the 
mixing line [13]. The term facies is measured relative to the 
percentage of  Ca2+ and  Na+ cations, and  HCO3

− (or  SO4
2+) 

and  Cl− anions in regards to the sum of cations and anions, 
respectively. The facies are recognized using the term Mix 
to indicate that the percentage of cation or anion is less 
than 50%. There are four major facies in HFE-D: NaCl, CaCl, 
Na–HCO3, and Ca–HCO3. And each major facies also com-
prise four other facies that are related to it [15]. Detailed 
hydrochemical facies and phases of water are shown in 
Tables 4 and 5 illustrating the phases and facies among 
three sources of water.

The Piper diagram of river water indicates the dissimi-
lar water types. The seventeen river water samples lie on 
four quadrants (1,2,3 and 5) of the Piper diagram, where 
about 60% samples are Ca–HCO3 type, about 30% are 
Ca–Mg–Cl type and about 10% are Na–Cl and Ca–Cl types 
(Fig. 4a). This dissimilarity clearly indicates mixing of differ-
ent sources water. The percentage trends of cations in river 
water are  Mg2+ >  Na+ +  K+ >  Ca2+ and  HCO3

− >  Cl− >  SO4
2− for 

anion. It is assumed that the percentage of  Mg2+ ion is 
greater than of  Ca2+ and  Na+ which may indicate dissolved 
clay sediments in the river water. HFE-D diagram suggests 
that the most samples are characterized by freshening 

phases indicating recharge or mixing freshwater into 
river water except three samples (Fig. 4b). Among sixteen 
facies, there are eleven hydrochemical facies have been 
recognized where about 82% facies are characterized by 
freshening phases and 18% by intrusion phases (Table 4). 
More than 60% river water samples lie on Ca-HCO3 (or, 
Mg–HCO3) facies quadrant of HFE-D diagram. The facies 
number of river water are relatively wide than groundwa-
ter may imply recharge of freshwater in the existing water 
and show intermediate stage facies recognized by mixing 
ions.

Nitrate  (NO3
−) concentrations ranging from 0.0956 to 

6.953 mg/l indicate a negligible to low concentration in 
river water samples (Table 1). Denitrification, regular inter-
val tidal activity and river current in the coastal area cause 
a very low concentration of nitrate in river water.

Table 5 shows detail of hydrochemical phases and facies 
of all groundwater samples collected from two different 
depths. There are five quadrants (1,2,3,4 and 5) exhibit 
the shallow groundwater samples plotting on the Piper 
diagram, where more than 70% samples are Na–Cl types 
and other types are Ca–Na–HCO3, Ca–Mg–Cl, Ca–Cl and 
Na–HCO3 (Fig. 5a). This plotting suggests that alkali earths 
exceed alkaline earths; and strong acids exceed weak acids 
in shallow groundwater. The trends of ions concentration 
in shallow groundwater are  Cl− >  HCO3

− >  SO4
2− for anion 

and  Na+ +  K+ >  Mg2+ >  Ca2+ for cation.
Hydrochemical facies evaluation (HFE-D) diagram 

(Fig. 5b) of shallow groundwater samples notices that 

Table 4  Freshening–intrusion phases and hydrochemical facies of 
different river water samples

River water sampling stations Phases Hydrochemical 
facies

Haimchar (Meghna) Freshening Ca HCO3

Ramgati (Meghna) Freshening MixCa HCO3

Gaurnadi (Arial Kha) Freshening MixMg HCO3

Muladi (Naya Vangani) Freshening MixMg HCO3

Wazirpur (Sikarpur) Freshening Mg HCO3

Babuganj (Sandha) Intrusion Mg HCO3

Nalcity (Dhanshiri) Freshening MixMg HCO3

Bakerganj (Karkhana) Freshening Mg HCO3

Jhalokathi sadar (Gab Khan) Freshening Ca HCO3

Patuakhali sadar (Payra) Freshening MixNa Cl
Mirzaganj (Payra) Freshening MixNa MixCl
Amtali (Payra) Freshening Na MixCl
Barguna sadar (Payra) Intrusion Mg Cl
Barguna sadar (Bishkhali) Freshening MixNa MixHCO3

Betagi (Bishkhali) Freshening MixNa HCO3

Dasmina (Tentulia) Freshening Na Cl
Kalapara (Andharmanik) Intrusion Na Cl
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Table 5  Hydrochemical facies and freshening–intrusion phases of the two depths groundwater samples

Sampling sites Shallow groundwater Deep groundwater

Sampling wells Phases Hydrochemical facies Sampling wells Phases Hydrochemical 
facies

Bhedarganj SPBGSLW1 Freshening MixNa HCO3 SPBGLW-01 Freshening Na HCO3

SPBGSLW2 Intrusion MixNa Cl SPBGLW-02 Freshening Na HCO3

SPBGSLW3 Intrusion Mg Cl SPBGLW-03 Intrusion Na Cl
SPBGSLW4 Intrusion Na Cl SPBGLW-04 Freshening Na Cl
SPBGSLW5 Intrusion Mg MixCl SPBGLW-05 Intrusion Na Cl

Gosairhat SPGHSLW1 Intrusion MixMg MixCl SPGHLW-01 Freshening Na Cl
SPGHSLW2 Freshening Na Cl SPGHLW-02 Freshening Na Cl
SPGHSLW3 Freshening Na Cl SPGHLW-03 Freshening Na Cl
SPGHSLW4 Freshening Na Cl SPGHLW-04 Freshening Na Cl
SPGHSLW5 Intrusion MixNa Cl SPGHLW-05 Freshening Na Cl

Wazirpur BSUPSLW1 Intrusion MixCa Cl BSUPLW-1 Freshening Na HCO3

BSUPSLW2 Intrusion Na Cl BSUPLW-2 Intrusion Na Cl
BSUPSLW3 Intrusion Na Cl BSUPLW-3 Intrusion Na Cl
BSUPSLW4 Intrusion Na Cl BSUPLW-4 Intrusion Na Cl
BSUPSLW5 Intrusion Na Cl BSUPLW-5 Intrusion Na Cl

Babuganj BSBBSLW1 Intrusion Na Cl BSBBLW-1 Intrusion Na Cl
BSBBSLW2 Intrusion Na Cl BSBBLW-2 Intrusion Na Cl
BSBBSLW3 Intrusion Na Cl BSBBLW-3 Intrusion Na Cl
BSBBSLW4 Freshening Na Cl BSBBLW-4 Intrusion Na Cl
BSBBSLW5 Freshening Na Cl BSBBLW-5 Intrusion Na Cl

Haimchar CDHCSLW1 Intrusion Ca MixHCO3 CDHCLW-1 Intrusion MixNa Cl
CDHCSLW2 Intrusion Ca Cl CDHCLW-2 Intrusion Na Cl
CDHCSLW3 Intrusion MixCa Cl CDHCLW-3 Intrusion MixNa Cl
CDHCSLW4 Intrusion MixCa Cl CDHCLW-4 Intrusion Na Cl
CDHCSLW5 Intrusion MixCa Cl CDHCLW-5 Intrusion Na Cl

Faridganj CDFGSLW1 Intrusion Na Cl CDFGLW-1 Intrusion Na Cl
CDFGSLW2 Freshening MixNa HCO3 CDFGLW-2 Intrusion Na Cl
CDFGSLW3 Intrusion Na Cl CDFGLW-3 Intrusion Na Cl
CDFGSLW4 Intrusion MixMg Cl CDFGLW-4 Intrusion Na Cl
CDFGSLW5 Intrusion MixNa Cl CDFGLW-5 Intrusion Na Cl

Raipur LKRPSLW1 Freshening Na HCO3 LKRPLW-1 Intrusion MixNa Cl
LKRPSLW2 Freshening Na HCO3 LKRPLW-2 Intrusion Na Cl
LKRPSLW3 Freshening Na HCO3 LKRPLW-3 Intrusion MixNa Cl
LKRPSLW4 Freshening Na HCO3 LKRPLW-4 Intrusion Na Cl
LKRPSLW5 Freshening MixNa HCO3 LKRPLW-5 Intrusion Na Cl

Mirzaganj PKMGSLW1 Freshening Na Cl PKMGLW-1 Intrusion Na Cl
PKMGSLW2 Freshening Na MixHCO3 PKMGLW-2 Intrusion Na Cl
PKMGSLW3 Freshening Na SO4 PKMGLW-3 Intrusion Na Cl
PKMGSLW4 Freshening Na MixSO4 PKMGLW-4 Intrusion MixNa Cl
PKMGSLW5 Freshening MixNa HCO3 PKMGLW-5 Intrusion Na Cl

Patuakhali sadar PKPKSLW1 Freshening Na Cl PKPKLW-1 Intrusion Mg Cl
PKPKSLW2 Freshening Na Cl PKPKLW-2 Intrusion Mg Cl
PKPKSLW3 Freshening Na Cl PKPKLW-3 Intrusion Na Cl
PKPKSLW4 Freshening Na Cl PKPKLW-4 Intrusion Na Cl
PKPKSLW5 Freshening Na Cl PKPKLW-5 Intrusion Na Cl
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there are fourteen facies exist and characterized by 53% 
freshening phases and 47% by intrusion phases (Table 5). 
Shallow groundwater types and facies for individual sites 
along shallow wells are of a dissimilar nature: consider-
ing the first shallow well nearest to the river, six wells are 
affected by freshening phases and five other sites are 
affected by intrusion phases. Six sites whose first well are 
recognized by freshening phases are Bhedarganj, Raipur, 
Mirzaganj, Patuakhali Sadar, Amtali and Barguna Sadar. 
These wells may be influenced either by freshwater or rain-
water or by direct cation exchange with aquifer sediments.

More than 70 percent of the shallow groundwater sam-
ples are found on the Na–Cl quadrant facies of the HFE-D 
diagram. The intrusion of seawater into shallow aquifers 
and the mixing of fresh groundwater with seawater are 
prominent from HFE-D, which is clearly seen from the 
Na-Cl facies quadrant in which both intrusion and fresh-
ening phases are characterized by Na-Cl.

Five other shallow well locations at: Gosairhat, Wazirpur, 
Babuganj, Haimchar and Faridganj, whose first wells (near-
est to river) are experienced by intrusion phases. Several 
causes may be responsible for the hydrochemical phase 
variation among the wells in the different locations. These 
variations may be due to either lithology of aquifers or 
tidal activity or percolation of rain water. Overall it is said 
that the shallow groundwater of the study area are inter-
acted to river water as well as to seawater.

Nitrate contamination in shallow groundwater is mod-
erate to high; and both the lowest and highest values 
found in Gosairhat; 0.2 mg/l at the first well and 70.2 mg/l 
at the second well near the river, respectively (Table 2). 
Most shallow groundwater samples exceed the Bangla-
desh standard of nitrate (10 mg/l), indicating shallow aqui-
fers of the coastal area are influenced by anthropogenic 
activities.

Deep Groundwater chemistry on piper plot (Fig. 6a) 
specifically indicates the dominant Na–Cl type of water 
in the study area. Almost 95% deep groundwater sam-
ples lie on the Na–Cl type fields of the piper diagram 
(Fig. 6a). In this case, alkali earths exceed alkaline earths; 
and strong acids exceed weak acids in deep groundwa-
ter. Ions concentration trends in deep groundwater are 
 Cl− >  HCO3

− >  SO4
2− for anion and  Na+ +  K+  >  Mg2+ >  Ca2+ 

for cation. HFE-D diagram for deep groundwater reveals 
that there only four hydrochemical facies are identified, 
and 78% corresponding to intrusion phases and 22% to 
freshening phases (Fig. 6b and Table 5). All deep ground-
water samples except six lie in the Na-Cl substages of the 
HFE-D diagram. Approximately more than 95% of the deep 
groundwater samples lie on the Na–Cl facies quadrant and 
the maximum is characterized by intrusion phases.

The deep groundwater with dominant Na–Cl indi-
cates the presence of sea or brine water. Concentrations 
of Ca decrease, while the concentrations of Na increase 
in deep groundwater which may indicate the reverse ion 
exchange process between aquifer and saline water. This 
also could be due to mixing of shallow groundwater to 
deep groundwater.

Groundwater types and facies for individual sites along 
deep wells are of two natures: considering the first shal-
low well closest to the river, the first four wells of four sites 
are affected by refreshing phases and seven wells from 
other sites are affected by intrusion phases. Most wells are 
affected by intrusion phases and intrusion of seawater may 
be the main cause of this condition. Deep aquifer of the 
coastal region potentially interconnected with seawater.

Ca, Mg, and  HCO3 are the most abundant ions in nat-
ural waters, while Na and Cl provide an indicator of the 
deposition and dissolution of halite from hydrologically 
derived Na–Cl ions in areas along the coast. In addition, 

Table 5  (continued)

Sampling sites Shallow groundwater Deep groundwater

Sampling wells Phases Hydrochemical facies Sampling wells Phases Hydrochemical 
facies

Amtali BNAMSLW1 Freshening Na Cl BNAMLW_1 Freshening Na HCO3

BNAMSLW2 Freshening Na Cl BNAMLW_2 Freshening Na Cl

BNAMSLW3 Freshening Na Cl BNAMLW_3 Intrusion Na Cl

BNAMSLW4 Freshening Na Cl BNAMLW_4 Intrusion Na Cl

BNAMSLW5 Freshening Na Cl BNAMLW_5 Freshening Na Cl
Barguna sadar BNBNSLW1 Freshening Na Cl BNBN1LW_1 Intrusion Na Cl

BNBNSLW2 Freshening Na Cl BNBN1LW_2 Intrusion Na Cl
BNBNSLW3 Intrusion Na Cl BNBN1LW_3 Intrusion Na Cl
BNBNSLW4 Intrusion Na Cl BNBN1LW_4 Intrusion Na Cl
BNBNSLW5 Intrusion Na Cl BNBN1LW_5 Intrusion Na Cl
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the dominance of Na–Cl and Ca–Mg–HCO3 water indicates 
the mixing of new water with ancient/old saline ground-
water. The very high positive correlation between Na and 
Cl indicates the dominance of Na–Cl rich recharge water 
from coastal origin [16, 17].

Deep aquifers in the southern region are moder-
ately contaminated and the middle to northern portion 

of the coastal area is very highly contaminated with 
nitrate (Table 3). Some deep groundwater samples show 
extremely high nitrate levels; 236 mg/l and 125 mg/l in 
Wazirpur; 191 mg/l and 119 mg/l in Babuganj. Pronounced 
nitrate levels in deep aquifers indicate either organic com-
pounds in aquifers or leaching from the upper sedimen-
tary layers.

Fig. 4  a Piper diagram shows 
the river water types; b HFE-D 
diagram depicts the freshen-
ing–intrusion phases of river 
water samples in the coastal 
delta of Bangladesh 
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The study area aquifers are mainly recharged from river 
water, surface runoff and precipitation. The dominance of 
Na–Cl dissolution in both shallow and deep groundwater 
suggests that there is an input of Na–Cl into groundwa-
ter from possible sources such as seawater of Bay of Ben-
gal. The study area adjacent to the sea and the dominant 
nature of sandy-clayey lithology make NaCl inputs from 
seawater sources the most relevant.

4.4  Observations of ion exchange

Generally, cations and anions are in balance conditions in 
the most natural waters. When river water or groundwater 
moves underground, chemical reactions with of its envi-
ronments tend to develop a chemical balance. Chemical 
water balance can also be formed through ion exchange. 
Ion exchange involves replacing ions adsorbed on the 

Fig. 5  a Piper diagram shows 
the shallow groundwater 
types; b HFE-D depicts the 
freshening–intrusion phases of 
shallow groundwater samples 
in the coastal delta of Bang-
ladesh
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surface of fine-grained sediments in aquifers with solu-
tion ions. Cations Na, Ca and Mg are primarily associated 
in the exchange. The direction of the exchange is toward 
the equilibrium of cations present in the water and on the 
finer sediments of the aquifer [11].

The intrusion and freshening process takes multiple 
steps. The final facies in intrusion phases are Na–Cl, which 
evolves from Ca–HCO3 facies via the intermediate Ca–Cl 

facies. This hydrochemical appearance is characterized by 
reversing cation exchange reactions. During the freshen-
ing process, the Na–Cl water was gradually replaced by 
Ca–HCO3 water through the intermediate Na–HCO3 facies 
or other equivalent facies. When salt water enters a fresh-
water aquifer, it triggers a reverse cation exchange reac-
tion. The reaction releases  Ca2+ ion in previously existing 
water and Na ions are adsorbed by aquifer sediments. 

Fig. 6  a Piper diagram shows 
the deep groundwater types; 
b HFE-D depicts the freshen-
ing–intrusion phases of deep 
groundwater samples in the 
coastal delta of Bangladesh
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Direct cation exchange occurs during freshening, when 
the salt water affected aquifer is washed away by presence 
of fresh calcium bicarbonate water [18].

In this study, HFE-D diagrams facilitate the observa-
tion of ion exchange in where four facies Na–Cl, Ca–Cl, 
Ca–HCO3 (or, Mg–HCO3) and Na–HCO3 were considered. 
The HFE-D diagram for river water demonstrate dominant 
Ca–HCO3 and Mg–HCO3 facies in the central to northern 
alluvial portion indicating direct cation exchange; and 
the Na–Cl facies in the southern coastal portion denotes 
reverse cation exchange (Fig. 4b). Shallow groundwater 
is nearly similarly affected by reverse and direct cation 
exchange reactions, where deep groundwater is predomi-
nantly characterized by reverse cation exchange reactions 
(Figs. 5b and  6b). Two end members: the seawater of the 
Bay of Bengal and the freshwater of the river and aquifer, 
have participated in mixing visualized in the HFE-D dia-
gram. Dissimilarities in mixing nature of two end mem-
bers have been observed in river water and groundwater 

hydrochemistry. In river water HFE-D plotting, the promi-
nent end members are freshwater with respect to sea-
water and are composed predominantly of Ca–HCO3 (or 
Mg–HCO3), where the shallow and deep groundwater is 
mainly characterized by seawater transgression and com-
prises the Na–Cl composition (Figs. 4, 5 and 6).

4.5  EC observations between rivers and aquifers

Electrical conductivity (EC) in both shallow and deep 
groundwater was observed by measuring the EC value 
along geodesic distances using a line well position map. 
Geodesic distances are computed from the river to the 
line wells in eleven locations where line wells are almost 
installed across the river (Fig. 1). EC pattern values in two 
graphs (Fig. 7) have been observed to delineate potential 
interconnections between river water to shallow ground-
water; and shallow to deep groundwater.

Fig. 7  Two graphs showing 
the comparison of electri-
cal conductivity (EC): a river 
water to shallow groundwater 
and (b) river water to deep 
groundwater
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EC values show dissimilar trends from rivers to shal-
low aquifers in the study locations. In Fig. 7a all ground-
water samples of nearest wells to river show higher EC 
values than river water samples and other groundwater 
samples show irregular pattern suggesting mixing up of 
freshwater and saline water.

In Fig. 7b, most groundwater samples of nearest wells 
to river show higher EC values than river water sam-
ples, while only one groundwater sample has less value. 
Other groundwater samples shows irregular pattern in 
EC values suggesting mixing facies of cation–anion 
through the groundwaters, seawater and aquifers mate-
rial. The lithology of the study area is mainly composed 
of sand and clay; and, sand is very resistant to weather-
ing, while clay can affect the salt contents by absorption 
or desorption of ions from groundwater.

4.6  Salinity distribution

A sharp variation in salinity distribution has been observed 
in river water, shallow groundwater and deep groundwa-
ter, respectively (Fig. 8). Most of the river waters in the 
sample region contain salinity levels ranging from 0.10 to 
4.45 ppt, except for the Kalapara upazila in the Patuakhali 
district, which shows this value > 4.45 ppt. It seems that 
the salinity distributions are almost dissimilar between 
shallow and deep groundwater. The salinity concentra-
tion range in shallow groundwater is 0.1 to 16 ppt, which 
is higher than the deep groundwater range of 0.4–10 ppt. 
The concentration rate of salinity is higher in the southern 
portion of the study region and decreases gradually from 
coast to inland in both rivers and shallow groundwater. 
In the extreme southern portion, the deep groundwater 
salinity concentration is very low, which may imply a lack 
of salinity data in the southernmost portion.

According to the Department of Water, Govern-
ment of Western Australia [19], freshwater contains 

Fig. 8  Illustrating the salinity distribution maps of the river water, shallow groundwater and deep groundwater
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salinity values < 0.5  ppt, 0.5–1  ppt in marginal water, 
1–2 ppt in brackish water, 2–10 ppt in ordinary saline 
water, 10–35 ppt in extremely saline water and seawater 
contains salinity values > 35 ppt. In this research, it appears 
that the brackish water in the shallow aquifer reaches the 
Barishal district, and passes the Shariatpur district in the 
deep aquifer (Fig. 8).

5  Conclusions

Interactions between river water and groundwater have 
been identified on the basis of multiple perspectives, and 
it has been found that river water and shallow groundwa-
ter are less affected by seawater than deep groundwater. 
Hydrochemistry, hydrochemical facies evaluation and 
salinity distributions justify these interactions among river 
water, groundwater and seawater. Groundwater flow and 
electrical conductivity (EC) also enhance an understanding 
of their interactions.

Piper and HFE-D diagram indicates the three sources 
are interconnected by hydrochemical facies dynamics. 
Both HFE-D diagrams for shallow groundwater and deep 
groundwater clearly suggest that a transgression of sea-
water of the Bay of Bengal has taken place into the coastal 
aquifer of Bangladesh. In the assessment of river water 
samples, approximately 82 percent of facies are charac-
terized by freshening phases and 18 percent by intru-
sion phases suggesting the predominance of freshwater 
recharge and the insignificant mixing of seawater. Shallow 
groundwater samples exhibit that there are 14 facies char-
acterized by 53 percent freshening phases and 47 percent 
intrusion phases indicating the mixing of freshwater and 
seawater in the shallow aquifer. Finally, deep groundwater 
reveals that there are only four hydrochemical facies iden-
tified and 78 percent corresponding to intrusion phases 
and 22 percent to freshening phases, strongly suggested 
intrusion of seawater by reverse cation exchange reac-
tions. Observations of irregular trends of electrical con-
ductivity (EC) values, dissimilar salinity distribution of 
three sources water, multiple ion exchange process and 
direction of groundwater flow are also likely to follow the 
interactions of river water to shallow groundwater and 
shallow to deep groundwater. Excess concentration of 
 Na+ and  Cl− ions alerts about saline pollution in ground-
water specially in deep groundwater, and  HCO3

− along 
with  Na+,  Ca2+,  Mg2+ in river water indicates mixing of 
freshwater and saline seawater, which could have harmful 
effects both in coastal delta aquatic life and in agriculture. 
Nitrate concentrations in both shallow and deep ground-
water warn the drinking standard and also notify us that 
anthropogenic activities are leading up to this pollution.

The coastal aquatic system of Bangladesh is regularly 
experiencing frequent cyclones and storms, sea level ris-
ing, tidal activity and excess freshwater pumping which 
are key causes of salinization and other harmful contami-
nation in fresh groundwater and river water.

Research was conducted on the basis of data from a 
single dry season, and the related geomorphological 
and structural data for rivers and aquifers could not be 
provided in this report. This study further exacerbates 
the need for a combination of field methods with other 
advance hydrogeological studies for identifying, explain-
ing and evaluating river water–groundwater interactions 
in the Bangladesh Coastal Delta.
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