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ABSTRACT 

The present study dealt with saltwater intrusion modeling in a coastal aquifer 

system in the Mahanadi river delta region near the coast of Bay of Bengal. The 

aquifers of Mahanadi delta are characterized as shallow aquifers (< 50 m) and 

deeper aquifers (> 50 m). Electrical conductivity (EC) of groundwater varied from 

fresh of 146 µS/cm (NW of the Mahanadi delta) to a saline of 33900 µS/cm (close 

to sea coast) with cation dominance in the order Na+ > Ca2+ > Mg2+ > K+ and anion 

dominance of Cl- > HCO-
3 > SO4 

2-. The hydro chemical facies changed from Ca-

Mg-Na-HCO3 type to Na-Cl type along the groundwater flow direction due to ion 

exchange processes. A strong positive correlation (r > 0.9) between Cl- with EC, 

Na+, Mg2+, Ca2+, SO4 
2- and K+ was observed, indicating the influence of seawater 

on coastal aquifer. The ionic ratios (Na+/Cl-, HCO-
3/Cl-, Mg2+/Ca2+, SO4 

2-/Cl-, 

Ca2+/(HCO-
3/SO4 

2-)) also suggested that the groundwater is affected by seawater 

intrusion. Stable isotope compositions (δ18O and δ2H) varied from -1.86 0/00 to -

6.87 0/00 for δ18O and from -10.79 0/00 to -45.42 0/00 for δ2H, implying the mixing of 

saline water and fresh groundwater in the coastal region of the Mahanadi delta.  

PHREEQC code was used to measure the saturation index of carbonate end 

minerals such as calcite and dolomite. The saturation index of calcite and dolomite 

minerals with < 1 is an indication of presence of fresh groundwater in Upper deltaic 

formation. This was supported by Ca-rich water with Mg2+ /Ca2+ ratio < 1. The 

proportion of seawater in groundwater was estimated to vary from 0% in the Upper 

delta formation to 72% in the Lower delta formation of the Mahanadi delta (close to 

sea coast), which is due to inland intrusion of seawater. A conceptual diagram was 

prepared to visualize the chemical variation in this coastal aquifer system. Shallow 

well close to Bay of Bengal showed less concentration of Na+ and Cl- content with 

low EC. The deep well close to the sea coast, showed high ionic concentration of 

Na+ and Cl- with an indication of seawater intrusion. 

An appropriate groundwater flow model was developed to estimate seawater 

intrusion and understand the factors of groundwater dynamics in the 

Jagatsinghpur coastal district. The hydraulic head varied from 0.7 m to 15 m 

above mean sea level (MSL) with an average head of 6 m in the low-lying coastal 

region, where the groundwater is mainly abstracted (overdraft) for agricultural 

activities. Aquifer parameters were estimated using Parameter Estimation 
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Technique (PEST) module in Visual MODFLOW. The horizontal hydraulic 

conductivity and the specific yield values in the area were observed to vary from 

40 m/day to 45 m/day and 0.05 to 0.07 respectively. The model has been 

calibrated for two years (2004 and 2005) by using these parameters, followed by 

validation of four years (2006 to 2009). The calibrated numerical model was used 

to calculate net recharge and groundwater balance and to infer interaction 

between river and coastal unconfined aquifer system and responses during 

different seasons.  

The net groundwater recharge to coastal aquifer thus estimated, showed 

variations from 247.89 to 262.63 million cubic meter (MCM) for year 2006 and 

2007. Similarly, the inflow from river boundary was calculated as 34 MCM during 

pre- and post monsoon period. In monsoon time, the costal aquifer discharged 

around 23 to 27 MCM of water to river system. Water level contour of this coastal 

aquifer was also studied, which showed high and low hydraulic gradient in the 

upper and lower part of the deltaic region respectively. The low hydraulic gradient 

and slugish movment of groundwater in the lower part of the study area was due 

to influence of seawater. Because of low net recharge, seawater ingress has been 

inferred. Other human factors such as,  growing urbanization and industrialization 

also led to decline in the hydraulic head. Hence, appropriate recharge methods 

need to be adopted to reduce the seawater intrusion in the affected areas. 
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CHAPTER 1                                                       INTRODUCTION 

1.1 INTRODUCTION 

Over two billion people globally suffer from water scarcity caused by 

increased demands of water by a rapidly growing population and land use 

changes (Alcamo et al., 2000; Wada et al., 2010; Gleeson et al., 2016). Coastal 

aquifers are one of the most important water sources for people living along 

coastal regions (Ferguson and Gleeson, 2012). Due to over-exploitation of 

groundwater along the coasts to fulfil the ever growing demands for various water 

uses, and global warming related sea level rise phenomenon, seawater intrusion 

into coastal aquifers and associated contamination has been a major cause of 

concern in recent times (Wada et al., 2010). 

Saltwater intrusion is the landward movement of seawater into the coastal 

aquifer system induced by groundwater development at sea coast. The depletion 

of groundwater level and contaminated productive wells with less than 1% of 

seawater are the primary effects of seawater intrusion (Werner et al., 2013). 

Several factors such as sea level changes, tidal fluctuations, long-term climate 

impacts, seasonal variations in recharge rates and evaporation, and impact of 

geological structures on aquifers are responsible for saltwater intrusion into the 

coastal aquifer system (Barlow, 2013). However, groundwater in coastal regions 

are often saline due to various other factors, such as past marine transgression 

(Post and Kooi, 2003; Delsman, 2015), percolation of saline surface water into the 

aquifer system (Smith and Turner, 2001), infiltration of sea salt driven by cyclonic 

storms etc. In addition, other processes and factors which are associated with 

seawater intrusion are dispersive mixing, paleo-hydrogeological conditions, 

density difference, anthropogenic influences and aquifer hydraulics and 

transportation characteristics (Custodio, 1987). It has become a great challenge 

for researchers to identify the primary source of seawater intrusion and evaluate 

management strategies for sustainable development of groundwater. 

. 
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1.2 SALTWATER INTRUSION 

Saltwater intrusion is a widespread environmental problem in most of the 

coastal regions of the world. Approximately two thirds of the world's population live 

within 400 km of the ocean shoreline, whereas over a half live within 200 km, 

which constitute only 10% of the earth's surface (Hinrichsen, 2007). According to 

Van Weert et al. (2009), globally the ground water basins of West and Central Asia 

are the largest areas with high groundwater salinity, and contribute 14% of the 

total groundwater salinity in comparison to the low lands of South America, Europe 

and eastern Australia, which constitute 6-7% of groundwater salinity (Fig. 1.1). 

Saltwater intrusion are reported from different coastal parts of United States 

for a long time, which was first detected in coastal aquifers of North America as 

early as 1854 on Long Island, New York (Barlow and Reichard, 2010). The impact 

of saltwater intrusion on coastal regions of United States, Mexico and Canada was 

studied by Barlow and Reichard (2010). They interpreted that hydrogeological and 

geological setting controlled the extent and mode of occurrence of saltwater 

intrusion. Further, confining conditions and sluggish movement of groundwater 

caused the presence of saltwater which entered the aquifers of southern Florida 

during Pleistocene time (Sprinkle, 1989). Anthropogenic stress was also 

responsible for movement of saltwater into the coastal aquifers. Extraction of 

groundwater and construction of a dam in the Valley of Hermosillo on the Sonora 

River in 1940s caused drying up of a river, which reduced recharge to the aquifer 

system (Steinich et al., 1998), and resulted in saltwater intrusion into the alluvial 

aquifers (Flores-Márquez et al., 1998; Steinich et al., 1998). Groundwater pumping 

and land drainage were two major factors for saltwater intrusion in to the coastal 

regions of North America. In Cape May County, New Jersey, saltwater intrusion 

was first identified in 1980, where groundwater level went down below the sea 

level due to over pumping (Lacombe and Carleton, 2002) and led to lateral 

invasion of saltwater into the confined aquifer of Cape May County affecting more 

than 100 domestic wells (Barlow, 2013). Vertical migration of saltwater through 

geological structures such as fractures, joints, folds and faults, contaminated the 

aquifer systems of Florida, Georgia, Brunswick and Jacksonville (Spechler, 2001). 

In southeastern Florida, Biscayne an important unconfined aquifer supplied about 

35.5 m3/s water for agricultural activity in different places like Broward, Miami-
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Dade, and Palm Beach Counties (Maupin and Barber, 2005). As a result, over 

drainage of aquifer system induced encroachment of seawater periodically into the 

groundwater system. Similarly, seawater intrusion in coastal regions of California 

resulted due to heavy withdrawal of groundwater, in addition to other factors such 

as, the complex structures, depositional basin, and presence of faults and folds.  

Coastal aquifers make up a vital groundwater resources in Australia. An 

increasing population density and low recharge rate induced seawater intrusion in 

coastal fringe of Australia (Werner, 2010). Over exploitation of Australian coastal 

aquifers to meet the water demands for urban, industrial, and agricultural activities 

(Jacobson and Lau, 1994), led to depletion of groundwater storage and, hence 

resulted in seawater intrusion. In the lower Burdekin aquifers of Queensland, 

geological structures and heterogeneous nature of sediments affected the aquifer 

system and allowed seawater migration (Fass et al., 2007; Werner, 2010). 

Different coastal parts in Africa are affected severely by seawater intrusion. 

The Nile delta of Northern Africa suffers from 60 km inland seawater intrusion due 

to excessive pumping (Sherif, 1999). Similarly, the aquifers in Cap-Bon and Libya 

have been facing seawater intrusion since the 1960s. Over pumping of 

groundwater and severe shortage of water are the main reasons for saltwater 

intrusion in these coastal regions. However, the higher rate of groundwater 

extraction compared to groundwater recharge (> 400%) in these regions 

exacerbate the seawater intrusion (Steyl and Dennis, 2010). Moreover, high rates 

of urbanization and agricultural activities caused seawater migration into the Libya 

and Algerian coastal aquifers (Sadeg and Karahanoðlu, 2001; Steyl and Dennis, 

2010). In Morocco, saltwater intrusion is observed in fresh aquifer system due to 

presence of marine deposits, whereas, saltwater has been reported in eastern 

Africa as a result of over abstraction (95% groundwater is used for domestic and 

agricultural activities) and tidal effect (Steyl and Dennis, 2010). In drier countries 

such as, Ethiopia, Eritrea and Somali, seawater intrusion resulted due to over 

dependence on groundwater for domestic and agriculture purposes (Steyl and 

Dennis, 2010). In case of Niger delta aquifer system of western Africa, saltwater 

intrusion has been caused due to lack inland water resources and occurrence of 

marine sediments (Oteri, 1988; Adepelumi et al., 2009). 
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The coastal areas of Europe surrounded by the North Sea, the Atlantic 

Ocean, the Mediterranean Sea and the Baltic Sea, also show effects of 

groundwater salinity due to seawater intrusion (Custodio, 2010). In fact, Ghyben–

Herzberg principle was developed based on the seawater intrusion problem in the 

northern Germany Baltic shore and the Dutch North Sea coast respectively (Todd, 

1959). Multiple eustatic change during Quaternary period is the primary reason of 

seawater intrusion into the coastal aquifer. In Belgium and northern France, the 

shallow coastal aquifer consisting of Cenozoic sediments, contain partly fresh 

water and unflushed saline water driven by seawater transgression events 

(Custodio, 2010). Along the coastal line of the North Sea and the Baltic Sea, huge 

amounts of connate saline water trapped in the geological formation are suspected 

for groundwater salinity (IGRAC, 2009). 

Several countries in Asia are affected by seawater intrusion along the coastal 

tracts. Japan, Taiwan, and Philippines receive severe cyclonic storms and 

typhoons. These events cause seawater intrusion as the low lying and flat coastal 

areas are affected by occurrence of floods. Moreover, a large portion of population 

living in coastal regions depend on groundwater for various purposes, which give 

rise to seawater intrusion because of over exploitation of groundwater (IGRAC, 

2009). In the Western and Southern coasts of China and North and South Korea, 

intensive extraction of groundwater from shallow aquifers for irrigation purposes 

led to lateral migration of seawater into the coastal aquifer system. In South Asia, 

which is considered to be most densely populated area in the world, accounts 24% 

of world’s population (Mukherjee, 2018) excessive seawater intrusion result due to 

intensive exploitation of groundwater. 
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Figure 1.1 Occurrence and genesis of saline groundwater (modified after, IGRAC Report 2009) 
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1.3 SALTWATER INTRUSION IN INDIA 

India has a large coast line along the Bay of Bengal and Arabian Sea and 

along several islands, with approximately 250 million people inhibiting within 50 km 

coast line (Sudha Rani et al., 2015). In recent years, greater abstraction of 

groundwater for irrigation and other domestic uses led to seawater intrusion in 

different regions along the coastal tracts of India. Other factors such as cyclonic 

storms, tidal effects and sea level rise also induce groundwater salinity in coastal 

regions. 

1.3.1 Eastern Coast 

The length of the east coast of India is around 3000 km, stretching from 

Sunderban in West Bengal to Kanayakumari, Tamil Nadu (CGWB, 2014). The 

eastern coast comprises four states of Tamil Nadu, Andhra Pradesh, Odisha, and 

West Bengal, adjoining the Bay of Bengal (Fig. 1.2). Most of the coastal aquifer 

systems near the Bay of Bengal are affected by seawater intrusion. 

The groundwater salinity in coastal regions of Tamil Nadu, a densely 

populated area, is due to seawater intrusion. One of the saline water bearing 

aquifer systems of this state is Tiruvadanai aquifer, which is composed of 

Holocene to recent alluvium sediments (Saravana Kumar et al., 2009). Over a 

period of two decades, groundwater extraction led to decline of groundwater level 

and resulted in seawater intrusion into the aquifer system. The aquifer system in 

Kalpakkam receives seawater from the Edaiyur back-waters during high tide and 

causes groundwater contamination (Kanagaraj et al., 2018). 

The Godavari delta in Andhra Pradesh is affected by saltwater intrusion due 

to increasing sea level and the growing demand of fresh water for agricultural, 

industrial, and domestic purposes (Bobba, 2002). Presence of faults and fracture 

also attribute to seawater intrusion along the coast of Vishakhapatnam (Subba 

Rao et al., 2005) 

The costal tracts of Odisha cover approximately 8575 km2 in Balasore, 

Bhadrak, Jajpur, Kendrapara, Jagatsinghpur, and Puri districts (CGWB, 2014). 

The coastal aquifer systems are composed of alluvial sediments, which also serve 

as potential aquifers. Due to over exploitation of groundwater for agricultural and 
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domestic purposes, groundwater level goes down below sea level and results in 

landward migration of seawater. However, the presence of pockets of saline 

groundwater derived by historical marine transgression and regression events, 

natural storms, and sea level changes escalates the groundwater salinity problems 

in coastal aquifers of Odisha (CGWB, 2014). 

Along the coastal region of West Bengal, the growing demand of fresh water 

due to rapid growth population and urbanization led to seawater intrusion. The 

groundwater level dropped abruptly and reached to 3-7 meter below normal 

groundwater level (mbgl) during the last three decades, thus causing ingress of 

saltwater (CGWB, 2014). Over extraction of groundwater coupled with reduction of 

groundwater recharge is attributed as the main reason for saltwater intrusion into 

the coastal aquifer (Biswal et al., 2018). 

1.3.2 Western Coast 

The west coast of India encompasses four states named as Kerala, 

Karnataka, Maharashtra, and Gujarat (Fig. 1.2). The length of the Western coastal 

tract is about 1600 km, which extends from Tapti valley, north of Mumbai, to the 

southern tip of Kanyakumari (CGWB, 2014). The coastal aquifer system of the 

west coast faces salinity problem as it submerges within the Arabian Sea.  

The Periyar river basin consists of shallow aquifer system of alluvial deposits, 

which also act as the source of freshwater (CGWB, 2014). The increasing demand 

of fresh groundwater led to seawater intrusion in shallow coastal aquifers. 

However, the occurrence of paleo- delta and paleo- beach deposits resulted in 

groundwater salinity (Kumar et al., 2015). 

In the coastal tract of Karnataka, the encroachment of saltwater derived by 

high tides, cause salinity problems in coastal aquifers. Heavy pumping of 

groundwater near coast breaks the natural equilibrium condition of fresh - saline 

water interface and leads to seawater intrusion (Lathashri and Mahesha, 2015). 

Along the Konkan coast of Maharashtra, the groundwater in coastal aquifer 

system is brackish to saline in nature. The tidal backwaters along the rivers 

recharge the groundwater system and contaminate the groundwater with salinity 

problem (CGWB, 2014). Along the Gujarat coast, groundwater occurs in the semi 



 

8 

consolidated to unconsolidated sediments of alluvial formation. The coastal 

aquifers suffer from groundwater salinity problem due to seawater ingress, as a 

result of intensive groundwater extraction (CGWB, 2014).  

Figure 1.2 Map of India with different states along the coasts (Modified after, 
Sudha Rani et al., 2015) 
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1.4 WHY PRESENT STUDY? 

Agriculture is the main water intensive activity in Jagatsinghpur district in 

Odisha, where more than 60% area is irrigated land (Planning and Convergence 

Department, Odisha, 2016). Agriculture/irrigation in the region sustains mainly on 

the monsoon season. Jagatsinghpur is developing very fast as an industrial hub of 

Odisha. Heavy withdrawal of groundwater are carried out in this district to fulfill the 

heavy requirement of water, which causes numerous water related issues such as 

contamination (salinity) of groundwater and progressive lowering of groundwater 

levels over the years. The need to solve the problem of the people motivated me 

to take up the present study on seawater intrusion in the Jagantsinghpur coastal 

aquifer system of Mahanadi river delta near Bay of Bengal in the Indian sub-

continent. 

1.5 OBJECTIVES 

The major objectives of the present study are mainly outlined as,  

(1) Identification of the causes of groundwater salinity in the coastal aquifer 

system in Jagatsinghpur coastal region.  

(2) Estimation of groundwater recharge and factors for seawater intrusion in 

the Jagatsinghpur coastal aquifer system 

 

1.6 ORGANIZATION OF THE THESIS 

The work reported in the thesis has been synthesized and organized into 

following chapters. 

Chapter 1 entitled “INTRODUCTION” describes the overall view of saltwater 

occurrence and factors, and major saltwater intrusion affected regions globally. It 

also incorporates the literature review, motivation and the major objectives. 

Chapter 2 entitled “LITERATURE REVIEW” focusses on the research work and 

ideas of various researchers on hydrogeochemistry and groundwater modeling, 

which are relevant in studies on coastal aquifer system. 
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Chapter 3 entitled “STUDY AREA” presents the details of Jagtsinghpur coastal 

region, which include the physiography, geology, hydrogeology and soil types in 

the region. 

Chapter 4 entitled “METHODOLOGY” includes methodology adopted for the 

present study, such as, groundwater sampling, laboratory analysis, collection of 

various hydrogeological parameters, and development of groundwater model. 

Chapter 5 entitled “RESULTS AND DISCUSSION” discusses on the groundwater 

salinity in the Jagatsinghpur coastal region through geochemical evolution of 

measured chemical parameters. The results and discussion are described with 

major focuses on hydrogeochemistry and coastal aquifer modeling respectively as 

per the two major objectives of the work. 

Chapter 6 entitled “CONCLUSIONS” summarizes the final findings based on the 

two main objectives set for the present thesis work, and concluded with a future 

scope of the study. 
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CHAPTER 2                                                LITERATURE REVIEW 

2.1 HYDROGEOCHEMISTRY 

Hydrogeochemical and isotopic studies are diagnostic tools to assess the 

groundwater quality and to understand hydrological and salinization processes in 

different coastal aquifer systems. Hence, it was applied globally such as, Zona 

Citricola (Mexico), Laizhou Bay (China), Fortescue Marsh (Australia), Rhone Delta 

(France), Buan-gun (Korea), Saturna Island (Canada) and Shean – Harod (Israel) 

(Rosenthal, 1987; Vengosh, and Rosenthal, 1994; Allen and Suchy, 2001; Lee 

and Song, 2007; de Montety et al., 2008; Skrzypek et al., 2013; Han et al., 2014; 

Ledesma-Ruiz et al., 2015). The groundwater salinization in coastal regions can 

be due to inter-aquifer mixing, pumping of saltwater, rock-groundwater interaction, 

paleo saltwater and anthropogenic contamination etc. (Han et al., 2014; Liu et al., 

2015; Larsen et al., 2017). Groundwater in the Bay of Bengal coastal region of 

India show high chloride and strontium concentration with an indication of 

seawater mixing with groundwater (Basu et al., 2001) and groundwater discharge 

to the sea, which was inferred by studying the presence of nutrients and radon in 

groundwater (Moore, 2003; Michale et al., 2005; Debnath et al., 2017). This was 

designated as submarine groundwater discharge as opposite to that of seawater 

intrusion. Further, Debnath and Mukherjee (2016) estimated around 3.6 m3 m-2 d-1 

tidally induced groundwater discharge to Bay of Bengal with help of seepage 

meter. Mukherjee and Fryar (2008) developed a geochemical model with by taking 

different major cations and anions of deeper aquifers.  

In previous studies, combination of ionic ratios, alongwith stable isotopes 

were used in shallow as well as deeper aquifers to understand seawater intrusion 

mechanisms (Allen and Suchy, 2001; Ghabayen et al., 2006; Lee and Song, 2007; 

de Montety et al., 2008; Wang and Jiao, 2012; Gurunadha Rao et al., 2013). The 

extent of seawater intrsusion process was studied by comparing the ionic ratios of 

seawater with collected groundwater samples (Rosenthal, 1987; Vengosh, and 

Rosenthal, 1994). Han et al. (2012) used chlorofluorocarbons (CFCs) and tritium 

for improved conceptual modelling of groundwater flow in the South Coast 

Aquifers of Laizhou Bay, China. 3H and CFCs are crucial aids in estimation of the 

timing of seawater intrusion and time required for re-equilibration of the 
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saline/fresh groundwater interface (Abou Zakhem and Hafez, 2007) as they 

provide age/residence time. Geochemical and isotopic evidence from major ion 

and isotope composition (2H, 18O, 3H, 14C and 34S) study of groundwater indicates 

paleo-seawater intrusion into the south coast aquifer of Laizhou Bay (Han et al., 

2011). Similarly, stable isotopes of groundwater (δ18O and δ2H) were used to trace 

the provenace of water, understand the recharge mechanisms and climate 

variability (Demlie et al., 2007; Clark and Fritz, 2013; Abu-Khader et al., 2018; 

Saldi et al., 2018). 

Further, groundwater isotopes combined with chemistry is a useful tool for 

developing a reliable conceptual model of groundwater flow system in multi aquifer 

systems (Tsujimura et al., 2007; Han et al., 2011; Zhang et al., 2016). The coastal 

regions of India such as the Brahmani basin, Arani-Koratalaiyar river basin, South 

Chennai and the Godavari basin characterized by alluvial aquifers and river 

systems were mainly affected by seawater intrusion, which was explained by 

studying groundwater and isotope chemistry (Ramakrishnan et al., 2009; 

Gurunadha Rao et al., 2013; Kumar et al., 2013; Santha Sophiya and Syed, 2013; 

Soumya et al., 2013; Nair et al., 2015; Das et al., 2016; Raju et al., 2016). Gupta 

et al. (2005) studied δ18O, δ2H and d-excess signatures of groundwater across 

India and suggested that the groundwater recharge was mainly attributed to local 

precipitation driven by NE and SW monsoon from Bay of Bengal and Arabian Sea 

respectively. Piper plot of hydrochemical data in coastal aquifer is useful in 

identifying ion exchange processes within the aquifer system (Appelo and Postma 

2005, de Montety et al. 2008, Han et al. 2011, Wang and Jiao 2012) from recharge 

point to discharge point. Ionic ratios and correlation analysis are used as proxies 

to delineate the seawater intrusion into fresh aquifer system (Vengosh and 

Rosenthal 1994, Lee and Song 2007, de Montety et al. 2008, Rao et al. 2013). 

Iron oxide can be used as a geochemical barrier to prevent seawater by 

accumulation of certain dissolved chemical species carried by coastal seawater 

(Charette and Sholkovitz, 2002, Charlet et al. 2005). 

2.2 GROUNDWATER MODELING 

The landward movement of seawater due to density contrast is saltwater 

intrusion. It may be caused due to extended (or severe episodic) changes in 

coastal groundwater due to pumping, changes in land-use patterns, climate 
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variations or sea-level fluctuations (Adrian et al., 2013). According to Oude Essink, 

(2001), half of the population of the world resides along the shoreline and they 

commonly face the problem of saltwater intrusion The problem of saltwater 

intrusion is of prime concern in the scientific community and has drawn the 

attention of several researchers globally (Panday et al., 1993, Calvache and 

Pulido-Bosch, 1994, Stigter et al., 1998, Sherif, 1999, Das and Datta, 2001, Oude 

Essink, 2001, Post and Kooi, 2003, Arfib and De Marsily, 2004; Demirel, 2004, 

Bobba and Canada, 2009, Barlow and Reichard, 2010, Mondal et al., 2010, 

Werner, 2010, Walther et al., 2012, Morgan and Werner, 2014, Zhou et al., 2014, 

Cary et al., 2015, Sahoo and Jha, 2017, Baena-Ruiz et al., 2018). Mercer et al. 

(1980) and Essaid (1990) develop a simulation model based on sharp interface 

approach in which the transition zone is narrow in thickness and areal extent. The 

density dependent miscibility flow and transport approach models were developed 

(Huyakorn et al., 1987; Galeati et al., 1992; Das and Datta, 1995, 2000; Putti and 

Paniconi, 1995) which shows lateral as well as longitudinal extent of the transition 

zone. Giambastiani et al. (2007) observed that an increase in sea level of 0.9 m 

would increase the salt flux to bodies of surface water fed by groundwater by 44 % 

over present day values. Ferguson and Gleeson (2012) looked into the problem of 

saltwater intrusion in the United States and found that areas with low hydraulic 

gradient (<0.001) are more prone to seawater intrusion from sea level rise, 

whereas regions with large population densities are susceptible to seawater 

intrusion caused by incessant pumping. Various numerical codes are available to 

simulate density-dependent groundwater flow and solute transport. SEAWAT (Guo 

et al., 2002; Langevin, 2003) was used for coastal aquifers to predict the position 

of Freshwater Seawater Interface (Schneider and Kruse, 2006; Masterson and 

Garabedian, 2007; Lin et al., 2009; Praveena and Aris, 2010; Rozell and Wong, 

2010; Sanford and Pope, 2010; Chang et al., 2011; Webb and Howard, 2011). 

SEAWAT iteratively pairs a variable density from groundwater flow model 

MODFLOW (McDonald and Harbaugh, 1988; Harbaugh et al., 2000) and the 

solute transport from MT3DMS (Zheng and Wang, 1999). 

Seawater intrusion may be triggered by over-pumping along sensitive regions 

in the coastal aquifers. This leads to degradation of water quality within the 

aquifers Ghyben (1888) and Herzberg (1901) developed the first ever model of 

saltwater intrusion (Todd, 1959). There is a need for appropriate management for 
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assessing the maximum feasible pumping rates which protects seawater intrusion 

in coastal aquifers (Singh, 2013). Various groundwater issues such as assessment 

of fresh groundwater reserves, and prediction of seawater intrusion in response to 

groundwater exploitation have led to the development of these models (Volker and 

Rushton, 1982; Custodio and Bruggeman, 1987; Putti and Paniconi, 1995; Bear et 

al., 1999; Sadeg and Karahanoðlu, 2001). In order to represent the response of 

coastal aquifer system threatened by saltwater intrusion in Southern Turkey, 

Hallaji and Yazicigifl (1996) used steady-state and transient finite-element 

simulation models. Finite-difference methods are used to generate the hydraulic 

response equations of the groundwater basin for each aquifer, that incorporates 

different parameters like freshwater and saltwater heads, the location of the 

interface, and the pumping and recharge schedules (Finney et al., 1992). The 

problem of saltwater intrusion in the Yun Lin basin, Taiwan was modeled using 

influence coefficient methods and projected Lagrangian algorithms (Willis and 

Finney, 1988). Reichard and Johnson, (2005) successfully accessed saltwater 

intrusion activities in Montebello fore bay and checked the salt water intrusion by 

adopting artificial recharge in spreading ponds, by imposing restrictions on 

pumping, installing seawater-barrier injection wells and delivering imported surface 

water instead of pumping (Reichard and Johnson, 2005). In order to simulate the 

seawater intrusion in coastal aquifers, Das and Datta (2001) adopted an approach 

using the density-dependent miscible flow and transport modelling.  

As climate change has great effects on ground water recharge, models are 

developed to use the water intrusion as a proxy to monitor the sea level fluctuation 

by global climate change. A three-dimensional numerical model of density-

dependent groundwater flow coupled with solute transport was developed for the 

Richibucto region of New Brunswick for the investigation of eustatic changes and 

climate change (Green and MacQuarrie, 2014), in compliance with the recent 

refinement to projections of climate change (Intergovernmental Panel on Climate 

Change, 2007). This led to a boost in the number of studies investigating the 

effects of climate change on seawater intrusion (Taylor et al., 2013). In order to 

investigate the influence of deterministic changes in boundary conditions for 

conceptually simple coastal aquifers , most of the studies encompassed analytical 

or numerical models (Green and MacQuarrie, 2014). Loáiciga et al. (2012) used a 

numerical model to quantify seawater intrusion and test the effects of sea-level 
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rise near Monterey, California and concluded that the major cause driving 

seawater intrusion in the area was groundwater extraction. 

Bobba, (2009) carried out an extensive study near the Godavari Delta in 

India through numerical simulations and deciphered that the seawater in the 

surficial aquifer increased substantially by a sea-level rise of 0.5 m. The pre-event 

salinity can also be a result of remnant salinity partially entrapped within the 

formations that might have been influenced by earlier tsunamis or cyclonic storms 

or long-term sea transgressions associated with pre-historic sea-level rises (Riedel 

et al., 2010; Singh, 2014). The experiences in the field of water management in 

India have shown that lowering in levels of groundwater, waterlogging and salinity 

in different parts of the country are the primary repercussions of indiscriminate and 

injudicious use of water resources. Taylor, (1959) divided various stratigraphic 

units into eight water provinces, from which five occur in east coast of India and 

opined that the coastline of Odisha state of India holds a strategic position in 

studying the phenomena of saltwater intrusion. 

Approximately 3 million people in the western part of Odisha are facing acute 

drinking water crisis owing to large-scale deforestation, unplanned use of irrigation 

water, and low participation by people in the management of natural resources 

(Rejani et al., 2008). Moreover, overexploitation of groundwater in certain parts of 

the densely populated coastal Odisha has resulted in declining groundwater levels 

and seawater intrusion (Panda et al., 2007). The Kathajodi-Surua Inter-basin 

within the Mahanadi deltaic system was studied by Mohanty et al. (2012) for in-

depth hydrologic and hydrogeologic investigations and explored the possibility of 

enhanced and sustainable groundwater supply. In order to effectively simulate and 

study the salinity structure, velocity profile, flow and circulation pattern of the 

Mahanadi Estuary, a numerical model was developed by Rao et al. (2002). 

Radhakrishna, (2001) studied the regional subsurface saline/freshwater interface 

structure through self-potential log analysis and suggested ideas for building up 

appropriate well fields and for sustainable developmental programs for drinking-

water and irrigation systems in the Mahanadi delta region. The ASR-wells (Aquifer 

Storage and Recovery) (Holländer et al., 2009) may prove handy in such a 

scenario where they are able to infiltrate water into an aquifer and later extract 

water as per demands. Most of the coastal basins have become victims to low 
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groundwater levels and seawater intrusion as in Balasore groundwater basin of 

Odisha in eastern India (Rejani et al., 2003). A non-linear transient hydraulic 

management model and a linear optimization model in conjunction with the two-

dimensional finite difference flow simulation model was developed for the Balasore 

groundwater basin (Rejani et al., 2008) to manage groundwater resources in this 

coastal basin. Another two-dimensional groundwater flow and transport model for 

the coastal basin was devised by Rejani et al., 2009 for the coastal basin using 

Visual MODFLOW for simulation of salient pumping strategies under existing 

agricultural practice. The simulation modeling is also helpful for efficient 

management of groundwater involving minimization of seawater intrusion and 

sustainable groundwater utilization on a long-term basis. These numerical models 

were conducted to study the effect of fresh water discharge from the Mahanadi 

River on the surge response along the Odisha coast on account of the super 

cyclone in October 1999, which led to severe flooding of the coastal and delta 

regions of Odisha (Dube et al., 2000) 
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CHAPTER 3                                                              STUDY AREA 

3.1 INTRODUCTION 

Odisha state is situated along the eastern coast of India. The state 

experiences natural calamities such as flood, drought and cyclone almost every 

year. Out of 47 years (1961 – 2008), 37 years recorded various natural calamities 

(Odisha State Disaster Management Authority, 2008). Odisha is an agrarian state 

where more than 85% of population are dependent on agriculture for their 

livelihood (Planning and Convergence Department, 2016) . Because of uneven 

rainfall and its irregular distribution, reliance on groundwater resource usage has 

gradually been increasing to meet the water demand for agriculture, domestic and 

industrialization purposes 

Jagatsinghpur district, which constitutes a part of the Mahanadi delta, is one 

such natural disaster prone coastal districts of Odisha. Almost all blocks of 

Jagatsinghpur coastal district were severely affected by the super cyclone, with 

wind speed of above 200 km/h on October 29, 1999 (Nayak et al., 2001). Some 

villages such as, Ersama, Kujang and Balikuda were mostly submerged due to the 

tidal wave (height > 7m) of Bay of Bengal and this super cyclonic storm brought 

devastation to human life, livestock, residence and property (Nayak et al., 2001; 

Chhotray and Few, 2012).  

3.2  PHYSIOGRAPHY AND CLIMATE 

Jagatsinghpur is one of the six coastal districts characterized by a total 

geographic area of 1668 km2 and a population of more than one million (Office of 

the Registrar General and Census Commissioner, India 2011). The length of 

coastal line of this region is approximately 50 km along SW-NE direction. 

Jagatsinghpur coastal area is also a deltaic region bounded by Bay of Bengal 

along east direction and two rivers i.e. the Mahanadi River is flowing from west to 

east direction and the Devi River is flowing from north-northwest to south-

southeast direction. The region is mainly influenced by tropical monsoon climate 

with annual average rainfall 1436 mm, and the main source of rain is south-west 

monsoon (Fig. 3.1). The maximum and minimum temperature in the area is 38 0C 

and 12 0C respectively, mostly characterized by hot and wet summer (monsoon) 
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(Naik, 2018). Approximately 80% of the total precipitation occurs during kharif 

season (June to September). The study area is a part of deltaic region, and it 

consists of thick sediments deposited by the rivers with very gentle land slope 

towards the Bay of Bengal (Tyagi and Kumar, 2000). 

 

 

 

 

 

 

 

Figure 3.1 Annual rainfall from1970 to 2000 (Indian Meteorological Department, 
Bhubaneswar) 

3.3 GEOLOGY AND HYDROGEOLOGY 

The Jagatsinghpur deltaic region belongs to the Quaternary Formation, 

which comprises of recent alluvium sediments of flood plain deposits of the 

Mahanadi River and the Devi River in upper part of the study area. The deposits 

majorly consist of gravels, sand (fine to coarse grain), silt and clay (red, yellow and 

black) (Geological Survey of India (GSI), 2011) and is further classified into two 

parts (a) Lower delta formation and, (b) Upper delta formation (Fig 3.2). The Lower 

and Upper delta deposits consist of clay with fine sand and sandy silt, and silty 

clay respectively (Fig. 3.2), which are of middle to late Holocene age (GSI, 2011). 

The lower part of the study area lying close to the coast is characterized by low 

lying wet plains, tidal infected rivers, tidal creeks, swamps, ill drainage of land, 

non-development of levees (Mahalik et al., 1996; Naik, 2018). However, the 

natural levees are the only geomorphic features controlled by the Upper delta 

formation (Naik, 2018). The coastal tract acts as a good zone of groundwater 

availability, as very thick layer of sediments of varying sizes is present in this part 

of the study area. The aquifer system of Jagatsinghpur area is divided mainly into 



 

19 

two divisions, (i) shallow aquifer zone < 50 m thickness (ii) deeper aquifer zone 50-

300 m thickness below ground level (CGWB, 2013). 

3.3.1 Shallow aquifers 

The shallow aquifers are to a depth of 50 m from land surface and consist 

of a mixture of sand and clay with little gravel at places (GSI, 2011) (Fig. 3.3). The 

thickness of the saturated sediments varies from 10 to 35 m (CGWB, 2013). 

Ground water in these aquifers usually occurs under water table condition. Dug 

wells and shallow tube wells are used to extract ground water from the aquifer. 

The dug wells are of very shallow depth and are recharged mainly from the local 

precipitation. Overall, both the zones supply water for irrigation. There are many 

shallow tube wells for domestic use in the area particularly in the eastern part by 

tapping 3 to 6 m zone within 30 to 50 m depth (CGWB, 2013). The hydraulic 

conductivity for unconfined aquifer varies from 8 m/day to 57 m/day in Mahanadi 

deltaic region (Sahoo and Jha, 2017). 

3.3.2  Deeper aquifers  

The depth of the deeper aquifer ranges from 50 to 300 m below ground level 

(bgl) (Fig. 3.3). In the major part of the study area, the depth of the borehole is 

confined to 300 m (CGWB, 2013). The boreholes show considerable variation in 

granularity and thickness. There is a sequence of alternating clayey and sandy 

layer with occasional presence of thin arenaceous materials (Mahalik, 2000). 

Adequate amount of fresh groundwater of varying thickness occurs at different 

depths. As the alluvial deposit is a good repository of ground water, it is exploited 

by installation of deep tube wells across the study area.  
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Figure 3.2 Geological (the Upper delta formation and the Lower delta formation of the Mahanadi deltaic region) and hydrogeological (sand, 
silt, and clay) map of the study area (modified after, Geological Survey of India, 2011) 
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Table 3.1 Hydrogeological parameters from different locations (CGWB, 2013) 

Sl. 
No. 

Location Type Depth 
(m) bgl 

Depth 
of T/W 

Hydro- 
chemical profile 

Zone 
Tapped 
(m)bgl 

Swl 
(m) bgl. 

Yield 
(lps) 

Drawdown 
(m) 

T 
(m

2
/day) 

S 

1. Kujang OW 374.08 142 0-340 F  to B 98-140 - - - - - 

2. Balikuda  EW 299.50 80.0 0-85 F 
85-299 S 

48-62 2.15 38 4.77 5082 - 

3. Borikina  EW 367.68 - 0-80 F 
80-190 S 
190-209 B to S                 
209-254 S 
254-325 B toF 

- - - - - - 

4. Machagon  EW 612.14 98.76 0-100 F              98-
492 S 

31-51, 80-
97 

1.55 56 3.93 9360 - 

5. Ersama  EW 609.62 291 0-137 B 
137-312 F 
312-600 S 

184-189 
203-208 
226-232 
257-267 
279-289  

0.676 
(agl) 

56 13.02 388 2.5x10
4
 

6. Jagatsinghpur     OW 74.60 70.0 0-74.6F 50-68 -     

7. Paradeep EW 430.76 290.0 0-18  No data 
18-23 S 
230-260 B 
260-288  
288-320 B+F 320-
392 S 

273-288 
 

-     

8. Sahara  EW 303.0 127 0-303  F to B 18-25          
76-93           
115-125           

0.10 69 4.08 2110  

 

Note: OW=Observation well, EW = Exploratory well, bgl=below ground level agl = above ground level, SWL=Static water level, T/W = Tube well, 
T= Transmissivity (m2/day), S= Storage co-efficient, F= Fresh water, B= Brackish water, S= saline water 
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Figure 3.3 Fence diagram with alternate layers of aquifer and aquitards (Data Source 
CGWB 2013) 

 

3.4 SOIL TEXTURE TYPE 

 The distribution and types of different soils in the study area depend on the 

physiographic and lithologic variations. Based on texture, the soils have been 

classified as coarse grained, medium grained and fine grained (Fig. 3.4). 

The study area consists of approximately 90% fine to coarse textured soil, 

which include deltaic alluvial soils. The deltaic soils are chemically deficient in 

phosphate (P2O5) and nitrogen (N) (CGWB, 2013). In the north eastern and south 

eastern part of the study area, very small amount of medium textured soil of 

alkaline nature are observed to occur 
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Figure 3.4 Map showing different types of soil textures (National Remote Sensing Centre, 
India)  
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3.5 LAND USE AND LAND COVER  

Land use and land cover map reveals that more than 90% of the study area 

is crop land (Fig. 3.5). The villagers of this rural area depend on agricultural 

activity for their livelihoods. The study area is surrounded by two rivers, which act 

as sources of water along with groundwater. It also includes beach dune, beach 

and beach plains which are suitable for human settlement because of availability 

of fresh water at a shallower depth (Naik, 2018). Along the NE direction, the land 

use pattern suggests that urbanization due to Paradeep port is increasing. 

 

Figure 3.5 Land use and land cover map (2005-2006) (Bhuvan thematic layers, NRSC, 
India) 
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CHAPTER 4                                                        METHODOLOGY 

4.1 INTRODUCTION 

To achieve the two major objectives of the present study, the methodology 

followed is shown in Fig. 4.1. It included field work, in which groundwater 

sampling, analysis and collection of data were carried out. A conceptual model 

was prepared based on lithological data and other relevant data. The process of 

saltwater intrusion in the coastal aquifer was assessed by development of a 

numerical model using visual MODFLOW. 

 

Figure 4.1 A Flow chart of methodology for the present study 



 

26 

4.2 FIELD STUDY 

Groundwater samples from selected dug wells and hand pumps were 

collected (Fig. 4.2). The sample stations A1, A2, A3, A4, A5 (A), A5 (B), A6, A8, 

A11, A12, A14, A15, A17, A18, A20, A21 and A28 are located in the Lower region 

of the delta and the remaining sites are located in the Upper region of the 

Mahanadi delta.  

 

Figure 4.2 Sampling locations for different periods during 2015 (post-monsoon) and 2016 

(pre-monsoon) 

In situ measurements of on-field parameters such as pH, Temperature (℃) 

and Electrical Conductivity (EC in µS/cm) were carried out with the help of HACH 

HQ40d portable meter. The groundwater samples were collected in 500 ml 

laboratory pre-cleaned polyethylene bottles and filtered in field by using 0.45 µm 

filter papers for major cations and anions analysis. 
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Figure 4.3 Field photographs showing a) collection of surface water sample, b) collection of groundwater sample 
from hand pump c) measuring of field parameters d) metal buckets show reddish brown stains due to excess iron 
content. 
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4.3 WATER ANALYSIS 

For major cations (Ca2+, Mg2+, Na+ and K+) analysis the water samples 

were preserved in laboratory pre cleaned mild acid washed polyethylene bottles 

and the samples after in situ measurements were acidified to pH ~ 2 with ultrapure 

6 N HNO3. Alkalinity of samples was measured in field by titration (gran plot) using 

H2SO4 (0.22 N) during sampling. These water samples were preserved at 4 ℃ in a 

refrigerator until analysis. The concentration of ions was determined by using Ion 

Chromatograph model Dionex ICS – 5000+ at the Nuclear Hydrology Laboratory 

of National Institute of Hydrology (NIH), Roorkee, India. In this laboratory, anions 

and cations were measured using an ion chromatograph (IC) (Dionex ICS-5000) 

with AS11-HC and CS-16 columns respectively. Errors in mass-charge balance of 

groundwater samples were observed to be < 5% except in two groundwater 

samples with mass-charge imbalance of 5-6% 

For isotopic analyses, the samples were stored in 10 ml polyethylene 

bottles, which were sealed air-tight. The stable isotopic analysis of collected 

samples was carried out at the Nuclear Hydrology Laboratory of National Institute 

of Hydrology (NIH), Roorkee. Dual inlet isotope ratio mass spectrometer (DIIRMS) 

was used to measure δ2H, whereas continuous flow isotope ratio mass 

spectrometer (CFIRMS) was used to measure δ18O. The water samples were 

equilibrated with CO2 and H2 to measure δ18O and δ2H values respectively by 

using the standard technique (Epstein and Mayeda, 1953). The system was 

calibrated to determine the δ18O and δ2H composition by IAEA standards Vienna 

standard mean ocean water (VSMOW), Greenland ice sheet precipitation (GISP) 

and standard light Arctic precipitation (SLAP) (Sengupta and Sarkar, 2006; Rai et 

al., 2014) having precision ± 1.0 ‰ and ±0.1 ‰ for δ2H and δ18O respectively. 

4.4 CALCULATION OF SATURATION INDEX (SI) 

PHREEQC Version 3 (Parkhurst and Appelo, 2013) has been used to 

calculate the saturation index of carbonate minerals. In carbonate minerals calcite, 

dolomite and gypsum have been taken into account as different phases for 

seawater intrusion study (Han et al., 2011). Minimal reaction-path can be 

developed using PHREEQC for pairs of wells located along regional groundwater 

flow direction with pumping at quasi-current rates (Mukherjee et al., 2007). 
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4.5 DEVELOPMENT OF MODEL 

4.5.1 Conceptual model 

A conceptual model (Fig. 4.4) consisting of shallow top aquifer was 

developed for the groundwater flow system of Jagatsinghpur based on lithological 

data, boundary conditions and groundwater level data. As the main aim of the 

present study was to analyze saltwater intrusion through quantification of net 

recharge in the top unconfined coastal aquifer due to rainfall, river seepage and 

irrigation return flow, only a single unconfined aquifer was considered up to a 

depth of 50 m. After preparing a conceptual model, it was translated into a 

numerical model with the help of Visual MODFLOW software package 

 

Figure 4.4 Conceptual model consisting of single layer 

 

4.5.2 Numerical model 

The groundwater flow simulation was carried out by Visual MODFLOW, 

which integrates the modular three dimensional finite difference groundwater flow 

code (McDonald and Harbaugh, 1988). Several numerical codes have been used 

to simulate groundwater flow both in local and regional groundwater system 

(Yidana and Chegbeleh, 2013). The groundwater flow equation (Eq.4.1) is used in 

MODFLOW to understand the groundwater flow in three different directions 

(Anderson and Woessner, 1992) 

𝜕

𝜕𝑥
 (𝐾𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
 (𝐾𝑦

𝜕ℎ

𝜕𝑦
) +

𝜕

𝜕𝑧
 (𝐾𝑧

𝜕ℎ

𝜕𝑧
) =   𝑆𝑠

𝜕ℎ

𝜕𝑡
− 𝑅    (4.1)  

Where 𝐾𝑥, 𝐾𝑦 and 𝐾𝑧 are hydraulic conductivity in three different directions; 𝑆𝑠,

ℎ and 𝑅 represents specific storage, hydraulic head and sink or source 

respectively. Hydraulic head value does not change with time period under steady 

state condition. This condition expresses as (Eq. 4.2).  
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𝐾𝑥 
𝜕2ℎ

𝜕𝑥2 + 𝐾𝑦
𝜕2ℎ

𝜕𝑦2 + 𝐾𝑧
𝜕2ℎ

𝜕𝑧2  = 0       (4.2) 

Visual MODFLOW has a number of solvers such as Preconditioned Conjugate 

Gradient (PCG), Strongly Implicit Procedure package (SIP), Slice Successive Over 

Relaxation package (SOR), WHS solver for Visual MODFLOW package (WHS) 

and Geometric Multigrid solver (GMG) for numerical equation for groundwater flow 

simulation purposes. In the present study, WHS solver package with Bi-Conjugate 

Gradient Stabilized (Bi-CGSTAB) accelerator was used to solve the partial 

differentiation equations through iterative procedures. 

4.5.3 Model discretization 

The model study area was divided into 9394 cells with 77 rows (I=77) and 

122 columns (J=122) and each cell consisted of 600 m × 600 m square blocks 

(Fig. 4.5). The modeled layer thickness varied approximately from 30 m to 50 m in 

the study area. The study area consists of 4632 active and 4762 inactive cells as 

shown in Table 4.1. The layer elevation and ground elevation data was imported to 

Visual MODFLOW through ASCII file. 

 

Figure 4.5 Map with grid cells, observation wells and boundary condition 
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Table 4.1 Model input parameters 

Sl. No. Parameters Inputs 

1. 

1.1 

1.2 

Cell 

Active 

Inactive 

 

4632 White Cells- (600 m X 600 m) 

4762 Green Cells- (600 m X 600 m) 

2. 

2.1 

 

2.2 

2.3 

2.4 

Model Boundaries 

Rivers (RIV) 

 

Constant Head 

Recharge 

Evapotranspiration 

 

Mahanadi River (W to E) 

Devi River (NNW to SSW) 

Head = 0 m (Bay of Bengal - SW to 
NE) 

Variable 

Rate = 1400 mm/ year 

Extinction Depth= 3.0 m 

3. 

3.1 

3.2 

Layer 

Layer No. 

Layer Type 

 

1 

Unconfined 

4. 

 

4.1 

Aquifer Parameters  

Hydraulic Conductivity (K) 

 

Specific Yield (Sy) 

Kx=Ky= 40 to 45 m/d 

Kz=4 to 4.5 m/d 

5% to 7% 

5 

5.1 

Wells 

Observation Wells 

Hydraulic Head  

 

11 nos. 

0.7-15 m 

6. Aquifer Stresses Data for individual pumping wells not 
available, the same has been included 
in net recharge 

7. 

7.1 

7.2 

Simulation Period 

              Steady State 

              Transient State 

 

1st Jan’04 (1day) 

2004 to 2009 
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4.5.4 Initial heads 

Hydraulic head data of 11 different observation wells were collected from 

Central Ground Water Board (CGWB). The hydraulic head varied from 0.7 m near 

the sea coast to 15 m away from the shore line. For groundwater flow simulation, 

1st day January 2004 was taken as initial time period and four different time 

periods of head data (from year 2004 to 2009) were used for both calibration and 

validation of the model (Annexure I). The head data was categorized as post-

monsoon (Rabi) for January, pre-monsoon for April, monsoon for August and post-

monsoon (Kharif) for November. 

4.5.5 Boundary conditions 

The Visual MODFLOW simulates the groundwater flow followed by different 

types of boundary conditions. In Jagatsinghpur coastal aquifer system, two types 

of boundaries were used (Fig. 4.6). Along the eastern side of the study area, Bay 

of Bengal was considered as constant head boundary or Dirichlet boundary (Datta 

et al., 2009). Two large perennial rivers i.e. the Mahanadi River and its distributary 

the Devi River flowing along the two sides of the study area was considered as 

Cauchy boundary or head dependent flux boundary. The river conductance value 

were determined from (Eq. 4.3) (Rejani et al., 2008).  

𝐶
𝑅𝐼𝑉𝐸𝑅=

𝐾𝑟×𝐿×𝑊𝑟
𝐵

         (4.3) 

where 𝐾𝑟= hydraulic conductivity of the river bed (m/day), 𝐿= length of the 

reach/grid size (m) 𝑊𝑟= width of the river (m) and 𝐵=thickness of the river bed (m). 

The river bed conductance of two rivers were i.e. 30,000 to 35,000 m2/day 

(CGWB, 2013). 

4.5.6 Hydrogeological parameters 

The model domain was classified into 3 hydraulic and specific yield zones 

for the single unconfined aquifer system, which belongs to the alluvial formation of 

the Mahanadi delta (Fig 4.6). The horizontal hydraulic conductivity (Kh) of ZONE I, 

ZONE II and ZONE III were taken different because of geomorphic and lithological 

variations within the study area. 
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Figure 4.6 Map showing three different zones of hydraulic conductivity and specific yield  

 

As the water table was very close to the ground surface, large amount of 

groundwater may be lost through evapotranspiration process. Hence, the 

evapotranspiration data was taken into consideration for groundwater simulation 

model. Further, the study area was divided into 11 different recharge zones in the 

form of Thiesen polygons (Yidana and Chegbeleh, 2013) in which monthly 

recharge were assigned (Fig. 4.7). In groundwater simulation model, the recharge 

was manually optimized to minimize the head difference between observed head 

and calculated head (Datta et al., 2009). 
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Figure 4.7 Different recharge zones with different recharge values based on rainfall  

 



 

35 

CHAPTER 5                                    RESULTS AND DISCUSSION 

5.1 HYDROGEOCHEMISTRY 

5.1.1 Chemical composition 

 The hydrochemical analysis of groundwater samples in the study area 

showed a wide range of variation (Table 5.1). The electrical conductivity (EC) 

varied from 146 µS/cm in NW to 33900 µS/cm in SE part in the Mahanadi deltaic 

region. The highest EC value was recorded in groundwater sample (A5 (B)) near 

to the coast of Bay of Bengal (Fig. 5.1), indicating the mixture of fresh groundwater 

and saline water, whereas low EC values were observed in many groundwater 

samples located away from the sea coast. The pH ranged from 6.7 to 7.0 and the 

average groundwater temperature was 19.80 C 

 The maximum concentration of sodium (286.45 meq/l), calcium (67.79 

meq/l), magnesium (117.50 meq/l), potassium (18.33 meq/l), chloride (404.50 

meq/l) and sulphate (32.86 meq/l) were observed in A5 (B) sample, which is 

presumably affected by seawater intrusion as it is located very close to Bay of 

Bengal. Similarly, the low concentration of sodium (0.47 meq/l), calcium (0.34 

meq/l), magnesium (0.13 meq/l), potassium (0.03 meq/l), chloride (0.12 meq/l) and 

sulphate (0.01 meq/l) was observed in different wells located far away from the 

sea coast 

 The pie diagrams of ions in groundwater is shown in Fig. 5.1. The 

groundwater samples (A9, A22, A26 and A27) show higher percentage of Ca2+ (24 

- 29%) compared to Na+ (10 - 16%) among cations; whereas among anions, the 

percentage of HCO-
3 (31 - 43%) far dominates Cl- (4 - 16%).  
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Table 5.1 Chemical composition of groundwater 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: SW = Shallow Well; DW = Deep Well, ND=Not Detectable, NICB= Net Inorganic Charge Balance 

Sample 
ID 

Type 
of 
well* 

EC 
(µS/c) 

pH 𝐂𝐥− 
(meq/l) 

𝐇𝐂𝐎𝟑
− 

(meq/l) 
𝐍𝐎𝟑

− 
(meq/l) 

𝐒𝐎𝟒
𝟐− 

(meq/) 

𝐂𝐚𝟐+ 
 

(meq/l) 
𝐌𝐠𝟐+ 

 

(meq/l) 

𝐍𝐚+ 
(meq/l) 

𝐊+ 
(meq/l) 

NICB 
in % 

δ
18

O 
(‰) 

δ
2
H 

(‰) 

A 1 SW 447 7.55 0.53 3.96 0.11 0.44 1.85 1.80 1.71 0.24 5.3 -6.87 -45.42 

A 2 DW 1475 7.35 5.09 10.30 0.22 ND 1.66 5.26 9.09 0.68 -3.3 -3.65 -27.17 

A 3 DW 3300 7.16 35.57 2.00 ND 1.68 10.97 8.24 16.23 0.29 4.7 -3.05 -20.29 

A 4 DW 3500 6.9 40.06 2.50 ND 1.52 12.00 13.33 18.78 0.26 -0.3 -- -- 

A 5 (A) SW 291 7.37 0.58 2.90 ND 0.07 1.41 1.17 0.76 0.11 1.4 -5.88 - 41.03 

A 5 (B) DW 33900 6.79 404.50 2.38 ND 32.86 67.79 117.50 286.5 18.33 -5.4 -1.86 -10.79 

A 6 DW 7880 7.07 82.80 2.00 ND 3.52 17.23 19.33 52.17 0.93 -0.8 -2.65 -15.06 

A 8 DW 3010 7.23 29.29 8.20 ND 0.26 3.06 3.99 30.76 0.56 -0.8 -3.95 -26.65 

A 9 DW 180 7.28 0.36 1.90 ND 0.01 1.08 0.54 0.61 0.08 -0.9 -3.50 -26.34 

A 10 DW 451 7.55 0.81 4.20 ND 0.40 0.34 0.13 5.42 0.07 -4.8 -4.00 -31.22 

A 11 SW 5010 7.55 49.29 10.10 ND 5.79 1.02 4.57 54.34 0.84 3.5 -3.86 -24.27 

A 12 DW 9340 7.03 128.57 3.50 ND 5.84 32.45 35.50 57.61 0.94 4.3 -3.09 -18.15 

A13(A) DW 3270 7.8 34.23 5.92 ND 1.19 0.60 1.30 35.70 0.22 4.4 -2.77 -16.26 

A13(B) SW 494 7.24 2.48 3.50 ND 0.17 2.09 1.35 2.89 0.14 -2.5 -4.10 -26.40 

A 14 SW 4540 7.15 36.44 8.20 ND 2.72 5.16 8.73 36.27 0.83 -3.7 -4.29 -27.05 

A 15 DW 694 7.48 3.26 3.53 ND 0.57 0.36 0.45 7.12 0.18 -4.8 -3.77 -27.12 

A 16 DW 374 7.21 1.34 2.57 ND 0.03 0.53 0.51 2.83 0.12 -0.6 -4.83 -29.88 

A 17 DW 424 7.33 1.21 4.00 ND 0.14 0.35 0.31 4.79 0.19 -2.6 -4.75 -33.88 

A 18 DW 1729 7.63 4.99 4.40 ND 1.36 1.31 5.61 5.08 0.40 -2.9 -4.75 -30.87 

A 20 SW 4500 7.4 52.46 6.10 ND 1.71 7.69 13.78 36.61 6.95 -3.8 -3.40 -22.43 

A 21 DW 386 6.7 0.84 1.23 0.20 0.30 0.55 0.41 1.37 0.15 1.8 -5.08 -32.81 

A 22 DW 146 6.92 0.12 1.50 ND 0.08 0.82 0.36 0.57 0.03 -2.3 -2.67 -20.43 

A 23 SW 409 7.65 0.67 4.31 0.03 0.19 1.09 0.83 3.18 0.09 0.1 -5.64 -34.45 

A 24 SW 334 7.58 1.07 3.00 ND 0.04 0.35 0.32 3.32 0.10 0.2 -4.83 -34.24 

A 25 DW 403 7.46 0.79 3.97 ND 0.09 0.56 0.43 4.34 0.06 -5.3 -4.58 -30.69 

A 26 SW 454 7.26 1.55 3.00 0.03 0.17 2.80 1.18 0.95 0.04 -2.3 -4.98 -33.81 

A 27 DW 178 6.98 0.36 1.80 ND 0.09 1.00 0.50 0.47 0.11 3.9 -4.53 -36.86 
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Figure 5.1 Major ionic concentration in percentage  

 

5.1.2 Hydrochemical facies 

The different hydrochemical facies are shown in Piper diagram (Piper, 

1944) as in Fig. 5.2. Accordingly, the study area has been classified into several 

water types, such as Na-Ca-HCO3, Ca-HCO3, Na-Cl, Na-Cl-HCO3, Na-Mg-Ca-Cl 

and Ca (Na, Mg)-HCO3-Cl (Fig. 5.2) (Mukherjee and Fryar, 2008). Different 

chemical composition of groundwater is due to various chemical processes such 

as, hydration, hydrolysis, ion-exchange and oxidation-reduction reactions 

(Rosenthal, 1987). The Ca-HCO3 water type was observed in groundwater 

samples A1, A5 (A), A9, A22, A23 and A27 and are considered to be fresh 

groundwater with Ca2+ and HCO-
3 content predominately in the upper part of the 

coastal aquifer system (Appelo and Postma, 2004). The groundwater samples, 

A25 and A10 show Na-Ca-HCO3 type of water (Fig. 5.2) and are also fresh 

groundwater unaffected by salinization process. Another group of groundwater 

samples (A15-17 and A24) shows Na-Cl-HCO3 water facies, whereas some 
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groundwater samples (A13B, A18, A21 and A26) are of mixed water types (Fig. 

5.2). The other samples are saline to highly saline with high chloride content and 

EC, and are categorized as Na-Cl and Na-Mg-Ca-Cl hydrochemical facies (Fig. 

5.2). 

 

 

Figure 5.2 Piper plot with variation in hydrochemical facies  

 

To interpret the mechanism of seawater intrusion process, an ionic correlation was 

made (Fig. 5.3). The parameter EC is strongly correlated with chloride ion (Cl-) 

with r = 0.997 (Fig. 5.3a), indicating that the groundwater in the study area has 

been affected by seawater. Similarly, chloride (Cl-) shows positive strong 

correlation with major ions (Na+, Ca2+, Mg2+, SO2+
4 and K+) with correlation 

coefficient (r) of 0.987, 0.991, 0.974, 0.978 and 0.914 respectively (Fig. 5.3 b, c, d, 

e and f). The strong correlation between Cl- and cations implies that the 
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groundwater salinity in the coastal region is derived mainly from seawater, as 

chloride represents the end-member proportion of seawater due to its conservative 

nature (Pulido-Leboeuf, 2004; Ghabayen et al., 2006; de Montety et al., 2008; 

Huang et al., 2013). 

 

Figure 5.3 Correlation showing strong positive correlation a) Cl Vs. EC b) Cl Vs. Na c) Cl 
Vs. Ca d) Cl Vs. Mg e) Cl Vs. SO4 and f) Cl Vs. K 
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Different molar ratios such as, Na+ / Cl-, HCO-
3 / Cl-, Mg2+/ Ca2+, SO4 

2-/ Cl- 

and Ca2+/ (HCO-
3/ SO4 

2-) of groundwater samples were used to delineate the 

mixing between groundwater and seawater (Table 5.2). The average ratio of Na+ / 

Cl- ranges from 0.86 to 1.0 for water in hydrological cycle, whereas the ratio is 0.86 

for seawater (Rosenthal, 1987; Vengosh, and Rosenthal, 1994; Stigter et al., 

1998). The coastal aquifer system of the Mahanadi delta showed Na+ / Cl- ratio 

between 0.45 and 6.73 (average 2.01). The measured Mg2+ /Ca2+ ratio ranged 

from 0.37 to 4.47 with an average value of 1.29, which indicates the conversion of 

fresh groundwater to saline groundwater in the coastal region. Ratios in the ranges 

0.5 - 0.7 and 0.7 - 0.9 imply that groundwater flows through limestone aquifer and 

dolomitic aquifers respectively (Rosenthal, 1987; Vengosh, and Rosenthal, 1994). 

HCO-
3 / Cl- molar ratio is generally used to determine the recharge region of the 

coastal aquifer system. The HCO-
3 / Cl- ranged from 0.019 to 12.35 with an 

average value of 2.6. The groundwater affected by seawater can be explained 

through the study of SO4 
2-/ Cl- ratio (0-0.83), which provides key information about 

the origin of SO4 
2- due to various chemical processes such as sulfide oxidation, 

gypsum dissolution and mixing of seawater (Pulido-Leboeuf, 2004; Han et al., 

2011). Ca2+/ (HCO-
3/ SO4

2-) ratio, was used to understand the controlling factors 

on groundwater system in the present study. In calcareous aquifer system, the 

ratio of (Ca2+/ (HCO-
3/ SO4 

2 )) varies from 0.6 to 0.8, exceeding the ratio (0.34) of 

seawater (Rosenthal, 1987).  
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Table 5.2 Ionic ratios and saturation indices 

Sample 
Station 

ID 

Seawater 
fraction 

HCO3/Cl Na/Cl Mg/Ca SO4/Cl Ca/ 
(HCO3+SO4) 

SI 
Calcite 

SI 
Dolomite 

SI 
Gypsum 

A 1 0.00 7.481 3.23 0.97 0.83 0.42 0.01 0.08 -2.51 

A 2 0.01 2.022 1.79 3.18 0.00 0.16 0.08 0.74 Not available 
A 3 0.06 0.056 0.46 0.75 0.05 2.98 -0.12 -0.31 -1.57 
A 4 0.07 0.062 0.47 1.11 0.04 2.99 -0.30 -0.68 -1.60 

A 5 (A) 0.00 4.984 1.30 0.83 0.11 0.47 -0.39 -0.79 -3.38 
A 5 (B) 0.72 0.019 0.71 1.73 0.08 1.67 -0.10 0.15 -0.31 

A 6 0.15 0.024 0.63 1.12 0.04 3.12 -0.17 -0.21 -1.30 
A 8 0.05 0.280 1.05 1.30 0.01 0.36 -0.04 0.11 -2.85 
A 9 0.00 5.276 1.69 0.50 0.02 0.56 -0.64 -1.42 -4.46 
A 10 0.00 5.211 6.73 0.37 0.49 0.07 -0.67 -1.73 -3.21 
A 11 0.09 0.205 1.10 4.47 0.12 0.06 -0.14 0.00 -2.11 
A 12 0.23 0.027 0.45 1.09 0.05 3.47 0.17 0.45 -0.97 

A 13 (A) 0.06 0.173 1.04 2.16 0.03 0.08 -0.29 -0.19 -2.86 
A 13 (B) 0.00 1.411 1.17 0.65 0.07 0.57 -0.39 -0.90 -2.88 

A 14 0.06 0.225 1.00 1.69 0.07 0.47 0.13 0.57 -1.72 
A 15 0.00 1.083 2.18 1.26 0.18 0.09 -0.85 -1.54 -3.08 
A 16 0.00 1.927 2.12 0.96 0.03 0.20 -1.05 -2.06 -4.05 
A 17 0.01 3.311 3.96 0.89 0.12 0.08 -0.97 -1.94 -3.65 
A 18 0.09 0.882 1.02 3.52 0.27 0.23 -0.16 0.30 -2.29 
A 20 0.00 0.116 0.70 1.79 0.03 0.99 0.34 1.00 -1.83 
A 21 0.00 1.466 1.63 0.74 0.36 0.36 -1.85 -3.78 -3.05 
A 22 0.00 12.344 5.67 0.44 0.68 0.52 -1.36 -3.02 -3.42 
A 23 0.00 6.440 4.75 0.77 0.29 0.24 -0.06 -0.16 -3.05 
A 24 0.00 2.815 3.11 0.91 0.03 0.11 -0.78 -1.52 -4.21 
A 25 0.00 5.042 5.52 0.78 0.11 0.14 -0.57 -1.20 -3.64 
A 26 0.00 1.938 0.62 0.42 0.11 0.88 -0.21 -0.73 -2.73 
A 27 0.00 4.951 1.30 0.50 0.24 0.53 -1.10 -2.45 -3.33 
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5.2 DISCUSSION 

5.2.1 Ionic variation in groundwater 

The major cation concentration showed an order of dominance of Na+ > 

Ca2+ > Mg2+ > K+ and the anions showed order dominance of Cl- > HCO-
3 > SO4 

2-. 

The groundwater samples (A9, A26, A27, A22, A10, A23, A24 and A25) from the 

Upper delta formation (Fig. 5.1) are mainly dominated by Ca2+, Na+ and HCO-
3 

ions (Table 5.1) and are considered as fresh groundwater. The groundwater 

samples from the Lower delta formation showed dominance of Na+ and Cl-. The 

analysis indicated the presence of both fresh groundwater and saline groundwater 

in two different formations of the Mahanadi delta. The upper part of the deltaic 

region consists of fresh groundwater with chemical composition of Ca2+ and HCO-
3 

and indicates the recharge area of the aquifer system (Han et al., 2015). As 

groundwater flows from upper part to lower part of the Mahanadi deltaic region 

exchange of ions is identified within the aquifer system. This results in cation 

exchange between Ca2+ and Na+ and subsequently the concentration of Na+ (31 - 

48%) becomes high in comparison to Ca2+ (3 - 11%). Similarly, when further 

groundwater flows from the lower deltaic region to SE direction i.e. towards Bay of 

Bengal, the increasing concentration of Na+ with Cl- is observed in most of the 

groundwater samples. As, the groundwater samples A8, A4, A11, A14 and A20 

have high concentration of Na+ (18 – 44%) and Cl- (37 – 47%) with low percentage 

of HCO-
3 (3 – 11%), which suggests that the fresh groundwater has undergone 

mixing with saline water due to seawater intrusion process. 

Cation exchange is a common process in the coastal region of the Mahanadi 

delta, in which seawater reacts with the ions of fresh groundwater to produce a 

new water type due to sweater intrusion process or mixing process. The 

groundwater of upper part of the Mahanadi deltaic region is of Ca-Mg-Na-HCO3 

water type with major concentration of Ca and HCO3 ions in groundwater (Fig. 5.1 

and Fig. 5.2). This hydrochemical facies shows two types of cationic exchange 

processes. Exchange between Ca2+ and Mg2+ derived due to the interaction of 

carbonate sediments of the Mahanadi River, where as the sodium released by 

clay layer supports the Ca2+ and Na+ exchange process (Nadler et al., 1980), as 

explained by the following reactions (Eq. 5.1 and 5.2) (Martínez and Bocanegra, 

2002; Appelo and Postma, 2004; Andersen et al., 2005)  
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𝐶𝑎2+ + 𝑀𝑔2+ − 𝑋2 → 𝐶𝑎2+ − 𝑋2 + 𝑀𝑔2+     (5.1) 

1

2
𝐶𝑎2+ + 𝑁𝑎+ − 𝑋 →

1

2
𝐶𝑎2+ − 𝑋2 + 𝑁𝑎+     (5.2) 

Where X is the natural exchanger. This results when clay releases Na+ and Ca2+ is 

adsorbed by sediments. Ca-HCO3 type of groundwater gradually converts to Na-

Ca-HCO3 type of water along the groundwater flow direction (towards SE) due to 

cation exchange process, which means the groundwater has undergone 

freshening with displacement of Ca2+ by excess of Na+ content (Martínez and 

Bocanegra, 2002; Appelo and Postma, 2004; Han et al., 2011; Wang and Jiao, 

2012).  

𝑁𝑎+ +
1

2
𝐶𝑎2+ − 𝑋2 → 𝑁𝑎 − 𝑋 +

1

2
𝐶𝑎2+     (5.3) 

𝑁𝑎+ +
1

2
𝑀𝑔2+ − 𝑋2 → 𝑁𝑎 − 𝑋 +

1

2
𝑀𝑔2+     (5.4) 

 

Where X is the natural exchanger. Similarly the Na-Ca-HCO3 type of water comes 

in contact with saline water and changes to Na-HCO3-Cl type of water with 

addition of Na+ and Cl- ions derived from seawater. This hydrochemical facies is 

found to occur in the transition zone between the Upper delta formation and the 

Lower delta formation of the study area (Fig. 5.1 and Fig. 5.2). From this transition 

zone, the fresh groundwater gets affected by the salinization process, which 

indicates the mixing of saline water and fresh groundwater. Hence, ion exchange 

process is the controlling process for the evolution of groundwater chemistry in the 

present study. Gradually the Na-HCO3-Cl type of water changing to Na-Cl type of 

water is observed in A8, A11, A13 (A) and A14. Then, Na-Mg-Ca-Cl types of water 

is deduced in A3, A4, A5 (B), A6, A12 and A20 samples having high chloride 

content and EC close to the coast of Bay of Bengal, suggesting that the fresh 

groundwater has undergone major ionic changes driven by seawater major ionic 

composition (Na+, Mg2+, Ca2+ and Cl-) due to sea water intrusion process. 

 

5.2.2 Evidence of seawater mixing process 

The groundwater samples (A9, A22, A23, A25 and A27) of the Upper delta 

formation (Fig. 5.1) away from the coast of Bay of Bengal show molar ratio of Na+ / 

Cl- > 1, which indicate the occurrence of fresh groundwater. The Na+ / Cl- ratio of < 

0.86 in some groundwater samples (A3, A4, A5 (B), A6, A12, A20 and A26) (Fig. 
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5.1), indicate encroachment of seawater into the coastal aquifer and likely 

occurrence of mixing of seawater and fresh groundwater (Lee and Song, 2007). 

The groundwater sample A5 (B) from deeper well (>200 meter) located close to 

the sea (Fig. 5.1) and shows Na+ / Cl- ratio of 0.71 with high Cl- concentration, 

which is due to seawater intrusion (Stigter et al., 1998). 

In addition to Na+ / Cl- ratio, Mg2+ /Ca2+ molar ratio is an important chemical 

parameter, which indicates the seawater and fresh water interface. Generally in 

coastal aquifer system, the fresh groundwater and seawater are dominated by 

Ca2+ and Mg2+ respectively (Mondal et al., 2010; Gurunadha Rao et al., 2013) due 

to diagenesis of carbonate minerals (Vengosh A. and Rosenthal, 1994). Several 

groundwater samples such as, A4, A5 (B), A6, A8, A12, A14 and A20 show Mg2+ 

/Ca2+ ratio between 1.09 and 1.79 with high chloride concentration and electrical 

conductivity and indicates the influence of Bay of Bengal on coastal aquifer system 

(Mondal et al., 2010). Some groundwater samples show higher ratio of Mg2+ /Ca2+ 

i.e. >2.0, which is due to abundance of Mg2+ over Ca2+ and similarly low ratio 

samples i.e. < 0.5 are more Ca2+ rich in groundwater (Rosenthal, 1987). High Mg2+ 

/Ca2+ ratio and low Na+/ Cl- molar ratio along with high chloride content (140 meq/l) 

in A12 location (Fig. 5.1), may be due to the presence of paleo seawater in the 

Mahanadi deltaic region during Holocene marine transgression period as observed 

by Larsen et al.(2017). 

High HCO-
3 / Cl- molar ratio (> 4) observed in groundwater samples, A9, A10, 

A22, A23, A25 and A27; indicate fresh groundwater recharge in the study area. 

The ratio gradually decreases along the groundwater flow direction towards the 

Bay of Bengal. Low HCO-
3 / Cl- molar ratio (<0.06) was observed in groundwater 

samples of the Lower deltaic formation of the Mahanadi delta region, implying the 

mixing of seawater (molar ratio <0.0069) into the coastal aquifer system (Lee and 

Song, 2007). Low SO4 
2-/ Cl- (> 0.3) ratio has been observed with low Cl- content 

(Table 5.1 and 5.2) in upper part of the Mahanadi deltaic region, suggestive of 

microbial reduction of SO4 
2-in the system (Pulido-Leboeuf et al., 2003; Wang and 

Jiao, 2012). Whereas, low SO4 
2-/ Cl- (< 0.2) along with high Cl- content observed 

close to the coast in deeper well (Table 5.1 and 5.2), shows seawater mixing with 

fresh groundwater (Pulido-Leboeuf et al., 2003; Huang et al., 2013).  
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In the present study, Ca2+/ (HCO-
3/ SO4

2-) ratio ranged from 0.06 to 3.47 with 

an average value of 0.81 i.e. most of the groundwater samples are fresh. The ratio 

> 1 in groundwater samples A3, A4, A5 (B), A6 and A12 with high chloride content, 

imply inflow of Ca-Chloride brine due to seawater intrusion activity (Rosenthal, 

1987). 

5.2.3 Saturation Indices (SI) 

 The aim to study saturation indices (SI) was to understand the different 

conditions of equilibrium, oversaturation and understauration between minerals 

and groundwater (Table 5.2). The groundwater samples were catagorized into two 

groups based on the Mg2+ /Ca2+ ratio and saturation indices (Fig. 5.4). The blue 

dashed circle (Fig. 5.4) shows that the saturation index with respect to calcite and 

dolomite was under saturated as SI < 0, which can be interpreted as dissolution of 

carbonate minerals in these groundwater samples (Pulido-Leboeuf, 2004; de 

Montety et al., 2008; Liu et al., 2015). Further, these groundwater samples (A9, 

A22, A23, A25 and A27) in the Upper delta formation of the coastal aquifer system 

were identified as Ca-rich as the Mg2+ /Ca2+ ratio is less than 1, which indicates the 

presence of fresh groundwater in the aquifer system unaffected by the seawater. 

The saturation index of calcite or dolomite of groundwater samples grouped in red 

dashed circle (Fig. 5.4) close to or above 0 or equilibrium line, is intepreted as 

saline groundwater with more Mg2+ content. This is due to mixing of fresh 

groundwater and saline water. The groundwater samples A4, A5 (B), A6 and A12 

with Mg2+ /Ca2+ ratio >1, suggests Mg2+ has been derived from seawater and 

adsorbed by fresh groundwater with release of Na due to cation exchange process 

(Fig. 5.4). The Ca-rich fresh groundwater in the Upper delta formation converted 

into Mg-rich saline groundwater in the Lower delta region along the groundwater 

flow direction of the study area. All groundwater samples were undersaturated as 

the saturation index was negative with respect to gypsum (Table 4.2), which may 

be due to dissolution of gypsum from the saline salts and fertilizers used for 

agriculture activity. 
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Figure 5.4 Plot of Mg / Ca ratio and Saturation Index (SI). The samples within blue 
dashed lines are fresh groundwater (Mg / Ca < 1 and SI < 0) and the groundwater 
samples within the red dashed circle are saline (Mg / Ca >1 and SI > 1) 

 

5.2.4  Groundwater recharge and origin of saline water 

Stable isotopic (δ18O and δ2H) data were used to identify the possible sources 

of groundwater recharge from precipitation, river recharge and also to understand 

the process of groundwater salinization through dissolution of existing salts and 

seawater ingress. The δ18O and δ2H values of groundwater samples showed a 

wide range of variation i.e. for δ18O between -1.86 0/00 and -6.87 0/00 and for δ2H 

between -10.79 0/00 and -45.42 0/00 (Table 5.1). All groundwater samples plotted 

below the Global Meteoric Water Line (GMWL) equation (2H = 8 18O + 10) 

(Harmon, 1961) as shown in Fig. 5.5a. The slope and intecept of regression line 

(2H = 5.97 18O + 0.412) of groundwater data indicates local precipitation, which 

gets slightly evaporated before recharge. The deep saline groundwater samples 

close to sea coast showed enrichment in isotopic composition (Fig. 5.5a) due to 

mixing of seawater and fresh groundwater in the deeper aquifer (Wang and Jiao, 

2012). Similarly, a positive correlation (Fig. 5.5b) between enriched δ18O value and 

high Cl- conetent in groundwater samples was also observed, supporting the 
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mixing process (de Montety et al., 2008; Han et al., 2011; Chandrajith et al., 2016). 

Another group of groundwater samples plotted on evaporation line (2H = 5.18 


18O - 4.63 ) with depleted isotopic composition as shown in Fig.5.5a. The slope 

(5.18) suggestes that the shallow saline groundwater originates due to evaporation 

before infiltration and interaction with saline soil and sand of unsaturated zone 

(Clark and Fritz, 2013). The relationship between δ18O and Cl- indicate salinity in 

shallow aquifer system, which may have been derived from marine sediments 

during cyclonic event (Fig. 5.5c). The slope and intecept of regression line (2H = 

5.59 18O – 6.7) of fresh groundwater data imply a combined effect of precipitation 

and evaporation in coastal region (Gupta and Deshpande, 2005) with higly 

depleted value of δ18O and 2H which range beween -3.95 0/00 to -6.87 0/00 and -

26.65 0/00 to -45.42 (Fig. 5.5).  

 

 

Figure 5.5 a) δ18O versus δ2H values of groundwater compared with Global 
Meteoric Water Line (GMWL) Correlation graph δ18O Vs. Cl, b) for deep saline 
groundwater, c) for shallow saline water 
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5.2.5 Conceptual model of aquifer system 

A conceptual model was developed to describe the hydrochemical changes 

along groundwater flow direction from NW to SE towards Bay of Bengal (Fig. 5.6). 

Groundwater water samples collected from four different wells (A27, A25, A5 (A) 

and A5 (B)) were used for this conceptual model to identify seawater intrusion in 

the coastal aquifer system. The depth of all deep wells (A27, A25 and A5 (B)) is 

approximately 210 m and the shallow well (A5 (A)) is 10 m depth below ground 

level (Fig. 5.6). The chemical composition of groundwater at station A 27 suggests 

the groundwater in deep well is Ca-HCO3 type with minor constituents of Mg2+ and 

Na+, which originates due to cation exchange process during flushing of 

groundwater in the aquifer system (Appelo and Postma, 2004; de Montety et al., 

2008). The stable isotopic composition (δ18O = -4.53 0/00 and δ2H = -36.86 0/00) 

indicates that the groundwater is recharged by precipitation in Upper delta region 

(Fig. 5.6).  

 

 

Figure 5.6 Simple conceptual model to visualize hydrochemical evolution of groundwater 
away from Bay of Bengal. The different hydrochemical facies Na-Cl, Na-Ca-HCO3 and Ca-
HCO3 in handpump wells A5 (B), A25 and A27 respectively show influence of seawater 
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As the groundwater flows from the Upper deltaic region to Lower deltaic 

region chemical variation in groundwater was observed in a deep well (A25) (Fig. 

5.6), in which the stable isotopic composition (δ18O = -4.58 0/00 and δ2H = -30.69 

0/00) suggested the same source of recharge as that of the previous well. But the 

change of water facies from Ca-HCO3 to Na-HCO3 type by replacing Ca2+ and 

Mg2+ completely developed the freshening condition of groundwater (Martínez and 

Bocanegra, 2002; Appelo and Postma, 2004). This well is located in the middle 

part of the Mahanadi delta, which is considered as the transition zone between the 

fresh groundwater and saline groundwater (Fig.5.1). The deep well (A5 (B)) close 

to Bay of Bengal in the Lower delta showed highly saline groundwater of Na-Mg-

Ca-Cl type with relatively enriched value of δ18O = -1.86 0/00 and δ2H = -10.79 0/00, 

which indicates the influence of seawater (Wang and Jiao, 2012). The 

groundwater sample collected from shallow well (A5 (A)) close to the sea coast is 

Ca-HCO3 type and unaffected by seawater. Moreover, the highly depleted isotopic 

value (δ18O = -5.88 0/00 and δ2H = -41.03 0/00) suggested that the groundwater is 

immediately recharged by rainwater and prevented the seawater ingress (Fig. 5.6). 

A hydrochemical facies changing from Ca-HCO3 in recharge area to Na,(Mg, Ca)-

Cl in discharge area was also identified. 

5.2.6 Quantification of seawater intrusion 

The seawater fraction (𝑓𝑠𝑒𝑎𝑤𝑡𝑒𝑟) in fresh groundwater was calculated by 

using conservative ion, Cl- (Appelo and Postma, 2004).  

𝑓𝑠𝑒𝑎 =
𝑚𝑐𝑙−

𝑠𝑎𝑚𝑝𝑙𝑒
− 𝑚𝑐𝑙−

𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟

𝑚𝑐𝑙−
𝑠𝑒𝑎− 𝑚𝑐𝑙−

𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟

       (5.5) 

Where 𝑚𝐶𝑙− 𝑠𝑎𝑚𝑝𝑙𝑒  the Cl- concentration of collected groundwater sample, 

𝑚𝐶𝑙−𝑓𝑟𝑒𝑠ℎ𝑤𝑎𝑡𝑒𝑟 is the Cl- concentration of freshwater and 𝑚𝐶𝑙−𝑠𝑒𝑎 is the Cl- the 

chloride concentration of sea. By using Eq. 5.5, the seawater fraction was 

calculated, which showed a variation from 0 in NW region (away from the coast) to 

0.72 in SE region (close to the sea coast) (Fig. 5.1). The groundwater samples 

(A3, A4, A5(B), A8, A11, A12, A13(A), A14 and A18) showed seawater fraction < 

0.20 except A5(B) and A12 with seawater fraction 0.72 and 0.23 (Table 5.2), which 

suggested the occurrence of seawater in groundwater samples A5(B) and A12 

was 72% and 23% respectively (Fig. 5.7). In most of the fresh groundwater 

samples (A9-10, A22-27) located in the Upper delta formation (Fig. 5.1), 0% of 

seawater was observed with negative saturation index (SI) with respect to calcite, 



 

50 

dolomite and gypsum indicating to dissolution of carbonate minerals (Fig.5.7a). As 

the groundwater flows from the Upper deltaic formation to the Lower deltaic 

formation, the proportion of seawater in fresh groundwater increased from 5% to 

72% due to ingress of seawater. The SI of calcite and dolomite close to or above 

equilibrium line (Fig. 5.7a) suggested that the groundwater was salinized by mixing 

of seawater. Calcium enrichment in groundwater samples of Lower delta formation 

were due to cation exchange process and not due to carbonate dissolution (de 

Montety et al., 2008). The strong positive correlation between Cl- content and 

seawater fraction (Fig. 5.7b) in groundwater samples is also an indication of 

mixing of fresh groundwater and saline water (Bear et al., 1999). 

Figure 5.7 Plotting of percentage of seawater Vs. a) saturation index with respect to 
calcite or dolomite or gypsum, b) chloride (Cl) concentration, c) δ18O composition d) Mg / 
Ca ratio value 
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The chloride content increased in samples (Fig. 5.7b) with an increase of 

seawater proportion from 0% (away from sea coast) to 72% (close to Bay of 

Bengal). Similarly, the influence of seawater on fresh groundwater was identified 

by isotopic studies (Fig. 5.7c), in which the deep well groundwater samples close 

to sea coast with > 10% of seawater showed enriched δ18O value with range from 

-1.86 0/00 to -3.09 0/00. The shallow well groundwater with low salinity affected by 

marine sediments was driven by the cyclonic storms. They also significantly 

showed low depleted isotopic composition due to evaporation effect with some 

seawater fraction (< 0.1) (Fig. 5.7c). The Mg2+ /Ca2+ ratio of these groundwater 

exceeded 1 which was used as a proxy for mixing of seawater (> 2%) and 

groundwater (Pulido-Leboeuf, 2004). High Mg2+ /Ca2+  ratio (> 2) with a proportion 

of seawater < 15 % was identified in some groundwater samples (Fig. 5.7d), and 

suggested the influence of saline water on fresh groundwater. The salinization of 

groundwater is due to cation exchange process (𝑀𝑔2+ + 𝐶𝑎2+ − 𝑋2 → 𝐶𝑎2+ +

𝑀𝑔2+ − 𝑋2) in which Mg2+ replaced Ca2+ (Han et al., 2015). The samples located 

away from Bay of Bengal with high salinity (EC: 1500 µS/cm -5000 µS/cm) and 

chloride content (< 50 meq/l) are assumed to be the presence of paleo seawater in 

the coastal aquifer system (Larsen et al., 2017). 

5.3 GROUNDWATER MODELING 

5.3.1 Calibration and validation 

Calibration is the process through which the calculated head value is 

subjected to match with the observed head value. The groundwater level data for 

the years 2004 and 2005 was used for calibrating the model. The observed 

hydraulic head varied from 0.7 m to 15 m in the Jagatsinghpur shallow unconfined 

aquifer system.  

The steady state model was calibrated through trial and error method in 

which the unknown hydrogeologic parameters were adjusted to minimize the head 

difference between calculated head and observed head. The parameters were 

adjusted within the range measured by the pump tests carried out by CGWB 

(2013). 

The hydraulic conductivty of the Zone-I, Zone-II and Zone-III was estimated 

to be 40 m/day, 42 m/day and 45 m/day respectively, whereas the corresponding 
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vertical conductivity (Kv) of the three zones were estimated to be 4 m/day, 4.2 

m/day and 4.5 m/day respectively. The different specific yield values 0.05, 0.06 

and 0.07 for three respective zones I, II, III (Table 5.3). 

Table 5.3 Hydrogeological parameters used for calibration 

ZONES Horizontal 
Hydraulic 

Conductivity 
(Kh) m/day 

Vertical 
Hydraulic 

Conductivity 
(Kv) m/day 

Specific 
Yield 

I 40 4 0.05 

II 42 4.2 0.06 

III 45 4.5 0.07 

 

Subsequently, the model was run for 2 years from January 2004 to 

December 2005 under transient state condition to estimate the groundwater 

recharge. To measure the goodness of fit of the simulated head value with 

observed head data various statistical measures were used like the mean error 

(ME) (Eq.5.6), the mean absolute error (MAE) (Eq.5.7) and the root mean squared 

error (RMSE) (Eq.5.8) (Anderson and Woessner, 1992). After a calibration, then 

validation of model was done by taking the hydraulic head values from January 

2006 to December 2009. 

𝑀𝑒𝑎𝑛 𝐸𝑟𝑟𝑜𝑟 (𝑀𝐸) = 1/𝑛 ∑ ( ℎ𝑜 − ℎ𝑐)𝑖
𝑛
𝑖=1       (5.6) 

𝑀𝑒𝑎𝑛 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 (𝑀𝐴𝐸) = 1/𝑛 ∑ [( ℎ𝑜 − ℎ𝑐)𝑖]
𝑛
𝑖=1     (5.7) 

𝑅𝑜𝑜𝑡 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑑 𝐸𝑟𝑟𝑜𝑟 (𝑅𝑀𝑆𝐸) = √[1/𝑛 ∑ ( ℎ𝑜 − ℎ𝑐)𝑖
2𝑛

𝑖=1 ]   (5.8) 

Where ℎ𝑜 is the observed head value, ℎ𝑐 is the calculated head value and 𝑛 

is total number of observed data. A statistical analysis of calibrated model under 

steady state condition has been given in Fig. 5.8. The correlation coefficient value 

for steady state condition was 0.999, and the comparison graph also showed a 

good match between observed and calculated head (Fig. 5.9). Under transient 

state condition, the calibrated and validated model showed correlation between 

observed head and calculated head in the study area (Fig. 5.10 and Fig 5.12). The 

correlation coefficient values for calibrated and validated model were 0.994 and 

0.988 respectively. In addition, the observed head matched with the calculated 
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head in different periods for both transient state of calibration (2004-2005) and 

validation (2006-2009) as shown in Fig. 5.11 and Fig. 5.13. 

Figure 5.8 Correlation plot between calculated head and observed head 
during calibration (2004-2005) of model under steady state condition 

 

Figure 5.9 Comparison graph between observed and calculated head (m) of 
different Observation Wells under steady state condition 
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Figure 5.10 Correlation plot between calculated head and 
observed head during calibration (2004-2005) of model under 
transient state condition 

 

 

Figure 5.11 Comparison graph between observed and calculated head (m) under 
transient condition 
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Figure 5.12 Correlation plot between calculated head and 
observed head during validation (2006-2009) of model under 
transient state condition 

 

Figure 5.13 Comparison graph between observed and calculated head (m) under 
transient condition 
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5.3.2 Groundwater levels 

The observation wells showed temporal and spatial variation in groundwater 

level in the Jagatsinghpur coastal district. Three different observation wells OW2, 

OW7 and OW10 located in different sites of the study area, indicated variation in 

hydraulic head at different times (Fig. 5.14a, b and c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Graph showing the hydraulic head variation at 
different times for different observation wells a) OW2 b) OW7 c) 
OW10 during calibration (2004-05) 
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Observation well 2 (OW2) situated at the upper part of the study area, showed the 

maximum hydraulic head value, which ranged from 12 to 14 m. The OW7 located 

in the middle part of the study area with hydraulic head variation between 3.5 to 

5.5 m, whereas, OW10 located close to the Bay of Bengal showed head value of 

less than 2.5 m. The well data revealed that the upper and lower parts of the study 

area are the recharge and discharge zones of the aquifer system respectively, 

(Fig. 5.14).Similar head variation was observed after validation of groundwater 

model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Graph showing the hydraulic head variation at different 
times for different observation wells a) OW2 b) OW7 c) OW10 
during validation (2006-09) 
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5.3.3 Recharge zones  

The study area was classified into eleven different recharge zones based on 

rainfall distribution, crop water requirement and groundwater abstraction for 

irrigation. The Zone 2 is located far away from the shoreline of Bay of Bengal, 

whereas the Zone 10 is located close to the Bay of Bengal. The two zones showed 

both positive and negative net recharge patterns, which depended on rainfall and 

groundwater abstraction. When there is rainfall (during monsoon period), quick 

recharge of groundwater is observed and the net recharge is positive (Fig. 5.16a). 

As soon as dry periods ensue (no rainfall event), the net recharge reduces and 

becomes negative as shown in Fig. 5.16b. This is due to more withdrawal of 

groundwater for domestic as well as agriculture purposes than rainfall recharge. In 

Jagatsinghpur coastal aquifer system, Zone 2 has high net recharge value (< 70 

mm) as compared to zone 10 (< 20 mm), because of more rainfall recharge than 

groundwater abstraction occurs (Fig. 5.16a and b). However, the net recharge in 

zone 10 is low during monsoon period, though the rainfall is high. This may be due 

to high development of groundwater and low rainfall recharge.  

This estimated recharge by calibration of modeling was applied for validation 

of model. It was showing the similar results in Fig. 5.17. In Zone 2, when the 

monthly rainfall was maximum (> 800mm) during monsoon, then the net recharge 

was < 60mm (Fig. 5.17a). Due to abstraction of groundwater the Zone 2 showed 

negative net recharge, as there was no rainfall event. In case of Zone 10, the net 

recharge was as low as it was during calibration (Fig. 17b). This implies that the 

net recharge in zone 10 is attributed to heavy pumping for domestic and 

agriculture purposes.  
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Figure 5.16 Net recharge variation on the basis of monthly rainfall a) zone 2 with 
high recharge and low groundwater abstraction, b) zone 10 with low recharge 
and high groundwater abstraction (Calibration 2004-05) 
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Figure 5.17 Net recharge variation on the basis of monthly rainfall a) zone 2 with high 
recharge and low groundwater abstraction, b) zone 10 with low recharge and high 
groundwater abstraction (validation: 2006-09) 

 

 

-120

-100

-80

-60

-40

-20

0

20

40

60

0

100

200

300

400

500

600

700

M
o

n
th

ly
 n

e
t 

re
c
h

a
rg

e
 (

m
m

) 

M
o

n
th

ly
 R

a
in

fa
ll

 (
m

m
) 

Time (days) 

Zone 10 

Rainfall Recharge line

b) 

-20

-10

0

10

20

30

40

50

60

0

100

200

300

400

500

600

700

800

900

1000

M
o

n
th

ly
 n

e
t 

re
c
h

a
rg

e
 (

m
m

) 

M
o

n
th

ly
 R

a
in

 f
a

ll
 (

m
m

) 

Time (days) 

Zone 2 a) 



 

61 

5.3.4 Rainfall recharge 

In present study, rainfall recharge was calculated for different zones (Fig. 

5.18). The calculated recharge was assigned during calibration of groundwater 

model. After successful calibration, the same rainfall recharge factors were 

assigned during validation for different zones (Fig. 5.19).  

Figure 5.18 Plot between monthly rainfall (mm) and monthly rainfall 
recharge (mm) a) Zone 2 with high rainfall recharge b) Zone 10 with 
low rainfall recharge (Calibration: 2004-05) 
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Fig. 5.18 revealed the zone wise variation of rainfall recharge. The Zone 2 is 

located away from the sea coast with the highest rainfall recharge, whereas the 

Zone 10 located near the sea coast with low rainfall recharge. In both zones, the 

rainfall recharge increased with increase in rainfall. Gradually the two zones 

maintained a stability of recharge irrespective of high rainfall. The zone 2 showed 

a monthly maximum rainfall recharge of 70 mm, whereas the zone 10 showed less 

recharge of 18 mm (Fig. 5.18). Similarly, during validation the Zone 2 and Zone 10 

showed the similar type of result, indicating that the rainfall recharge is not linear 

but becomes constant after a certain value (Fig. 5.19). 

 

 

 

 

 

 

 

 

Figure 5.19 Plot between monthly rainfall (mm) and monthly rainfall 
recharge (mm) a) Zone 2 with high rainfall recharge b) Zone 10 with low 
rainfall recharge (Validation: 2006-09) 
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5.3.5 Parameter Estimation 

The groundwater model parameters were also estimated by using Parameter 

Estimation Model (PEST) (Doherty, 2018). Knowling and Werner (2016) used 

PEST to minimize the weighted least squares objective function based on 

Tikhonov regularization. In the present study, the groundwater model was auto 

calibrated with the help of PEST module of MODFLOW to optimize the aquifer 

parameters (hydraulic conductivity and specific yield). The calibrated model 

showed a good correlation between the observed head value and calculated head 

value with correlation coefficient value of 0.993 (Fig. 5.20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 Correlation plot between observed head and 
calculated head by PEST 
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The automated calibrated (PEST) aquifer parameters (conductivity and 

specific yield) compared to the manual calibrated aquifer parameters are shown in 

in Table 5.4.  

 

Table 5.4 Initial and PEST estimated aquifer parameters 

Zones Initial Hydraulic 
parameters 

PEST estimated 
parameters 

Hydraulic 
Conductivity 
(m/day) 

Specific 
Yield 

Hydraulic 
Conductivity 
(m/day) 

Specific 
Yield 

I 40 0.05 36.85 0.058 

II 42 0.06 44.39 0.075 

III 45 0.07 44.01 0.053 

 

Uncertainty is the process through which the uncertainty on the estimated 

parameters is quantified to understand the risk associated with different 

groundwater management models (Delottier et al., 2017). In the present study, the 

estimated parameters such as hydraulic conductivity and specific yield by PEST 

tool were subjected to uncertainty analysis, which showed 95% confidence interval 

between 30.74 and 48.78 m/day for hydraulic conductivity, and 0.043 and 0.074 

for specific yield (Table 5.5).  

 

Table 5.5 Uncertainty analysis (95% confidence interval) by PEST 

Zones Hydraulic conductivity  
(K) m/day 

Specific Yield (Sy) 

I 30.746< K < 44.18 0.046 < Sy < 0.074 

II 40.81 < K < 48.30 0.048 < Sy < 0.076 

III 39.70 < K < 48.78 0.043 < Sy < 0.067 

 

5.4 DISCUSSION 

5.4.1 Interaction between aquifer and river 

 Both inflow from the rivers into the aquifer system and outflow from aquifer 

system to the rivers were observed in different time periods. The unconfined 
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coastal aquifer received water from rivers during pre-monsoon and post-monsoon 

period, whereas the excess amount of groundwater in the form of base flow 

discharge to the rivers were observed during monsoon season (Fig. 5.18a and 

5.18b). The inflow from river boundary was estimated as 34 MCM during post-

monsoon and pre-monsoon period in the years 2006 and 2007. In monsoon 

period, the unconfined coastal aquifer system supplied around 23 to 27 MCM of 

groundwater to the river system after irrigation (Fig. 5.21a and 5.21b). The deltaic 

aquifer system was mostly recharged by rainfall during the wet days. As depicted 

in Fig. 5.21c and 5.21d, the extraction of groundwater is different in different time 

periods. In post-monsoon time period withdrwal of groundwater was more than 

that of pre-monsoon period to provide water for post-monsoon crop, athough there 

was adequate availability of water in coastal areas to meet the monsoon period 

kharif crop (Mohanty et al., 2012; Rejani et al., 2008). The extracted groundwater 

for sustainibility of agricultural productivity and livelihoods in the post-monsoon 

season was estimated as approxmately 180 MCM in year 2006-07 (Fig. 5.21c and 

5.21d). This implies that the heavy abstraction of groundwater for agriculture 

activity and other domestic uses declined the groundwater level of aquifer system, 

which resulted in river inflow into the aquifer sytem with river inflow of 33.92 MCM 

of water entering into this coastal aquifer due to pumpage of groundwater. During 

pre-monsoon time period the groundwater was extracted to fullfill the water 

demand for rabi crops, but the amount of water requrement was less than that of 

post-monsoon season. It was estimated by calculation that approximately 100 

MCM of groundwater was pumped out for agricultural activity and other needs, 

which caused the inflow of water through river boundary. When there is 

groundwater stress, whether less or more, the river system gets affected.
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Figure 5.21 River inflow to aquifer and outflow from aquifer in a) year 2006 and b) year 2007; river inflow into aquifer and 
groundwater abstraction c) in year 2006 and d) 2007 
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 The river-aquifer interaction showed a good correlation between river stage 

and the ouflow / inflow from river boundary (Fig. 5.22a and 5.22b). As the outflow 

from river boundary increased, the river stage also increased or vice versa. The 

estimated base flow of 7.81 MCM to the river caused highest river stage of 8 m in 

the month of August of monsoon period.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22 A regression line between the river stage and groundwater 
volume a) the river stage Vs.outflow from the river boundary b) the river 
stage Vs. inflow the river boundary 
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the inflow from river boundary to aquifer system during pre and post-monsoon time 

caused declination of river stage from 8 m to 3 m. According to the present 

estimation, approximately 10 MCM of water from river system entered into the 

aquifer syetm during this season, which showed the influence of groundwater flux 

on the river stage and a good interaction between river and the coastal aquifer 

system (Mohanty et al., 2012). 

 

5.4.2 Groundwater level fluctuations 

A spatio-temporal variation in groundwater level was observed in the present 

study in this coastal aquifer system. The Jagatsinghpur coastal area showed a 

head variation between 0.7 m to 15 m with an avarage head of 6 m. There was a 

rise in hydraulic head in all observation wells during monsoon period as compared 

to pre-monsoon period with an average rise of 1.84 m. This implies that the 

shallow aquifer of this coastal region gets recharged quickly due to rainfall events, 

which is also a good indication for sustainable groundwater management. The 

observation well (OW 6) situated away from the coastal tract of the study area 

showed the highest hydraulic head rise of 3.07 m. The lowest hydraulic head rise 

of 0.75 m was observed in observation well (OW 9), which is close to the Bay of 

Bengal. This spatial variation in hydraulic head rise depends on the rain fall 

intensity, type of soil and land use patterns. Groundwater stress was observed 

during pre-monsoon time period due to heavy abstraction of groundwater for 

irrigation and domestic use purposes, which resulted in decline in groundwater 

levels for 1 and 89 days as shown in Fig 5.23a and b. In case of monsoon and 

post-monsoon time period (243 days and 334 days), the hydraulic head increased 

from place to place, suggesting that the groundwater was being mostly recharged 

by rainfall and regained intermittently (Fig.5.23c and d). The close contour lines in 

the upper part of the study area showed the presence of high hydraulic gradient 

with high groundwater movement (Morgan et al., 2012; Sahoo and Jha, 2017) with 

a sluggish movement in the lower reaches (Fig. 5.23). The general groundwater 

flow direction is towards the Bay of Bengal i.e. in South East direction. However, 

theThe general groundwater flow direction is towards the Bay of Bengal i.e. in 

South East direction is maintained.  
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Figure 5.23 Spatial and temporal variation of hydraulic head (m) in the study area 

 

5.4.3 Groundwater recharge 

In the present study area, rainfall, seepage from the riverbed and irrigation 

returnflow were observed to be the major sources of groundwater recharge. 

Groundwater recharge estimation plays a vital role for optimal development and 

efficient management of fresh groundwater resource in costal areas (Callahan et 

al., 2012). Modelled recharge rates varied across recharge zones and from year to 

year due to large variation of rainfall over the simulation period. The temporal and 

spatial distribution of annual rainfall from year 2004 to year 2009 varied from 875 

mm to 1229 mm. The average net recharge (rainfall recharge – groundwater draft) 

in the area varied from 247.89 to 262.63 million cubic meter (MCM) in year 2006-

2007. The net recharge in post-monsoon is estimated to be less than that of pre-

monsoon and monsoon period (Fig. 5.24). Approximately 6 to 15 MCM of water 

recharged the aquifer system during post-monsoon period, whereas 33 to 54 MCM 
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of water percolated into the aquifer system in pre-monsoon period. At the same 

time, a large extraction of groundwater led to less net recharge in post-monsoon 

season. As compared to the post and pre-monsoon season, the coastal aquifer 

system got recharged by rainfall which was estimated to be between 180.26 and 

223.08 MCM.  

 

 

Figure 5.24 Estimated net recharge in the study area in different time periods 
for year 2006-2007 
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seawater ingress during pre-monsoon time and resulted in saltwater intrusion near 

the seacoast. However, the outflow or discharge of groundwater ranging from 3.76 

to 4.84 MCM exceeded the inflow during monsoon season and prevented 

landward migration of seawater. This suggest that groundwater recharge is one of 

the important parameters to reduce the influence of seawater intrusion in shallow 

coastal aquifer system.  

Figure 5.25 Estimated inflow from Bay of Bengal during pre and 
post-monsoon time and outflow towards Bay of Bengal during 
monsoon time a) for year 2006 b) for year 2007 

 

The influence of seawater intrusion has been observed in the NE and 

Southern part of the study area during non monsoon time (1day,89 days and 365 

days) as indicated by the reverse flow direction of groundwater (Rejani et al., 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Post-monsoon Pre-monsoon Monsoon

V
o

lu
m

e
 i
n

 M
C

M
 

2006 

inflow

outflow

a) 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Post-monsoon Pre-monsoon Monsoon

V
o

lu
m

e
 i
n

 M
C

M
 

2007 

inflow

outflow

b) 



 

72 

2008) as shown in Fig. 5.25. As soon as monsoon commences, groundwater 

recharge takes place, leading to outward flow of groundwater from land when 

rainfall is high. The north-eastern part of the study area is affected by saltwater 

intrusion as the depletion of hydraulic head has been observed throughout the 

year (Fig. 5.26). During day 1, the head value was 6 m below mean sea level 

(MSL), and then it declined to 8 m below mean sea level (MSL) during pre-

monsoon or dry time i.e. 89 days. Once again, the head value regained to its 

original position i.e. 6 m below sea level. The Paradeep port located in the north 

eastern part of study area (Fig. 3.5) has also an industrial and urbanization built 

up. The increasing water demand for domestic and agricultural activity declined 

the groundwater level and caused seawater intrusion. The observation wells OW8, 

OW9, OW10 and OW11 are located close to the sea coast (Fig. 5.26). The 

groundwater abstraction and reduction in recharge in Jagatsinghpur coastal 

aquifer caused decline in hydraulic head at different times. In addition, the decline 

in hydraulic head accounted for seawater intrusion as shown in Fig. 5.17.  

 

Figure 5.26 Map showing variation in head value of observation wells (OW8-OW11) near 
seacoast causes inflow from constant head boundary. 

 

0

1

2

3

4

5

6

70.00

1.00

2.00

3.00

4.00

5.00

6.00

30 90 240 330 365

H
e

a
d

 (
m

) 

In
fl

o
w

 f
ro

m
 B

a
y
 o

f 
B

e
n

g
a
l 

(M
C

M
) 

Time (days) 

Inflow
OW9
OW10
OW8
OW11



 

73 

 

Figure 5.27 Groundwater flow direction with changing of hydraulic head in different time periods (1 day, 89 days, 270 
days and 365 days) of year 2006. 
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CHAPTER 6                                                         CONCLUSIONS 

6.1 CONCLUSIONS 

The present study on saltwater intrusion modeling in Jagatsinghpur coastal 

aquifer was approached with two main objectives and the conclusions inferred 

thereby are: 

6.1.1 Objective 1 

Identification of the causes of groundwater salinity in coastal aquifer system 

in Jagatsinghpur coastal region 

6.1.1.1 Conclusion 

 For the first time, hydrochemical analysis and isotopic evidences were used 

to identify the seawater signature in the coastal aquifer system of the 

Mahandi delta, Bay of Bengal.  

 Groundwater in the upper part of the Mahanadi deltaic region is Ca-HCO3 

type with less concentration of Mg2+ and Na+, suggesting dissolution of 

carbonate minerals in the aquifer system.  

 The hydro-chemical facies gradually changed from Ca-HCO3 type to Na-

Ca-HCO3 type along the groundwater flow direction, where Ca was 

exchanged by Na.  

 The groundwater in the lower part of the delta was characterized as Na-Cl 

and Na, (Mg,Ca)-Cl types of water with moderate to high salinity. The ionic 

ratios like Na+ / Cl-, HCO-
3 / Cl-, Mg2+/ Ca2+, SO4 

2-/ Cl-, Ca2+/ (HCO-
3/ SO4 

2-) 

were interpreted to understand the salinization process. 

  The chemical evolution of groundwater suggested that the groundwater in 

the lower part of Mahanadi delta was affected mainly by seawater intrusion. 

The ratio of Mg2+ /Ca2+ less of than 1 and SI < 0 in most of the groundwater 

samples of the Upper delta formation of the study area concluded that the 

groundwater in the aquifer system is Ca-rich. In contrast, the interpreted 

Mg2+ /Ca2+ ratio value (>1) and SI (>1 and close to 0) suggested the 

occurrence of Mg-rich groundwater in the Lower delta formation of the study 

area, which is due to the mixing of sea water and fresh groundwater.  
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 The saline groundwater in deeper aquifer was derived from seawater and 

the source of salinity is characterized by mixing of seawater and fresh 

groundwater, which was supported by the enriched stable isotopic 

composition and its good positive correlation with chloride content.  

 The conceptual model based on groundwater chemistry revealed that the 

groundwater in deep well very close to sea coast was highly contaminated 

by seawater ingress with 72% of seawater, while the shallow well remained 

unaffected by seawater. The groundwater in the lower delta formation is 

more vulnerable in both quality and quantity than the upper delta formation  

 

6.1.2 Objective 2 

Estimation of groundwater recharge and factors for seawater intrusion in the 

Jagatsinghpur coastal aquifer system. 

6.1.2.1 Conclusion 

 For the first time, a groundwater model was developed to estimate and 

understand the dynamics of groundwater recharge in the delta region 

of Jagtsinghpur in Odisha state along the Bay of Bengal in India. 

 The simulated heads matched with the observed heads and showed 

that the groundwater flow direction in the area was mainly towards 

southeast (SE) direction, i.e., towards the Bay of Bengal.  

 Under steady state condition, the RMSE and correlation coefficient 

values are 0.455 m and 0.999 respectively, which means the model 

was well calibrated before further validation process.  

 RMSE values for calibrated and validated model are 0.453 m and 

0.627 m respectively under transient state condition, whereas the 

respective correlation coefficient values for calibrated and validated 

model are 0.994 and 988. 

 The horizontal hydraulic conductivity and the specific yield values in 

the study area varied from 40 m/day to 45 m/day and 0.05 to 0.07 

respectively.  

 The aquifer parameters (hydraulic conductivity and specific yield) 

estimated by PEST tool and by trial and error method were very close 
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to the initial and lie within the range of parameters estimated by pump 

test.  

 Uncertainty analysis at 95% confidence level indicated the range of 

hydraulic conductivity between 39.70 and 48.43 m/day.  

 The shallow coastal aquifer was influenced by the river system. The 

estimated groundwater abstraction (180 MCM) led to inflow from the 

river during non-monsoon time. Further, the excess amount of 

groundwater as base flow during monsoon period recharged the river. 

This phenomenon had also affected the river stage, in which the out 

flow from river boundary caused an increase of river stage. A decline 

of river water level occurred as heavy extraction of groundwater was 

carried out for agricultural purposes.  

 The temporal and spatial groundwater level variation was mainly 

controlled by rainfall and gradient in this deltaic aquifer system. The 

zone wise recharge distribution reveals that the zones near the sea 

coast received less rainfall recharge as compared to the zones away 

from the Bay of Bengal. However, the groundwater pumping in zones 

close to sea coast was observed to be more than that of zones 

present away from the Bay of Bengal. 

 Depletion in hydraulic head due to over pumping in the coastal aquifer 

system resulted in seawater ingress. It is estimated that the inflow 

from Bay of Bengal ranged from 5.17 MCM to 5.36 MCM. 

6.2 FUTURE SCOPE 

The work done in this thesis can be extended for further future work with 

multi aquifer system and various flow conditions. Due to lack of available data of 

other aquifers, the present modeling technique could not be applied for multi 

aquifers. As seawater intrusion is the main concern in this region, chemical 

transport modeling needs to be developed in detail and management strategies 

implemented keeping various climate change and utility scenarios.  
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ANNEXURE 

Annexure I: Hydraulic head data (2004-2009) 

YEAR  OBSERVATION WELLS 

 OW9 OW11 OW2 OW7 OW5 OW8 OW4 OW1 OW6 OW10 OW3 

CALIBRATION 
2004-2005 

1 2.75 4.8 13.83 4.68 7.59 3.81 9.31 5.72 9.99 1.32 11.7 

89 2.7 3.6 12.81 3.51 7.42 3.25 8.43 5.15 9.53 0.7 11.42 

243 3.35 5.66 14.76 5.52 8.6 5.42 10.43 7.32 12.6 1.95 14.42 

334 3.05 5.16 14.53 5.43 7.81 4.64 10.35 6.36 11.46 1.62 12.52 

366 2.6 4.56 14.01 4.56 8 3.47 9.33 5.32 10.36 1.55 11.62 

454 2.65 3.46 13.26 3.54 7.67 3.02 8.43 5.92 9.39 0.9 11.12 

608 3.15 5.76 14.59 5.54 7.95 5.37 10.45 7.37 12.34 1.7 12.62 

699 4.11 5.29 14.96 5.24 7.78 4.54 10.28 6.15 10.61 1.53 12.48 

731 3.15 4.91 13.79 4.51 7.82 3.17 8.93 4.86 10.03 1.78 11.11 

VALIDATION 
2006-2009 

1 3.15 4.91 13.79 4.51 7.82 3.17 8.93 4.86 10.03 1.78 11.11 

88 2.33 4.24 12.06 3.5 5.95 3.29 8.08 3.67 9.53 0.77 10.77 

242 3.82 5.73 14.91 5.53 6.9 5.82 10.38 7.3 12.51 2.5 12.88 

333 4.08 5.15 14.53 5.44 6.5 4.69 10.35 6.38 11.36 1.65 11 

365 3.6 4.85 13.88 3.46 5.93 3.77 9.17 5.64 9.97 1.45 10.76 

453 3.89 3.91 13.69 3.85 6.95 3.8 9.38 5.1 10.08 0.8 10.3 

607 4.69 5.58 14.83 5.73 7.59 5.32 10.28 7.32 12.5 2.33 12.49 

698 4.06 4.97 14.47 5.64 7.64 4.75 10.3 6.24 10.08 1.5 12.4 

730 2.82 3.39 12.86 4.06 6.93 2.65 8.74 3.89 9.59 1.12 11.21 

 819 3.5 2.86 13.06 4.39 5.85 3.74 8.66 5.42 10.62 0.85 11.14 

 973 4.62 5.58 14.47 5.73 7.94 4.91 10.2 7.28 12.42 2.38 12.59 

 1064 4.55 4.49 14.21 5.02 6.68 3.74 10.26 6.61 11.47 1.34 12.51 

 1096 3.05 3.66 13.92 4.64 7.58 3.94 11.33 5.92 10.29 0.89 10.43 

 1184 3.36 2.62 12.45 3.49 5.73 3.69 8.09 4.59 10.1 0.85 10.21 

 1338 4.58 4.99 14.74 5.34 7.78 5.08 10.27 7.01 12.15 2.74 12.62 

 1429 3.86 4.17 14.45 5.15 7.94 4.8 10.19 6.49 11.38 1.5 12.51 

 1461 3.38 3.18 13.95 4.56 7.62 3.36 9.12 5.81 11.22 0.66 10.24 
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Annexure IIA Lithologs of some boreholes data collected from CGWB, Bhubaneswar 
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Annexure IIIB Lithologs of some boreholes data collected from CGWB, Bhubaneswar 
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Annexure IV Calibration of Recharge zones (2004-2005) 

Start time Stop time ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5 ZONE 6 ZONE 7 ZONE 8 ZONE 9 ZONE 10 ZONE 11 

1 30 -0.0008 -0.0002 -0.00009 -0.0008 -0.00018 -9.6E-05 -0.00077 -0.001 -0.00015 -0.00232 -0.00102 

30 60 -0.00058 -0.0002 0.0000125 -0.0008 -0.00018 0 -0.00071 -0.00094 -0.0003 -0.00226 -0.0008 

60 90 -0.0008 -0.0002 -0.000144 -0.0012 -0.00018 -0.00024 -0.00072 -0.00114 -0.0003 -0.00245 -0.00102 

90 120 0.000715 0.000296 0.000904 0.000246 0.000388 0.00146 0.000452 0.000338 -6.2E-05 -0.00159 0.000715 

120 150 0.000192 -0.00016 0.0002595 -0.00006 -0.00011 0 -0.00048 -0.00095 -0.00029 -0.00245 0.00019 

150 180 0.00077 0.00171 0.000924 0.000462 0.0007 0.0006 0.000688 0.000641 0.00046 0.000521 0.00077 

180 210 0.00079 0.002 0.0012 0.00086 0.000452 0.0024 0.000825 0.000125 0.00116 0.0006 0.00057 

210 240 0.0012 0.002 0.00102 0.0011 0.00105 0.002368 0.0009 0.00095 0.0013 0.0006 0.001158 

240 270 0.000485 0.001696 0.000749 0.00073 0.0003 0.001236 0.00044 0.000692 -6.8E-05 4.2E-05 0.000295 

270 300 0.000824 0.001917 0.00084 0.000368 0.001028 0.002 0.0009 0.000908 0.0013 0.0006 0.0012 

300 330 -0.002 -0.00035 -0.00135 -0.0015 -0.0006 -0.0004 -0.0012 -0.00143 -0.0012 -0.0026 -0.00102 

330 365 -0.002 -0.0007 -0.00135 -0.0015 -0.0006 -0.00048 -0.0012 -0.0019 -0.0009 -0.0024 -0.00102 

365 395 -0.00071 0.000109 0.0002125 -0.00024 0.0001 -0.00023 -0.00065 -0.00097 -0.00023 -0.00229 -0.00093 

395 425 -0.0008 -0.00035 -0.00009 -0.0008 -0.00018 -0.00042 -0.0008 -0.00114 -0.0003 -0.00245 -0.00102 

425 455 -0.00045 0.00102 0.0002625 -0.00067 -0.00072 -9.6E-05 -0.00047 -0.00095 -6E-06 -0.00227 -0.00066 

455 485 0.000016 0.000718 -0.000488 0.000012 -0.00025 -0.00017 -0.00048 -0.00095 -0.00023 -0.00245 0.00001 

485 515 -2.8E-05 0.000515 -0.000504 -0.0002 2E-06 -0.00008 0.00036 2.75E-05 0.000176 -0.00166 -3.5E-05 

515 545 0.000805 0.001466 0.000785 0.000445 0.000784 0.00115 0.00022 -0.00037 0.000323 -0.00015 0.000805 

545 575 0.0012 0.002 0.0012 0.001029 0.00075 0.002113 0.0009 0.00095 0.00127 0.0006 0.0012 

575 605 0.00055 0.001942 -0.000262 -0.0004 0.000308 0.001949 0.0009 0.00095 0.0013 0.0006 0.00005 

605 635 0.00076 0.002 0.00084 0.0011 0.00075 0.001546 0.0009 0.00095 0.0013 0.0006 0.0012 

635 665 0.000824 0.002 0.00084 0.00097 0.00075 0.0017 0.0009 0.00095 0.0013 0.0006 0.0012 

665 695 -0.00155 -2.6E-05 -0.001314 -0.00147 -0.0006 -2.5E-05 -0.00107 -0.00129 -0.00113 -0.00247 -0.0003 

695 731 -0.002 -0.0007 -0.00135 -0.0015 -0.0006 -0.00084 -0.0012 -0.0019 -0.0009 -0.0024 -0.00102 
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Annexure V Validation Recharge Zones (2006-07) 

Start time Stop time ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5 ZONE 6 ZONE 7 ZONE 8 ZONE 9 ZONE 10 ZONE 11 

1 30 -0.0008 -0.0002 -0.00009 -0.0008 -0.00018 -0.00024 -0.0009 -0.00114 -0.00015 -0.00245 -0.00084 

30 60 -0.0008 -0.0002 -0.00009 -0.0008 -0.00018 -0.00024 -0.0009 -0.00114 -0.00015 -0.00245 -0.00084 

60 90 -0.0008 -0.0002 -0.00018 -0.0012 -0.00018 -0.00024 -0.00072 -0.00114 -0.00015 -0.00245 -0.00084 

90 120 -0.00016 -0.0004 -0.0009 -0.00032 -0.0006 -0.00028 -0.00054 -0.00095 -0.00015 -0.00245 -0.00014 

120 150 0.000725 0.00159 0.00077 0.000824 0.00076 0.00032 0.000556 0.000542 0.000342 -0.00153 0.000725 

150 180 0.00093 0.001905 0.001133 0.000764 0.00074 0.001844 0.000468 0.000202 0.00055 0.000354 0.00093 

180 210 0.0012 0.002 0.0012 0.0011 0.00105 0.0024 0.0009 0.00095 0.0013 0.0006 0.0012 

210 240 0.0012 0.002 0.00102 0.0011 0.00105 0.0024 0.0009 0.00095 0.0013 0.0006 0.0012 

240 270 0.001104 0.002 0.000777 0.000428 0.00058 0.0024 0.00072 0.000776 0.00025 0.000336 0.000782 

270 300 -0.00163 0.000568 0.000176 -0.001034 -0.00102 0.00036 -0.00091 -0.00171 0.000301 -0.00125 -0.00067 

300 330 -0.00181 -0.00035 -0.00113 -0.0015 -0.00025 -0.0004 -0.00044 -0.00058 -0.00052 -0.00179 -0.00067 

330 365 -0.002 -0.0007 -0.00135 -0.0015 -0.0006 -0.00048 -0.0012 -0.0019 -0.00045 -0.0024 -0.00084 

365 395 -0.0008 -0.00035 -0.00009 -0.00064 -0.00018 -0.00042 -0.0008 -0.00114 -0.00015 -0.00245 -0.00084 

395 425 -0.00023 0.00144 0.000668 7E-05 0.00028 0.00113 -0.00052 -0.00083 0.00018 -0.00215 -0.00029 

425 455 -0.0008 -0.00035 -0.00018 -0.0012 -0.00108 -0.00042 -0.00064 -0.00114 -0.00015 -0.00245 -0.00084 

455 485 -0.00016 -0.0007 -0.0009 -0.00032 -0.0006 -0.00049 -0.00048 -0.00095 -0.00015 -0.00245 -0.00014 

485 515 0.001016 0.001878 0.000758 0.000812 0.000304 0.000352 0.000556 0.000542 0.000672 -0.00153 0.001016 

515 545 0.001105 0.001802 0.000928 0.000848 0.00064 0.002288 0.00071 0.000665 0.000178 0.000533 0.001105 

545 575 0.000059 0.001758 -9E-06 -0.000352 0.000298 0.001525 0.000304 -0.00138 -0.00022 -0.00045 -0.00018 

575 605 0.0012 0.002 0.0012 0.0011 0.000924 0.0024 0.0009 0.00095 0.0013 0.0006 0.0012 

605 635 0.00076 0.002 0.00084 0.0011 0.00075 0.001546 0.0009 0.00095 0.0013 0.0006 0.0012 

635 665 0.00003 0.000749 0.000236 -0.000338 0.000154 0.00022 -0.00066 -0.00143 -0.00012 -0.00099 -0.00079 

665 695 -0.002 -0.00035 -0.00135 -0.0015 -0.0006 -0.0007 -0.0012 -0.00143 -0.0006 -0.0026 -0.00084 

695 730 -0.002 -0.0007 -0.00135 -0.0015 -0.0006 -0.00084 -0.0012 -0.0019 -0.00045 -0.0024 -0.00084 

 


