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Abstract Large cities face water quality and quantity

problems due to increasing population and improper dis-

posal of solid and liquid wastes. It is essential to monitor

the water quality to take corrective measures. This study

was carried out in one of the densely populated metro-

politan cities in India to ascertain the suitability of

groundwater for drinking and irrigation activity, identify

the processes controlling the geochemistry of groundwater

and the impact of Adyar River on the groundwater quality.

Magnesium and pH concentration in groundwater of this

area were within the maximum permissible limits of WHO

standards. Sodium and potassium concentration of

groundwater were greater than the permissible limit in

30.8 % and in 50 % of the samples, respectively. About

35 % of the groundwater samples were not permissible for

drinking based on the electrical conductivity (EC). The EC

of groundwater was increasing towards the coast. In gen-

eral, the quality of groundwater for irrigation purpose vary

from moderate to good based on Na%, magnesium hazard,

residual sodium carbonate, sodium absorption ratio, per-

meability index, and USDA classification. Na–Cl and Ca–

Mg–Cl were the dominant groundwater and surface water

type. Increased ionic concentration of groundwater towards

the eastern part of the study area is due to the discharge of

industrial effluents and domestic sewage into the Adyar

River. Seawater intrusion is also one of the reasons for Na–

Cl dominant groundwater near the coast. Evaporation and

ion exchange were the major processes controlling

groundwater chemistry in this area. The groundwater

quality of this region is affected by the contaminated sur-

face water.
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Introduction

Several large or mega cities in some developing countries

are not catered by 24 h of piped water supply. This

necessitates people to depend on private wells to meet their

daily needs. Further, indiscriminate disposal of wastes and

letting domestic sewerage in storm water drains may result

in contamination of groundwater. The problems of

groundwater pollution are more in cities than in rural areas

as the pollution load is higher because of the huge

population.

Groundwater quality may be affected by natural factors,

such as geology and geochemical processes. Geogenic

sources are one of the cause for the variation in chemical

composition of groundwater which changes with space and

time (Madhavan and Subramanian 2007; Zahid et al. 2008;

Vikas et al. 2009; Gunduz et al. 2009; Mamatha and Rao

2009; Brindha et al. 2011). It depends on the parent rock,

intensity of weathering, residence time and external factors,

such as precipitation, temperature, etc. Hydrogeochemical

processes, such as, weathering, dissolution, mixing, ion

exchange, etc. control the concentration of major and minor

ions in groundwater (Rajmohan and Elango 2004; Liu et al.

2008; Singh et al. 2008; Rajmohan et al. 2009; Tirumalesh

et al. 2010; Singh et al. 2011; Zhu and Schwartz 2011; Rajesh

et al. 2012). The presence of pathogenic microorganisms in

soil and groundwater may affect human, animal, and plant
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health (Schaffter and Parriaux 2002; Gallay et al. 2006;

Collins et al. 2006; Abdelrahman and Eltahir 2010). Intense

agriculture increases the risk of salinisation of the soil and

groundwater. The use of fertilizers and pesticides also lead to

pollution of groundwater which has been reported earlier

(Singh and Sekhon 1979; Mahvi et al. 2005; Tagma et al.

2009; Peña-Haro et al. 2010). The risk of pollution due to

effluents with complex composition exists in industrial

areas. Heavy metals are often the common polluting com-

ponent around these industrial sites (Rao 1993; Mondal et al.

2005; Gowd and Govil 2008; Shakeri et al. 2009; Brindha

et al. 2010).

The chemical ions that are present in groundwater due to

these reasons determine its suitability for drinking, agricul-

ture, and industrial purposes. Assessment of water quality is

of paramount importance; especially, in populated regions

which depend on groundwater. Standards, such as World

Health Organisation (WHO 1993), United States Environ-

mental Protection Agency (USEPA 2003), Bureau of Indian

Standards (BIS 2003), etc. help to ascertain the usability of

water for various purposes. Assessment of groundwater

quality in populated regions, including large cities based on

drinking water standards have been carried out by several

researchers (Sujatha and Reddy 2003; Howari et al. 2005;

Rao et al. 2005; Raju 2007; Özcan et al. 2007; Umar et al.

2009; Gupta et al. 2009; Dar et al. 2011).

Chennai is one such metropolitan city in India and has

several industrial areas in its outskirts. The residents of the

city are provided with piped water supply only for a few

hours in a day. For the rest of their needs, people depend on

private wells as a source. Despite the underground sewage

lines, untreated sewage is also let into open drains that may

deteriorate the groundwater quality. Two major rivers in

Chennai; namely, Adyar and Cooum rivers are heavily pol-

luted due to the disposal of domestic sewage at several

locations. The domestic sewage let out by community living

on the banks of the river and also the partly or untreated

sewerage from the neighborhood reach these surface water

bodies. Few studies have been carried out in the past in

certain locations of Chennai to ascertain the surface and

groundwater quality. Giridharan et al. (2009, 2010) reported

on the contamination of Cooum River by sewage. Adyar

River water quality was also studied by Venugopal et al.

(2009a). Gowri et al. (2008) reported the transport of

ammonia, nitrate, phosphate, cadmium, lead, and zinc by

Adyar and Cooum rivers as a result of land-based discharges

estimated during low tide. Rajkumar et al. (2008) estimated

the emission fluxes for Adyar River to be &2.5 9 108 g

CH4/year and &2.4 9 106 g N2O/year. Similar to surface

water quality several researchers reported on the ground-

water quality also. In 1995, Ramesh et al. (1995a, b) studied

the spatial changes in major and trace elements concentration

in groundwater of Chennai. Somasundaram et al. (1993),

Venugopal et al. (2008, 2009b) and Giridharan et al. (2008)

studied the groundwater quality along Adyar and Cooum

rivers and identified the various sources of pollution.

Groundwater quality in major industrial zones of Chennai

was studied by Kumaresan and Riyazuddin (2006). Con-

tamination of groundwater by major ions and heavy metals

around tanning industries located in parts of Chennai was

reported by Kumar and Riyazuddin (2008), Brindha et al.

(2010) and Brindha and Elango (2012). All these studies

were helpful to some extent to understand the sources and the

intensity of pollution.

The objective of this study is to assess the present

quality of surface and groundwater, interaction between

them and to determine the suitability of water for various

purposes. The hydrochemical processes that control the

chemistry of water in this area are also assessed. Govern-

ment agencies have been attempting to restore the quality

of the polluted rivers of Chennai. As a part of redeeming

the quality of the Adyar River, Adyar Poonga (Adyar

garden) has been constructed and the ecological restoration

of the creek has been successfully completed in the

beginning of 2011. Adyar and Cooum Rivers are to be

cleaned and restored and already work in connection with

this has commenced. Hence, this study will also serve as a

background to access the improvement in surface water

and groundwater quality in future.

Study area

Chennai is the capital of Tamil Nadu and the fifth most

populated city in India as per 2010 census. The study area

which forms a part of Chennai is shown in Fig. 1. The

metropolitan area covers 1,167 km2 with a population of

7.4 million people. Chennai experiences a tropical climate.

The weather is hot most of the time in a year. From May to

June, the temperature ranges from 38 �C to 42 �C and it

varies from 18 �C to 32 �C during the months of December

and January. The average annual rainfall is about

1,200 mm. Northeast (October to December) and south-

west monsoon (July to September) contribute to 60 % and

40 % of annual rainfall. The city sometimes also receives

rainfall when cyclones hit the Bay of Bengal.

Adyar River and Cooum River are the main waterways in

the city. Three Lakes; namely, Red Hills, Sholavaram, and

Chembarambakkam supply to the city’s water needs. These

lakes of the city receive water mainly during the monsoons.

Adyar River extends from Malaipattu tank, where the river

starts in the west to Bay of Bengal in the east. An area of

80 km2 is considered in this study. The river flows in the

South Chennai for nearly 50 km, and then enters the Bay of

Bengal. The river receives water from Chembarambakkam

Lake at Thiruneermalai. Thus, the Chembarambakkam Lake
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is considered as the main source of water to the Adyar River.

This river is heavily polluted with effluents from domestic

and industrial sources. Large quantity of sewage drains into

the river as discussed earlier. Chembarambakkam Lake

provides water supply to a part of the city, and it is one of the

major sources of drinking water for the city.

Geology and hydrogeology

This region is mostly comprised of Archean crystalline

rocks. These rocks occur as basement over the entire area and

they outcrop in the western part of the region and also in the

Adyar River bed. The Archean crystalline rocks include

charnockites. These crystalline rocks are generally

weathered in the top. The depth and intensity of weath-

ering varies and in general its thickness varies from 4 to

15 m. The weathered rocks are overlaid by a thin soil

cover and also alluvium especially along the river. Allu-

vium consists of sand, silt, and clay which occur in dif-

ferent proportion. The thickness of this soil or alluvium

occurring above the basement crystalline rocks varies

from 3 to 5 m. However, in the eastern part; especially,

near the coast the thickness increases up to 25 m.

Groundwater occurs in this area under unconfined con-

dition both in the upper soil/alluvium and the weathered/

fractured crystalline rocks. The maximum depth of bore well

in this region is about 100 m. Transmissivity in this area

varies between 6 and 872 m2/d and the storativity varies

between 2.9 9 10-4 and 4.5 9 10-3 (CGWB 2008). Max-

imum depth to groundwater table is about 28 m. The wells in

the crystalline formation generally yield up to 7 lps (CGWB

2008).

Methodology

Data collection

Secondary data, such as rainfall, Chembarambakkam Lake

water level, and groundwater level of few wells located

nearer to the lake were collected from Public Works

Department and Central Ground Water Board (CGWB),

Chennai. This data were made use to interpret the long-

term variation among these parameters, and to understand

the relation between them.

Sampling and analytical methods

Groundwater samples were collected from 44 wells in Feb-

ruary 2010 and from 34 wells in April 2010 (Fig. 1). Before

the wells were chosen for collection of samples, a well-

inventory survey was carried out and the electrical conduc-

tivity (EC) of nearly 60 wells were measured. Depending on

the EC, among the wells located closely showing almost

same EC, one representative well was selected. In addition,

21 surface water samples (Fig. 1) were collected (inclusive

Fig. 1 Location of study area

and monitoring wells
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of Adyar River and Chembarambakkam Lake) during Feb-

ruary 2010 and April 2010. Groundwater level was recorded

using a water level meter (Solinst 100). EC and pH were

measured in the field using Eutech portable digital meters.

The pH meter was calibrated before use by 4.01, 7, and 10.01

buffer solution. EC meter was calibrated using 84 and

1,413 lS conductivity solution. Groundwater and surface

water samples were collected in HDPE bottles of 500 ml

capacity. These bottles were soaked in 1:1 dilute hydro-

chloric acid overnight and then washed three to four times

with distilled water. Before the collection of samples, these

bottles were rinsed with the sample. The bottles were labeled

properly and were brought to the laboratory for analysis.

Standard procedures were followed for the analysis of

groundwater and surface water samples (APHA 1998).

Calcium and magnesium were determined with 0.05 N

EDTA solution titrimetrically. Carbonate and bicarbonate

were estimated by titration with 0.01 N H2SO4. Flame

photometer was used to measure the concentration of sodium

and potassium. Chloride was determined by titrating against

AgNO3. Sulphate in water samples was determined using

spectrophotometer. The accuracy of analytical experiments

was determined by calculating the ionic balance error, which

was generally within ±5 %. Total dissolved solids (TDS)

was calculated using the measured EC values by the relation-

ship, TDS (mg/l) = EC (lS/cm) 9 0.64 (Lloyd and Heathcote

1985). Total hardness (TH) was calculated by TH

(mg/l) = 2.497Ca ? 4.115Mg (Sawyer and McCarty 1978).

Maps of the study area were prepared using Arc GIS 9.3

software. Surfer (version 8) was used for preparation of

regional variation in groundwater level and statistical calcula-

tions were performed using Statistica.

Results and discussion

Surface water quality

It is essential to compare the chemical composition of

surface and groundwater with standards, such as WHO

and BIS to determine its usefulness. EC was high with

4,700 and 9,024 lS/cm in February and April 2010,

respectively. Surface water is not being used for drinking

purpose by the public and hence it has not been classi-

fied for ascertaining its suitability for drinking purpose.

The pollution in the river could be understood from the

brown to blackish gray colour of the samples collected.

The increase in EC along the river flow is evident from

Fig. 2. The mixing of domestic sewage in the river and

dumping of solid waste along the river banks have

heavily polluted the river. The river is presently used

only for recreational purposes, such as boating. Thus, the

water of Adyar River is suitable neither for drinking nor

for irrigation.

Groundwater dynamics and quality

Groundwater flow

The groundwater flow is towards the east and it can be

understood from the groundwater contour map shown in

Fig. 3. As expected, the groundwater flow direction fol-

lows the topography of the area. The Adyar River mostly

carries domestic wastewater and seawater near the coast.

Hence, the water level in this river will be generally at

mean sea level. When considering the river water level

at mean sea level, it can be inferred that, in the upstream

part, the groundwater is discharging into the river.

However, in the eastern part, the river water will

recharge the aquifer as the groundwater level is lower

due to pumping.

Comparison of rainfall and water levels

Rainfall, lake water level and groundwater level of wells

(Fig. 1) from January 2005 to December 2009 was com-

pared to understand their relationship. As the rainfall

increase, the lake and water level also increase during the

subsequent months (Fig. 4). This shows that rainfall

Fig. 2 Variation in EC (lS/cm)

with distance in Adyar River
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recharge has resulted in the increase in groundwater level

after the monsoon. The variation is very clear with the

increase in lake level and groundwater level in wells. In

addition, the pattern of variation in rainfall and lake level is

almost similar every year.

Drinking water quality

Although the people living in this area obtain piped water

supplied by the Corporation of Chennai, this is limited for

only few hours of the day and hence they also abstract

groundwater by bore wells for daily use. It is essential that

the water used for drinking and domestic purpose, such as

cooking be free from colour, odor, turbidity, and toxic

chemicals. To determine the suitability of water for such

purposes, there are several standards laid by the National

and International organizations. The groundwater in this

region has been classified based on BIS (2003) and WHO

(1993) standards to ascertain its suitability for drinking

purposes (Table 1) based on pH and major ions.

pH and EC

pH in groundwater of the study area ranges from 6.5 to 8.1

with an average of 7.4, which indicates that groundwater of

the study area is slightly alkaline in nature. pH was found

to be within the permissible limit of 6.5–8.5 prescribed for

drinking water by BIS (2003) and WHO (1993).

EC, a measure of the degree of the mineralization of the

water ranges between 184 and 3,116 lS/cm at 25 �C with

an average of 1,292 lS/cm. If water with high EC is

consumed it may cause gastrointestinal irritation in human

being (Singh et al. 2008). Hence, it is necessary that the EC

which is dependent on the rock water interaction and

thereby the residence time of the water in the rock (Eaton

1950) has to be within permissible limits. Groundwater was

classified based on EC according to WHO standards

(Table 2). Overall, 65 % of the groundwater samples are

permissible for drinking purpose in the study area. There is

only one sample which was harmful for human consump-

tion. A higher EC may be attributed to anthropogenic

Fig. 3 Groundwater level

contour (m msl)
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activities prevailing in this area. The spatial variation in EC

during February and April is shown in Fig. 5. Spatial

variation in EC follows the groundwater flow direction

(Figs. 3, 5). Groundwater is comparatively better

(permissible for drinking) on the western part of the study

area. High EC towards the east is due to accumulation and

increase in the dissolved solids in the river, which

recharges the groundwater.

Fig. 4 Comparison of rainfall

(mm/month), lake water level

(m msl) and groundwater level

(m bgl) from 2005 to 2009
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Total dissolved solids

To ascertain the righteousness of groundwater for any

purpose, it is essential to classify the groundwater

depending upon TDS which is related to EC. Freeze and

Cherry (1979) and Davis and DeWiest (1966) classification

are available to assure the suitability of groundwater for

drinking and irrigation activities. It seems from the

Tables 3 and 4 that more than half, i.e., 68 % of ground-

water is below 1,000 mg/l of TDS which is fresh water and

permissible for drinking purpose without any health risk,

while 32 % of the samples were brackish type as per

Freeze and Cherry (1979) classification. According to

Davis and DeWiest classification (1966), 32 % of the

samples were suitable for irrigation activities.

Total hardness

Classification of water based on TH as suggested by

Sawyer and McCarty (1978) is given in Table 5. Most of

the samples were hard (48.7 %) with TH ranging between

150 and 300 mg/l. Few samples were very hard with TH

above 300 (19.2 %). The long-term consumption of

extremely hard water may result in increased incidence of

urolithiasis, anencephaly, prenatal mortality, some types of

cancer, and cardiovascular disorders (Durvey et al. 1991;

Agrawal and Jagetia 1997). As per BIS (2003) standards,

80.8 % of the groundwater samples were desirable for

drinking. Except for one sample, all the other samples were

within the maximum permissible limit of 600 mg/l.

Major cations and anions

The concentration of various ions in the groundwater

samples were compared with BIS and WHO standards

which are given in Table 1. The minimum and maximum

concentrations of calcium are 12 and 296 mg/l, respec-

tively. The average concentration for calcium in ground-

water is 60.3 mg/l. Although only 1.3 % of the samples

were above the maximum permissible level of 200 mg/l,

23 % were above the desirable limit of 75 mg/l. Usually,

calcium results in groundwater due to weathering from

rocks and minerals. The concentration of magnesium in the

study area ranges from 4.6 to 44.4 mg/l with an average of

19.8 mg/l. All the samples were within the desirable limit

of 50 mg/l (WHO 1993) and maximum permissible limit of

150 mg/l (BIS 2003; WHO 1993). In addition, 84.6 % of

them were within the BIS desirable limit of 30 mg/l.

Concentration of sodium in groundwater ranged from 18.1

to 620 mg/l. Sodium beyond the maximum permissible

limit of 200 mg/l was present in 30.8 % of groundwater

samples. EURO Reports and Studies (1979) has docu-

mented that excessive salt intake seriously aggravates

chronic congestive heart failure and ill effects due to high

levels of sodium in drinking water. In addition, acute

effects in humans, such as nausea, vomiting, convulsions,

muscular twitching and rigidity, and cerebral and pul-

monary edema may result due to higher levels of sodium

intake (Department of National Health and Welfare 1992;

Elton et al. 1963). Potassium concentration in groundwater

ranges from 0.7 to 93.5 mg/l with an average value of

17.7 mg/l. 50 % of the samples were above the WHO

prescribed maximum admissible limit of 12 mg/l.

Table 1 Comparison of groundwater samples with BIS and WHO standards

Parameter BIS (2003) WHO (1993) Percentage of

samples above

the maximum

permissible limit

Highest desirable

limit

Maximum permissible

limit

Highest desirable

limit

Maximum permissible

limit

pH 6.5–8.5 6.5–9.2 6.5–8.5 6.5–9.2 Nil

TH (mg/l) 300 600a 100 500 Nil

Calcium (mg/l) 75 200a 75 200 1.3

Magnesium (mg/l) 30 100 50 150a Nil

Sodium (mg/l) – – – 200a 30.8

Potassium (mg/l) – – – 12a 50

Chloride (mg/l) 250 1,000a 200 600 1.3

Sulphate (mg/l) 150 400a 200 400 3.8

a Maximum permissible limit considered to calculate the percentage of samples

Table 2 Groundwater classification based on EC

EC (lS/cm at 25 �C) Classification Percentage of samples

\750 Desirable 24.4

750–1,500 Permissible 41

1,500–3,000 Not permissible 33.3

[3,000 Hazardous 1.3
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Normally adverse health effects due to ingestion of high

concentration of potassium is rare in human beings. This is

because potassium is rapidly excreted in the absence of

pre-existing kidney damage and because large single doses

usually induce vomiting (Gosselin et al. 1984).

The minimum, maximum, and mean values of bicar-

bonate in this study were found to be 36.6, 317.2, and

149.2 mg/l, respectively. Carbonate is absent in the

groundwater of this area. High chloride may cause

Fig. 5 Spatial and temporal

variation in EC of groundwater

Table 3 Freeze and Cherry classification of groundwater based on

TDS (mg/l)

TDS (mg/l) Water type Number of samples Percentage

\1,000 Fresh 53 67.9

1,000–10,000 Brackish 25 32.1

10,000–1,00,000 Saline Nil Nil

[1,00,000 Brine Nil Nil

Table 4 Davis and DeWiest classification of groundwater based on

TDS (mg/l)

TDS (mg/l) Classification Number of

samples

Percentage

\500 Desirable for drinking 20 25.6

500–1,000 Permissible for drinking 33 42.3

1,000–3,000 Useful for irrigation 25 32.1

[3,000 Unfit for drinking and

irrigation

Nil Nil

Table 5 Sawyer and McCarty classification of groundwater based on

TH (mg/l)

TH (mg/l) Type of water Number of samples Percentage

\75 Soft 5 6.4

75–150 Moderately high 20 25.7

150–300 Hard 38 48.7

[300 Very hard 15 19.2
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corrosion in metal pipes through which they are transported

thereby increasing heavy metal content in the transported

water and ultimately it reaches the drinking water system.

Chloride concentration in groundwater vary from 35.5 to

1,223 mg/l. 1.3 % of groundwater samples had chloride

above the maximum permissible limit of 1,000 mg/l, and

66.7 % of samples were within the permissible limit of

250 mg/l (BIS 2003). The desirable limit of chloride in

drinking water as per WHO standards is 200 mg/l, and

51.3 % of the groundwater samples were within this limit.

The concentration of sulphate varied between a minimum

of 3.1 mg/l to a maximum of 583.9 mg/l with an average of

141.5 mg/l. 75.6 % of the samples were within the desir-

able limit of 200 mg/l (WHO 1993), whereas 3.8 % were

above the maximum permissible limit of 400 mg/l (BIS

2003; WHO 1993). Maiti (1982) and Rao (1993) reported

that high concentration of sulphate in drinking water may

create respiratory problems in humans. With respect to

major ions, the groundwater is suitable for domestic pur-

pose except for the presence of excess sodium and potas-

sium in some locations. However, the groundwater is likely

to be contaminated by microbes due to mixing of

wastewater.

Irrigation water quality

The groundwater in the study area is being used for agri-

culture purposes in the western outskirts of the city, as the

surface water resources are polluted. Water used for irri-

gation should meet the requirements for crop growth to

achieve maximum crop productivity. EC and sodium play a

vital role in suitability of water for irrigation. Several

methods are available to ensure the suitability of the water

used for irrigation purpose, such as magnesium hazard

(MH), residual sodium carbonate (RSC), sodium absorp-

tion ratio (SAR), permeability index (PI), and United States

Department of Agriculture (USDA) classification.

If EC of irrigated water is high, it will affect root zone

and water flow. A guideline has been established by USDA

Salinity Laboratory as given in Freeze and Cherry (1979)

to determine the suitability of water for irrigation based on

EC. Table 6 indicates that only 7.7 % of the samples were

not found suitable for irrigation.

Soil containing large proportions of sodium with car-

bonate as the predominant anions is termed as alkali soil,

whereas with chloride or sulphate as the predominant cat-

ions is termed as saline soil. Both the soil types will not

support plant growth. Thus, sodium is an important

parameter for irrigation waters. It is denoted as sodium

percentage or percent sodium (Na%). It is calculated from

the formula given below (Wilcox 1955), where all con-

centrations are expressed in meq/l.

Na% ¼ Naþ þ Kþð Þ
Ca2þ þ Mg2þ þ Naþ þ Kþ� �� 100 ð1Þ

The suitability of water for irrigation based on Na% given

in Table 7 shows that 52.6 % of the samples are doubtful

while 6.4 % are unsuitable. Groundwater samples of the

study area are plotted in the Wilcox’s diagram (Wilcox 1955)

to classify the water for irrigation, wherein EC is plotted

against Na%. Figure 6 shows that 35.9 % of the groundwater

samples are good to permissible for agriculture while the rest

of them are doubtful to unsuitable.

Table 6 Suitability for irrigation based on USDA classification

EC (lS/cm) Salinity

Class

Percentage of

samples

Remark on quality

\250 C1 1.3 Excellent or low

250–750 C2 23.1 Good or medium

750–2,250 C3 67.9 Permissible or high

2,250–5,000 C4 7.7 Unsuitable or very

high

Table 7 Suitability for irrigation based on Na%

Na% Suitability for irrigation Percentage

\20 Excellent Nil

20–40 Good 11.5

40–60 Permissible 29.5

60–80 Doubtful 52.6

[80 Unsuitable 6.4

Fig. 6 Suitability of groundwater for irrigation based on EC and

sodium percent
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RSC which is frequently used to determine irrigation

water quality is computed, using the following formula

where ions are expressed in meq/l.

RSC ¼ CO2�
3 þ HCO�

3

� �
� Ca2þ þ Mg2þ� �

ð2Þ

If the concentration of carbonate and bicarbonate is in

excess than the concentration of calcium and magnesium, it

will be a problem to the soil fertility and growth of plants.

Most of the samples (96.2 %) (Table 8) were within the

safe category for irrigation on the basis of RSC.

One of the most important parameter for the determi-

nation of desirability of irrigation water is SAR. It is cal-

culated by (Richards 1954),

SAR ¼ Naþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þþMg2þ

2

q ð3Þ

where all the concentration is in meq/l. Groundwater col-

lected from the study area comes under excellent to good

category based on SAR values (Table 9). In the United

States Salinity Laboratory (USSL) diagram proposed by

Richards (1954), water used for irrigation can be classified

into four types—C1, C2, C3, and C4 based on salinity

hazard and S1, S2, S3, and S4 based on sodium hazard.

Figure 7 shows all the groundwater samples plotted on the

USSL diagram. Most of the samples (37.2 %) fall under

C2S1 type. 29.5 % were C3S1 and 25.6 % were C3S2

types, respectively. Few samples also belonged to C1S1

(1.3 %), C2S2 (3.8 %), and C3S3 (2.6 %). Overall, only 33

groundwater samples in this area are suitable for irrigation

based on the salinity hazard and sodium hazard.

Magnesium hazard denoted by MH, calculated using the

formula,

MH ¼ Mg2þ= Ca2þ þ Mg2þ� �
� 100 ð4Þ

where the concentrations are in meq/l (Szabolcs and Darab

1964). Magnesium hazard above 50 meq/l is considered to

be unsuitable for irrigation. A comparatively smaller per-

centage (16.7 %) was not fit for irrigation, whereas 65

samples were good for irrigation.

The suitability of groundwater for irrigation was also

determined based on calcium, magnesium, sodium, and

bicarbonate ions. This is given by PI which was calculated

using the equation,

PI ¼
Naþð þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HCO�

3

�q

Ca2þ þ Mg2þ þ Naþ
� �� 100 ð5Þ

where concentrations are in meq/l. Doneen (1964) put forth

that Class I and II waters are considered to be good and

suitable for irrigation, while class III water is unsuitable for

irrigation. Seven groundwater samples (9 %) were not

suitable for irrigation, whereas rest of the samples is good

(Fig. 8).

Physical and geochemical processes

Geochemical processes are important as they decide on the

composition of groundwater and are the cause for spatial

and temporal variation in groundwater quality. The dif-

ferent kinds of processes that occur depend on the nature of

Table 8 Suitability for irrigation based on RSC

RSC (meq/l) Suitability for irrigation Percentage

\1.25 Safe 96.2

1.25–2.5 Moderate 3.8

[2.5 Unsuitable Nil

Table 9 Suitability for irrigation based on SAR

SAR (meq/l) Suitability for irrigation Percentage

\10 Excellent 96.2

10–18 Good 3.8

18–26 Doubtful Nil

[26 Unsuitable Nil

Fig. 7 Suitability of groundwater for irrigation based on salinity and

alkalinity hazard
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aquifer material. Usually, groundwater chemistry in any

region is heterogeneous as a result of diverse sources and

geochemical processes. The various geochemical processes

that control the groundwater chemistry of this region are

identified and given below.

Evaporation

Evaporation is an important process in the study area which

is understood from the plot between Na versus Cl (Fig. 9).

This figure shows that most of samples plot around the

fresh water evaporation line, emphasizing that evaporation

plays a major role in deciding the chemical composition of

groundwater in this area.

Ion exchange

Chloro-alkaline indices I and II (CAI-I and CAI-2) pro-

posed by Schoeller (1965) help in determining the ion

exchange process in groundwater. It is calculated using the

formulae:

CAI1 ¼ Cl� � Naþ þ Kþð Þ=Cl� ð6Þ

CAI2 ¼ Cl� � Naþ þ Kþð Þ=SO2�
4 þ HCO�

3 þ CO2�
3

þ NO�
3

ð7Þ

(all values are measured in meq/l).

When there is an exchange between sodium or potas-

sium in groundwater with calcium or magnesium in the

aquifer material, CAI I and II are positive and it indicates

reverse ion exchange. During ion exchange process, there

is exchange between calcium or magnesium in ground-

water with sodium or potassium in the formation. In this

case both the indices are negative. Figure 10 which shows

the CAI I and II of the groundwater in this region indicate

that reverse ion exchange is the dominant process. There

are few wells which undergo ion exchange also.

If there occurs reverse ion exchange, the relation between

Ca ? Mg and SO4 ? HCO3 will be close to 1:1 equiline

denoting dissolution of calcite, dolomite, and gypsum

(Fig. 11a). Reverse ion exchange can also be identified by

the relationship between Na–Cl and Ca ? Mg–HCO3–SO4.

Fisher and Mullican (1997) put forth that such a relationship

will be linear with a slope of -1. Groundwater samples of

this study plot in a linear fashion (Fig. 11b) and the slope is

-0.75. It is hence apparent that reverse ion exchange is one

of the important processes controlling the groundwater

chemistry of this area.

Surface water and groundwater interaction

The dominance of the major ions is as Na? [
Ca2? [ K? [ Mg2? for cations and Cl- [ HCO3

- [
SO4

2- [ CO3
2- for anions. The order of ions was same for

groundwater as well as surface water. For the geochemical

classification of groundwater and surface water and inter-

pretation of chemical data, Chadha (1999) diagram was

used. This is a modified form of Piper trilinear diagram

(Piper 1944) in which the major cations and anions are

plotted in a rectangular plot. It is a simpler way of iden-

tifying the water type as compared to Piper diagram, and it

does not require any special software other than a spread-

sheet. The Chadha diagram is plotted in the following way:

the difference in milliequivalent percentage between

alkaline earths (Ca ? Mg) and alkali metals (Na ? K)

expressed as percentage is plotted on the x axis. The dif-

ference in milliequivalent percentage between weak acidic

Fig. 8 Suitability of groundwater for irrigation based on PI

Fig. 9 Plot of Na versus Cl indicating evaporation process
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anions (CO3 ? HCO3) and strong acidic anions

(Cl ? SO4) is plotted on the y axis. The rectangular field

resulting from this is similar to the diamond shaped field in

the Piper diagram and describes the overall character of the

water. Thus, there are eight fields in the rectangular plot

which represent eight different water types as in case of

Piper diagram. Those eight water types (Fig. 12a) are (1)

alkaline earths exceed alkali metals, (2) alkali metals

exceed alkaline earths, (3) weak acidic anions exceed

strong acidic anions, (4) strong acidic anions exceed weak

acidic anions, (5) alkaline earths and weak acidic anions

exceed both alkali metals and strong acidic anions,

respectively (such water has temporary hardness), (6)

alkaline earths exceed alkali metals and strong acidic

anions exceed weak acidic anions (such water has perma-

nent hardness), (7) alkali metals exceed alkaline earths and

strong acidic anions exceed weak acidic anions, and (8)

alkali metals exceed alkaline earths and weak acidic anions

exceed strong acidic anions (Chadha 1999).

Groundwater and surface water samples plotted in the

Chadha diagram to know the water type is shown in

Fig. 12a. Na–Cl was the dominant groundwater type with

71 % of the samples being this type. The second dom-

inant groundwater type was Ca–Mg–Cl. It was the same

case with surface water also with Na–Cl being the first

dominant and Ca–Mg–Cl being the second dominant

water type. This shows the groundwater and surface

water are of the same type chemical composition in this

study area. The dominance of Na–Cl water type is due

to seawater intrusion, as well as recharge of saline water

from the river. Figure 12b–e shows that both ground-

water and surface water have the same chemical ratios

indicating the interaction between the river water and

groundwater is playing a major role.

To confirm whether the groundwater quality is influ-

enced by the surface water running in this region,

Scholler diagram was plotted between nearby surface

water and groundwater samples which is shown in

Fig. 13. This semi-logarithmic diagram represents con-

centration of major ions in meq/l. Surface water and

groundwater concentration of major ions plotted (Fig. 13)

show that wherever there is rise in ion concentration in

surface water, there is also rise in concentration of that

particular ion in groundwater and wherever there is fall

in ion concentration in surface water there is also fall in

concentration of that particular ion in groundwater. The

groundwater and surface water characteristics in the area

Fig. 10 Variation in CAI I and

II in groundwater

Fig. 11 Plot of various ions indicating reverse ion exchange
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are similar as they show same type of variation in major

ion concentration. This implies that the surface water has

an influence on groundwater quality. It is noticed that

there are inputs of untreated/partially treated/treated

industrial waste and domestic sewage at few points of

the Adyar River. This might be the major source pol-

luting the surface water which has apparently a strong

influence on the groundwater quality that is supported by

Fig. 13. The similarity in the percentage of major ions

between the river water and groundwater indicate that

they are interrelated. During monsoonal rains, the river

flow will result in recharging of the groundwater zone

and the river stage will be more than the groundwater

table. However, in other periods, groundwater will be

discharged into the river; especially, in the western part

of the area.

Limitations

This study concentrates mainly on the major ion chem-

istry in this area. As the sources are diverse from

domestic sewage and industrial effluents, it is essential to

carry out trace metal and microbial analysis in this

region.

Fig. 12 Relationship between ionic concentration and ratio indicating similarity between surface water and groundwater
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Conclusion

Groundwater and surface water interaction was studied in

Chennai city, India. Suitability of groundwater for drinking

and irrigation activity was assessed and the geochemical

processes controlling the groundwater quality were iden-

tified. There was wide variation in groundwater and surface

water quality with respect to drinking and irrigation water

standards. Na–Cl type water was dominant in surface and

groundwater. EC of groundwater increased towards the

east following the general groundwater flow direction.

Evaporation and ion exchange are the dominant processes

controlling the groundwater chemical composition. Surface

and groundwater samples showed a similar trend in the

composition of ions. The surface water which is contami-

nated by partly or untreated domestic sewage has pene-

trated through the soil and contaminated the groundwater

of this region. To improve the river water quality

Fig. 13 Relation between surface water and groundwater at various locations
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ecological restoration is planned to be implemented shortly

by the Government agencies. Continuous monitoring of

water quality in this area will help in understanding the

progressive improvement in groundwater and surface water

quality during the process of restoration.
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