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Abstract Sub-surface water samples from the delta

of Thamirabarani River of south India were evaluated

for human health risks and seawater intrusion using

the geochemical signatures. Electrical conductivity

(EC), total dissolved solids (TDS), pH and the

concentrations of major cations and anions in 40

samples collected during the winter (January) and

summer (July) of 2018 show comparable values.

Subsequently, the results were verified with respect to

the international drinking water quality standards. The

piper trilinear diagram shows mixed Ca–Mg–Cl, Na–

Cl, Ca–HCO3 and mixed Ca–Na–HCO3 facies in the

samples. Similarly, the plenteous of cations are

sequenced as Na?[Ca2?[Mg2?[K? and the

plenteous of anions are sequenced as Cl-[ SO4
2-

[HCO3
-[Br-[NO3

-[ PO4
-. Gibbs plots illus-

trate that rock–water interaction and evaporation

control the geochemistry of sub-surface water. More

than 40% of the samples are unsuitable for drinking,

and their higher EC and TDS values reflected the

seawater intrusion, in addition to the anthropogenic

activities (salt panning). Interrelationship between

ions of sub-surface water was used to get a better

insight into the saline water intrusion in the study area.

To mitigate the river water salinization and seawater

incursion in the aquifers, engineering solution such as

weir construction across the Thamirabarani River near

Mukkani village has been proposed. After construc-

tion of the weir, freshwater in the river can be diverted

to the salt-affected and seawater-intruded areas to

improve the scenario.

Keywords Geochemical signature � Drinking water

quality � Seawater intrusion � Thamirabarani delta �
South India

Introduction

The quality and quantity of freshwater are continu-

ously declining due to the overexploitation of water

resources for various anthropogenic necessities such
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as irrigation and agriculture, industrial consumption

and drinking water supply (Chidambaram et al. 2009;

Li et al. 2017). In the southeast part of Asia, the

population growth has inverse relation to the avail-

ability of freshwater resources, and the supply of

freshwater comes mainly from the surface as well as

sub-surface (Hema et al. 2010; Kim et al. 2003). The

quality of water plays an important role in securing

human health and its utility for several agricultural

activities. Many researchers have studied the sub-

surface water quality in various basins around the

globe (Gorgij et al. 2019; Karunanidhi et al. 2019; Li

et al. 2014a, b, 2016b, c, 2018; Wang et al. 2019; Wu

et al. 2019; Wu and Sun 2016; Su et al. 2019;

Subramani et al. 2010; Pazand et al. 2018; Prasanna

et al. 2011). These studies indicate that sub-surface

water is the prevailing drinking water source in many

regions, and its worsening quality is mainly due to

seawater intrusion, higher evaporation rates, interac-

tion with the rock formation and saltpans (Capaccioni

et al. 2005; Mondal et al. 2011; Satheeskumar and

Subramani 2016; Park et al. 2005). Particularly,

seawater intrusion is one of the routine phenomena

that affect the coastal aquifers (Senthilkumar et al.

2017; Srinivasamoorthy et al. 2013). Among the other

evaluation methods, the hydrochemical characteristic

of sub-surface water is an effective way to discern the

rock/saltwater reaction (Todd 1980; Kim et al. 2003;

Selvam et al. 2013). Leaching of secondary salts in the

coastal aquifers plays a vital role in sub-surface water

quality (Chidambaram et al. 2009). Saltwater intrusion

is the prime factor contributing to high salinity in the

groundwater of coastal aquifers of the Damghan basin

of Iran (Ebrahimi et al. 2016).

The water pollution deteriorates the quality of

ecosystem and threatens the human health (Li and Wu

2019a, b). The Thamirabarani River is one of the

perennial rivers of south India. Coastal aquifers are

highly influenced by the saline water intrusion,

probably due to the over-extraction of sub-surface

water for the rapidly growing salt panning activities in

this region. The salt panning contributes more revenue

than agricultural farming in this coastal region. Thus,

the agricultural lands are continuously transformed to

saltpans, and it has escalated over the past two

decades. The resultant saltwater ingression has highly

deteriorated the sub-surface water quality in the

southern side of the delta. The seawater intrusion is

a prime threat in this deltaic region up to the village of

Attur, located at 7 km from the coast of Bay of Bengal.

Few researchers have explored and studied the geo-

chemical characteristics in a part of this delta. Fluoride

concentration in the sub-surface water of Thamirabar-

ani River was studied by Magesh et al. (2016).

Hydrogeochemistry of sub-surface water in coastal

aquifers of Thoothukudi district was carried out by

Singaraja et al. (2014) and Mondal et al. (2011).

However, there has been no significant study on the

geochemical signatures to characterize the quality of

the sub-surface water for drinking purpose and

demarcate the regions affected by the seawater

intrusion in Thamirabarani delta. Therefore, this study

is performed with the objectives of understanding the

aptness of groundwater for human consumption as per

the international standards and demarcating the sea-

water incursion zones using geospatial techniques

based on the geochemical signatures.

Materials and methods

Thamirabarani delta

The study area is located at coastal part of the

Thamirabarani River delta in the Thoothukudi district

of Tamil Nadu state in the south India. It lies between

latitudes 08� 350 N to 08� 450 N and longitudes 77� 550
E to 78� 100 E and spreads over an area of 400 km2

(Fig. 1). The water-bearing formations are Quaternary

alluvium, Terri sands (sand dunes), Tertiary sediments

and the weathered zones in gneisses and charnockite.

In the coastal regions, the marine and fluviomarine

deposits are the main litho units (Magesh et al. 2016;

Narayanaswamy and Lakshmi 1967). The prime land-

use types in this region include the agricultural lands,

barren lands and saltpans apart from settlements and

water bodies. The alluvial/Tertiary aquifers are linked

with sea, and these aquifers are primarily affected by

saline water incursions (CGWB 2009).

The Thamirabarani delta is underlain by rocks of

Archean age, which is having gneisses, granites and

charnockites (Narayanaswamy and Lakshmi 1967).

The coastal region is underlain with marine, flu-

viomarine and eolian sediments. Hydrogeologically,

the study area contains porous and fissured formations.

The prime aquifer systems are weathered and frac-

tured hard rock formations of Archean age and porous

sedimentary formations of Tertiary and recent age
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(Magesh et al. 2016). The shallow aquifer in this

region is under unconfined condition, and the deep

aquifer is under semi-confined to confined conditions

(Central Ground Water Board (CGWB) 2009).

Field and laboratory investigations

Settlements, surface water bodies, streams and road-

ways were digitized from the Survey of India (SOI)

toposheets (58 H/10, 58 H/14, 58 L/2) on the scale of

1:50,000. The base map of the research area was

prepared by using toposheets with the help of ArcGIS

(v.10.2.1) software. Sub-surface water samples were

collected in 1-L polyethylene bottles in two different

seasons for a year, i.e., January 2018 (winter) and July

2018 (summer). A total of 40 sub-surface water

samples were collected covering the entire research

area. The values of pH, electrical conductivity (EC)

and total dissolved solids (TDS) of the collected

samples were measured in situ using field instruments

(HANNA-HI98192). Water analyses were carried out

as per the American Public Health Association

standards (American Public Health Association

1995). Bicarbonate, magnesium, chloride and calcium

ions were analyzed by titrimetric method. Potassium

and sodium ion concentrations were analyzed by the

flame photometer (Elico CL-220). Sulfate ions were

detected using a spectrophotometer (Elico SL-164),

and the concentrations of nitrate and bromide ions

were detected using the ion-sensitive electrodes

(Eutech Ion meter: ION 6?). The chemical analysis

results were verified for ion-balancing errors (\ 10%).

Results and discussion

Hydrogeochemistry of groundwater

Water quality is an eminent factor to evaluate fitness

of sub-surface water for consumption (Subramani

et al. 2005). The variables of sub-surface water

collected during the months of January (winter) and

Fig. 1 Study area map and sampling locations
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July (summer) are listed in Table 1. Table 2 represents

sub-surface water quality variables surpassing the

maximum allowable values as suggested by the World

Health Organization (WHO) for drinking water qual-

ity. In the study area, the pH varied from 6.6 to 9.0

during the winter and 6.54–9.15 during the summer,

indicating the acidic to alkaline natures of the sub-

surface water. High pH values were acquired in the

samples collected in the sites with saltwater intrusions

and along the regions with saltpan. EC indicates the

potential of water to carry current; thus, the occurrence

of salts is higher in water with greater EC values (Jalali

2005). EC varied from 296 to 79,650 lS/cm in sub-

surface samples collected during the winter, and it

fluctuated between 224 and 81,160 lS/cm in samples

collected during the summer. Both the pH and EC

values of samples collected in both the seasons were

comparable.

Total dissolved solids (TDS) are again similar, and

it varied from 105 to 36,800 mg/L in the winter

samples and remained 113 to 40,650 mg/L in the

summer samples. Figures 2 and 3 show the spatial

dispersals of TDS for the winter and summer samples

in the study area, and they indicate about 48% samples

in this region are unsuitable for ingestion. Based on the

classifications of Freeze and Cherry (1979), about

62.5% winter and 60% summer season sub-surface

water samples are freshwater (TDS\ 1000 mg/L).

Nearly 25% of winter and 27.5% of summer season

samples are brackish water (TDS: 1000–10,000 mg/

L). Similarly, about 12.5% of samples collected in

both the seasons are saline water (TDS:

10,000–100,000 mg/L). This study further reveals

more than 40% of the samples are unfit for ingestion,

and these samples with higher TDS values were

acquired from the region that is subjected to seawater

pass.

The plenteous of cations of these samples are

sequenced as Na?[Ca2?[Mg2?[K?. Concen-

trations of the cations are compared with the drinking

water standards set by World Health Organization

(WHO 2011), and these ions surpass by 37.5% (Na?),

12.5% (Ca2?) and 12.5% (Mg2?) respectively. Fig-

ures 4 and 5 show the spatial dispersion of Na? during

the winter and summer season samples, respectively.

Higher Na? in sub-surface water is primarily due to

sodium liberated from silicate weathering and also due

to seawater intrusion. The origin of Ca2? and Mg2?

ions in sub-surface water might be derived from

leaching of Ca and Mg-rich rock-forming silicates and

gypsum dissolution (Subramani et al. 2013; Krishna

Kumar et al. 2014). The plenteous of anions of these

Table 1 Water quality variables of sub-surface samples collected during the winter (January 2018) and summer (July 2018) in the

Thamirabarani delta (all variables are in mg/L, except EC in ls/cm)

Sub-surface water (40 samples)

Water quality variables Winter season (January 2018) Summer season (July 2018)

Minimum Maximum Average Minimum Maximum Average

pH 6.6 9 8 6.54 9.15 8.06

EC 296 79,650 11,281.70 224 81,160 11,075.10

TDS 105 36,800 5134.08 113 40,650 5652.38

Na? 15 8960 1083.03 14 9320 1152.70

K? 8 214 49.53 5 216 50.70

Ca2? 15 1510 208.40 18 1820 237.03

Mg2? 11 1230 153.30 11 1765 206

HCO3
- 65 431 248.40 74 385 246.15

Cl- 34 2052 2602.35 46 22,400 2965.30

SO4
2- 15 1986 283.93 18 2120 298.20

PO4
- 0.12 4.50 0.90 0.10 6.43 0.94

NO3
- 0.25 18.50 4.40 0.27 21.20 4.67

Br- 0.30 69.60 9.32 0.40 69.10 9.54
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samples are sequenced as Cl-[ SO4
2-[HCO3

-

[Br-[NO3
-[ PO4

-. The concentrations of Cl-

and SO4
2- surpassed the WHO standards by about

30% and 12.5% respectively. Figures 6 and 7 show the

spatial dispersal of Cl- in the winter and summer

season sub-surface water samples, respectively.

Agricultural return flow, seawater incursion and

weathering of salt deposits are the prime factors of the

presence of Cl- in sub-surface water. The higher

amount of SO4
2- in sub-surface water might be

derived from leaching of domestic wastes and marine

sources. The presence of high amount of SO4
2- in the

Fig. 2 Spatial dispersal of TDS in sub-surface water samples collected during the winter season (January 2018) in the Thamirabarani

River delta

Table 2 Water quality variables represented by WHO (2011) for drinking uses and the number of samples from the Thamirabarani

delta surpassing the maximum permissible values

Water

quality

variables

WHO (2011) Number of samples surpassing

maximum allowable values

Possible health risks

Most

desirable

values

Maximum

allowable

values

Winter season

(Jan 2018)

Summer season

(July 2018)

pH 6.5–8.5 6.5–8.5 8 6 Bitter taste

Annoyance of eye and skin irritation

TDS 500 1500 15 15 Coronary and cardiovascular diseases, gallstones

Na? 200 – 15 15 Vomiting, heart issues, kidney dysfunction, hypertension

K? 30 – 32 35 Intestinal failure and nerve disorders

Ca2? 75 200 5 5 Bones breakage, nerve disorders, kidney stones

Mg2? 50 150 6 5 Bones and nerve disorders

Cl- 250 600 12 12 Bladder cancer

SO4
2- 250 400 5 5 Cathartic effect, diarrhea in infants
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coastal part of the study area may be from the marine

sources (Krishna Kumar et al. 2014). Among all the

ions, the concentrations of Mg2? and Cl- surpass the

permissible values and Na? and Ca2? succeed them.

This is an indication that the saline water ingression is

a principal mechanism of higher salinity along with

Fig. 3 Spatial dispersal of TDS in sub-surface water during the summer season (July 2018) in the Thamirabarani River delta

Fig. 4 Spatial dispersal of Na in sub-surface water during the winter season (January 2018) in the Thamirabarani River delta
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the involvement of anthropogenic activities like the

salt panning as suggested by Singaraja et al. (2014).

Nitrate and phosphate ions are within the permissible

limits. About 42.5% of the samples exceed Br- value

as 1 mg/L, indicating the sub-surface water is affected

by seawater incursion (Sridharan and Nathan 2017).

Fig. 5 Spatial dispersal of Na in sub-surface water during the summer season (July 2018) in the Thamirabarani River delta

Fig. 6 Spatial dispersal of Cl in sub-surface water during winter season (January 2018) in the Thamirabarani River delta
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Implications to human health

More than one-fourth of these samples have TDS[
1000 mg/L, and about 12.5% them have TDS[
10,000 mg/L. Excessive total dissolved solids (TDS)

are associated with coronary and cardiovascular

diseases, gallbladder inflammation and gallstones

(Burton and Cornhill 1977; Duraisamy et al. 2018).

Higher concentrations of chlorine in about 30% of the

drinking water could also lead to bladder cancer

(Cantor et al. 1987). Similarly, the presence of

excessive sulfate in 12.5% of the drinking water could

lead to cathartic effect in adults and diarrhea in infants

(Backer et al. 2001). Concentration of Na? above the

permissible limit of WHO in 37.5% of the samples

might cause health hazards such as heart diseases,

kidney malfunction and hypertension. Calcium and

magnesium are essential nutrients, and both of them

are required for the survival of vegetation and animals.

Excessive presence of them in drinking water, how-

ever, could lead to bone breakage and issues in

peripheral nerve system (Tiwari et al. 2017). About

12.5% of the sub-surface samples in the study area

have Ca and Mg above the permissible limit of WHO.

Geochemical facies

Concentrations of the cations and anions were plotted

in a piper diagram using the AquaChem (v.2014.2)

software. Geochemistry of sub-surface water is

inferred by using the trilinear plotting systems (Piper

1944) in Fig. 8. The samples accumulate toward

sodium side in cation triangle. It can be concluded that

bicarbonate and chloride are present, but sulfate ions

are absent from the anion triangle. Among the

geochemical facies, the mixed Ca–Mg–Cl group and

Na–Cl group are the prime water groups. This

indicates the role of seawater intrusion in Cl enrich-

ment (Richter and Kreitler 1993). The increasing trend

of salinity in sub-surface water is due to mixing of

freshwater with the seawater. Mixed Ca–Mg–Cl[
Na–Cl[Ca–HCO3[mixed Ca–Na–HCO3 is the

order of presence of geochemical facies in the studied

area for the sub-surface water.

Gibbs plot

Gibbs (1970) suggests a simple diagram of TDS versus

(Na ? K)/(Na ? K ? Ca) and Cl/(Cl ? HCO3) to

illustrate the effect of rock–water interaction, evapo-

ration and precipitation on sub-surface water

Fig. 7 Spatial dispersal of Cl in sub-surface water during summer season (July 2018) in the Thamirabarani River delta
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geochemistry (Fig. 9). The plot suggests water–rock/

sediment interaction and some extent of evaporation

(during summer) are the prime factors controlling the

groundwater chemistry in the study area. The higher

amount of evaporation or anthropogenic activities

enhances the TDS, and water samples tend to shift

from rock predominant to the evaporation zone

(Krishna Kumar et al. 2014; Li et al. 2016a). The

shift of sampling points approaching the evaporation

zone from the rock–water interaction zone illustrates

an increase of Na? and Cl- ions, and further, higher

TDS might be due to seawater intrusion (Krishna

Kumar et al. 2014).

Demarcation of seawater intrusion

Cl/Br ratio is used here as a tracer to demarcate saline

water intrusion in this coastal aquifer system (Fig. 10).

This ratio varied from 288 to 292 for the Standard

Mean Ocean Water (SMOW) (Sridharan and Nathan

2017; McArthur et al. 2012). It is considered that the

samples with values near to the SMOW ratio are

affected by seawater intrusion. The values of Cl/Br

higher than the SMOW are associated with the

samples collected in the regions with saltpans. Sam-

ples located below the SMOW line may have the

influence of agricultural activities (Alcalá and Custo-

dio 2008).

This geochemical signature helped to demarcate the

regions with seawater intrusion and the regions

affected by saltpan activities (Fig. 11). Both TDS

and Cl are the prime water quality variables, and they

are subtilized for identification of the intrusion zones.

Additionally, the interrelationship between Na and Cl,

TDS and Cl, Ca and Na, Cl and Cl/Br ratio also

assisted in the demarcation of seawater incursion

regions. The Thamirabarani River has five major

distributaries in the delta through which the seawater

enters into the river during the high-tide period and

summer season. This effect has been observed up to

the village of Attur, situated 7 km away from the coast

of the Bay of Bengal along the upstream.We observed

this effect within 3.5–5 km from the coast (south to

north) in the sub-surface samples. The restricted

influence of seawater intrusion during the winter

season shows more samples in the field of Ca–HCO3

and Ca–Na–HCO3 facies (Fig. 8).

Remedial measures

The earthen bunds are created across the distributaries

of the Thamirabarani River to minimize the seawater

pass in the upstream side. These bunds are totally

washed out during the monsoonal rainfall and surface

water flow. We spotted a site near Mukkani for

construction of weir considering the surface water

Fig. 8 Piper’s trilinear

diagram illustrating the

geochemical facies of sub-

surface water collected

during both the seasons from

the Thamirabarani delta of

south India
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discharge, tidal variation and sub-surface lithological

data (Satheeskumar and Subramani 2016), and the

work has been initiated by the Public Works Depart-

ment of the Tamil Nadu state to mitigate the effects of

seawater pass into the river and aquifer (Fig. 12).

Construction of this weir will help to shift the

freshwater and seawater interface toward downstream

side and mitigate the effect of seawater intrusion into

the sub-surface water in adjacent villages that get

recharged with the freshwater. Canals can also be

constructed from the weir to divert the freshwater flow

to the saltwater-affected areas for recharging the sub-

surface water in order to reduce the salinity of these

water resources.

Conclusions

• The geochemical characteristics of sub-surface

water from aquifers present within the Thamir-

abarani delta of south India helped to assess the

drinking water quality as well as the possible

health risks. About 40% of the groundwater

samples surpass the values suggested by the

international water quality standards (WHO

2011). Cations such as Na?, Ca2? and Mg2? and

anions such as Cl-, SO4
2- and Br- regulate its

geochemistry.

• The sub-surface water chemistry is dominated by

seawater intrusion, ion exchange process, dissolu-

tion and anthropogenic activities. The Ca2? and

Mg2? ions in sub-surface water are derived from

leaching of Ca2? and Mg2? bearing rock-forming

silicates and gypsum dissolution. It also illustrates

that Na? and Cl- are mainly derived from

anthropogenic activities inland and seawater entry

in the coastal region.

• Samples with higher EC and TDS are acquired

from coastal part of the research area, indicating

the influence of seawater intrusion and salt panning

on ion exchange process. Geochemical facies of

these sub-surface samples are characterized by

mixed Ca–Mg–Cl, Na–Cl, Ca–HCO3 and Ca–Na–

HCO3 groups. The Cl/Br ratio demarcated the

saline-water-intruded regions within these study

areas.

• Engineering solution of mitigation like weir con-

struction at Mukkani village is suggested in this

study to control seawater entry into the surface

water. Additionally, the construction of canals

could also provide remedial measure to reduce

seawater ingression in the saltwater-affected areas.

Exploitation of sub-surface water for salt panning

can be stopped to control the seawater intrusion.

Fig. 9 Gibbs diagram illustrating the dominant geochemical

processes in the sub-surface water samples of Thamirabarani

River delta
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Fig. 10 Identification of seawater intrusion in the sub-surface samples collected from the Thamirabarani delta of south India based on

Cl versus Cl/Br ratio

Fig. 11 Demarcation of zones with seawater intrusion in the Thamirabarani delta based on geochemical signatures
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