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Abstract Groundwater is the major source of fresh water

in regions where there is inadequate surface water resour-

ces. Forty-seven groundwater samples were collected from

Lower Ponnaiyar basin, Cuddalore District, south India,

during the premonsoon (PRM) and postmonsoon (POM)

seasons of 2005. Out of 47 groundwater samples, 15

samples showing higher nitrate concentration were those

collected during PRM 2005. Microbial analysis of these

samples was carried out by employing 16S rRNA gene

sequence tool. Detailed analysis was conducted to deter-

mine the hydrogeochemical processes and microbial con-

tamination responsible for deterioration of quality. The

abundance of the ions during PRM and POM are in

the following order: Na [ Ca [ Mg [ K = Cl [ HCO3 [
SO4 [ CO3. The dominant water types in PRM are in the

order of NaCl [ CaMgCl [ mixed CaNaHCO3, whereas

during POM NaCl [ CaMgCl [ mixed CaNaHCO3, and

CaHCO3. However, NaCl and CaMgCl are major water

types in the study area. The quality of groundwater in the

study area is mainly impaired by surface contamination

sources, mineral dissolution, ion exchange and evapora-

tion. Groundwater chemistry was used to assess quality to

ensure its suitability for drinking and irrigation, based on

BIS and WHO standards. Suitability for irrigation was

determined on the basis of the diagram of US Salinity

Laboratory (USSL), sodium absorption ratio (SAR),

residual sodium carbonate (RSC), and Na%. According to

SAR and USSL classification, 27.66% (PRM) and 40.43%

(POM) of samples fall under C3S2 category, indicating

high salinity and medium sodium hazard, which restrict its

suitability for irrigation. Microbiological analysis and its

effects on the water quality were also addressed. The 16S

rRNA gene sequences of 11 bacterial contaminants

exhibited five groups with 11 operational taxonomic units

with aerobic and facultatively anaerobic organisms. The

presence of aerobic organisms in the groundwater samples

reflects the active conversion of ammonia to nitrite by

Nitrosomonas sp. which is further converted to nitrates by
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other organisms. Further the presence of nitrate reducers

could also play a role in the process of conversion of nitrate

to ammonia and nitrate to molecular nitrogen.

Keywords Hydrochemistry � Alluvial aquifer �
Agriculture � Microbial contamination �
Isolate diversity � India

Introduction

The quality of groundwater depends on a large number of

individual hydrological, physical, chemical, and biological

factors. In the recent years, the growth of industrial tech-

nologies, population, and water usage has increased the

stress upon the land and water resources. Locally, the

quality of groundwater has been degraded in many parts of

the world. Groundwater quality is governed by lithology,

groundwater flow, nature of geochemical reaction, resi-

dence time, solubility of salts, and human activities (e.g.,

Karanth 1987; Rajmohan et al. 2009; Nagarajan et al. 2010;

Prasanna et al. 2010). The adverse effects on groundwater

quality are the results of human activity (e.g., Almasri

2007), unintentionally due to agriculture, in the form of

nitrate (e.g., Jordan and Smith 2005; Jeevanandam et al.

2006), domestic and industrial effluents, and unexpectedly

by sub-surface or surface disposal of sewage and industrial

wastes (e.g., Kelly et al. 1996). Atmospheric inputs also

have an important influence in many shallow groundwater

aquifers and majority of these solutes act as problematic

sources (Van der Weijden and Pacheco 2006).

Agriculture also has direct (dissolution and transport of

excess quantities of fertilizers, associated materials and

hydrologic alterations related to irrigation and drainage)

and indirect effects (changes in water–rock reactions in

soils and aquifers caused by increased concentrations of

dissolved oxidants, protons, and major ions) on the rates

and composition of groundwater recharge and aquifer

biogeochemistry. Agricultural contaminants loading into

recharging groundwater resulted in societal problems

related to drinking-water quality (Fan and Steinberg 1996)

and ecological effects on groundwater discharge into water

bodies (Howarth et al. 2000). Chemicals are not the only

undesirables in groundwater supplies. The groundwater

pollutants that mostly cause apprehension to human health

also include microbiological agents which cause diseases

and sometimes even death (e.g., Lerner and Harris 2009).

Both the microbiological and chemical quality of water are

important in determining its suitability for domestic supply

and each can have significant and well-documented health

impacts on users. Detection of bacterial indicators in

drinking water indicates the presence of pathogenic

organisms that are likely to be the source of water-borne

fatal diseases (Macler and Merkel 2000). As millions of

people world-wide continue to rely on shallow ground-

water sources and on-site sanitation, it is important to

develop and understand the causes of microbiological

contamination of groundwater when considering the

potential for improvement in water supplies and sanitation

(van Ryneveld and Fourie 1997). In many developing

countries there are no proper legislation and management

plan to control groundwater pollution. In India, although

both central and state governments are taking a lot of

efforts to protect the groundwater quality and are regularly

monitoring the status, it is still inadequate for addressing

all the groundwater problems. In India, groundwater pol-

lution is still a baffling problem. Cuddalore district is one

of the areas prone to natural disasters like cyclones and

floods. Low-lying areas and coastal areas have floods

during the period of heavy rains particularly during NE

monsoon. An early study in the Cuddalore district by

DANIDA, a bilateral project between the Governments of

India—Tamil Nadu and Denmark found that out of 491

water samples, 206 samples failed to meet the drinking-

water quality standards. Majority of the sources failed on

the basis of nitrate and fecal coliforms (FC). Due to floods,

sudden outbreak of several water-borne diseases (malaria,

cholera, typhoid), even death, also was witnessed in the

past. Hence, the present study was carried out to evaluate

the groundwater quality for domestic and agricultural

activities, to identify the relevant contamination processes

(chemical and microbiological) responsible for the chem-

istry of the groundwater, and also to understand the bac-

terial diversity of the groundwater in the study area. Also

due to the high load of organic and inorganic nitrogen

present in the study area, it was an essential prerequisite to

conduct a study on the bacterial load and hence was carried

out by enumerating the total coliforms (TCs) present in the

groundwater samples. The diversity of the bacterial flora

was also assessed by culture-based molecular approach by

employing 16S rRNA gene sequence homology.

Study area and hydrogeological settings

The study area forms the part of the Lower Ponnaiyar River

basin, covering an area about 154 km2 and lies between

latitudes 11�4203300N and 11�5104500N, and longitudes

79�3302100E and 79� 4703400E, and is located in Cuddalore

district, north of Tamil Nadu, South India (Fig. 1). The

northern and southern boundaries of the basin are defined

by the Ponnaiyar and Gadilam Rivers (a distributary of

Ponnaiyar River) which confluence into the Bay of Bengal

sea. Geomorphologically, the area is more or less a plain

terrain with slightly elevated tertiary upland hills and

laterite hillocks occurring in the Cuddalore sandstone
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formations. The elevation varies between 20 and 160 m

above mean sea level. Physiographically, Cuddalore dis-

trict is broadly classified into: Ponnaiyar–Gadilam River

Basins, Tertiary uplands, Vellar River, Veeranam Tank

ayacuts, and hard-rock areas of Tittagudi taluk. Ponnaiyar

River Basin is sandwiched between Cauvery River Basin in

the west and Palar in the south and Tondiar basins in east

and north, respectively. The total area of the basin is

11,257 km2. The total length of the river is 432 km, of

which 112 km lie in Karnataka state. Thurinjalar and

Musukundah rivers are the tributaries, while Mallatar is the

distributary of the Ponnaiyar River. Near the tail end of the

Ponnaiyar basin, Gadilam River flows, draining the streams

in Kallakurichchi taluk of Villupuram district. Seshanadhi

is a tributary for Gadilam River and Mallatar branching off

from Ponnaiyar below Tirukovilur anicut and infalls into

Gadilam River just above Panruti town. The Gadilam River

flows almost parallel to Ponnaiyar and confluences with the

sea south of Cuddalore. The study area experiences tropical

climate with slight variation. The mean maximum tem-

perature ranges from 30.16 to 40.34�C and the mean

minimum temperature ranges from 20.37 to 26.68�C.

Annual average precipitation ranges from 850 to

1,160 mm. In the monsoon season about 53.2% of the total

precipitation occurs from October to December and 33.1%

from June to September. In response to seasonal rainfall the

groundwater table is generally the highest in the post-

monsoon and lowest in the summer.

Geologically, the study area consists of sedimentary

formations, which include sandstone, clay, alluvium, and

small patches of laterite soils of Tertiary and Quaternary

age. Charnockites and gneisses of Archaean age are found

in the upper reaches of the Ponnaiyar River basin to the

west of the study area. In the lower part of the basin,

Ponnaiyar River has built up extensive alluvium consisting

of mixtures of sand, silt, and clay in the delta portions in

and around Cuddalore (Fig. 1). The thickness of this for-

mation varies from 10 to 15 m. At some locations sand-

stones with intervening clay lenses underlie the alluvial

sand up to a depth of 50 m below ground level. The

Quaternary formations consist of sediments of fluvial,

fluvio-marine and marine facies includes various types of

soils, fine to coarse-grained sands, silts, clays, laterite, and

lateritic gravels. In the coastal tract, except at the conflu-

ence point of river, wind-blown sands of 1.5 to 3 km width

occur commonly in the form of low and flat-topped sand
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dunes. However, irregular mounts of 10 to 15 m altitude

are a prominent feature due to wind action in the study

area. The groundwater occurs in both unconfined and

confined conditions in alluvial and sandstone formations,

respectively. The groundwater level ranges from 1 to 7 m

and 10 to 35 m below the ground level in the unconfined

and confined aquifers, respectively (PWD 2000). The depth

of bore well ranges from 50 to 180 m below ground level

and deeper bore wells between 300 and 400 m were

located near Panruti. The maximum discharge of

1,273 lpm is reported from a bore well located in Vara-

kalpattu village. In general, the stratigraphy in the study

area indicates the presence of alluvial sand and sandstones

up to a depth of 50 m below ground level, underlain by

sandstones continuing to considerable depth with inter-

vening clay lenses. Based on pumping test data, the aquifer

properties namely transmissivity is 98 m2 day-1 for allu-

vium formation; 46–134 m2 day-1 for Tertiary formation

(Cuddalore sandstone) and hydraulic conductivity 19.7 m/

day for alluvium formation and 16–33 m/day for Tertiary

formation. The specific yield of the alluvium formation is

7.2%, while for the Tertiary formation is between 1.4 and

3.5% (CGWB 1997).

Materials and methods

Sampling and procedures

Groundwater samples from 47 borewells (Fig. 1) were

collected during premonsoon (PRM) and postmonsoon

(POM) seasons in 2005. In which 15 groundwater samples

showing higher nitrate concentration were selected for

microbial diversity study during premonsoon 2005. These

wells are spatially distributed over quaternary alluvial

formations. Groundwater samples were collected in 2-l

high-density-polyethylene containers prewashed with 1:1

HCl followed by distilled water and then rinsed three to

four times before sampling using sampling water. Water

samples from borewells were collected at least after 10 min

of pumping. Temperature, electrical conductivity (EC),

hydrogen-ion activity (pH) were measured in situ using

portable meters. Collected samples were transported to

laboratory within the same day and stored at 4�C. Samples

were filtered in the laboratory through 0.45-lm cellulose

membranes prior to the analyses. Groundwater samples for

cation analysis were acidified to pH \ 2 with several drops

of ultrapure HCl in the laboratory. Groundwater samples

were analyzed based on standard methods (APHA 1995).

Calcium (Ca), magnesium (Mg), carbonate (CO3), bicar-

bonate (HCO3), and chloride (Cl) were estimated by titri-

metric method. Sodium (Na) and potassium (K) were

analyzed by flame photometer, and sulphate (SO4),

phosphate (PO4), nitrite (NO2), and nitrate (NO3) were

analyzed using spectrophotometer. Measurement repro-

ducibility and precision for each analysis were less than

2%. The analytical precision for the total measurements of

ions was checked again by calculating the ionic balance

errors and was generally within ±5%. The geochemical

model PHREEQC (Parkhurst and Appelo 1999) was used

to calculate the distribution of aqueous species and mineral

saturation indices.

Microbiological analysis

Groundwater sampling and enumeration of total colony

forming units (CFU)

Groundwater samples for microbial analysis were collected

separately from 15 locations in 100-mL sterile plastic

containers. Collected samples were brought to the labora-

tory in an ice pack and the laboratory analysis was con-

ducted within 24 h. Serial dilution technique (Cappuccino

and Sherman 1996) was employed for the assessment of

total bacterial counts and TCs present in the groundwater

samples. A set of seven sterile blanks, each containing

9 mL of distilled water were prepared. 1 mL of each

groundwater samples was serially diluted to 10-7 dilutions

aseptically. From the serially diluted samples, 0.1 mL from

10-5 and 10-6 dilutions were inoculated by pour-plate

technique with nutrient agar for total CFU and with eosin–

methylene blue agar for TCs. After 48 h of incubation at

37�C, the CFUs were enumerated.

Genomic DNA extraction and amplification, sequencing

and phylogenetic analysis of 16S rDNA from the isolates

A total number of 11 morphologically distinguishable

colonies were selected out of 110 isolates from high-

nitrate-containing water samples. Subsequent identification

of the bacterial isolates was carried out using the molecular

tool based on the sequence homology of highly conserved

16S rRNA gene. Cell lysates were prepared by resus-

pending single colonies in 0.1 ml of TE buffer (0.01 mM

pH 8.0) and boiling for 10 min to remove protein. After

centrifugation, the supernatant was used for polymerase

chain reaction (PCR). PCR amplifications for 16S rRNA

genes were performed using Taq DNA polymerase (Invit-

rogen), primers 21F (50 CCA GAG TTT GAT CMT GGC

TCA G 30) and 958R (50 TTC TGC AGT CTA GAA GGA

GGT GWT CCA GCC30) from Brosius et al. (1978) using

the following program: 94�C for 5 min, followed by 39

cycles of 94�C (90 s), 55�C (90 s) and 72�C (80 s) with a

final 10 min extension step at 72�C. Amplified 16S rDNA

was purified for sequence determination using the QIA-

quick PCR purification kit (Qiagen), following the
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instructions of the manufacturer. The amplified 16S

rRNA genes were sequenced by using the ABI PRISM

Terminator Cycle Sequencing Ready Reaction Kit (Perkin-

Elmer) and ABI PRISM 377 automated sequencer (Perkin-

Elmer). Sequences have been deposited in GenBank

under accession numbers EU849152-EU849162. Relevant

sequences were obtained from GenBank (http://www.ncbi.

nlm.nih.gov; http://blast.ncbi.nlm.nih.gov) using BLASTN.

Operational taxonomic units (OTUs) were defined using

DOTUR and furthest neighbour algorithm at 1% sequence

distance (Schloss and Handelsman 2005). The most likely

relationship between 16S rRNA sequences was identified

using maximum likelihood reconstruction methods as

implemented in PHYML under a TN93 model of sequence

evolution ? gamma distribution of rate heterogeneity

among sites ? fraction of invariant sites (Guindon and

Gascuel 2003). Maximum parsimony trees were con-

structed using PAUP* (Swoford 2001). Supports for the

best topologies were assessed using Bayesian inference

(Rannala and Yang 1996) and non-parametric bootstrap-

ping. Bayesian posterior probabilities were computed

under the same maximum likelihood model using MrBayes

3.0b4 (Huelsenbeck and Ronquist 2001).

Results and discussion

Water chemistry and types

Maximum, minimum, and mean values for the analyzed

variable in groundwater samples (n = 47), and their stan-

dard deviations for the PRM and POM are summarized in

Table 1. The concentrations of dissolved major ions in the

groundwater vary both spatially and seasonally. Abun-

dance of the ions during both seasons is in the following

order: Na [ Ca [ Mg [ K = Cl [ HCO3 [ SO4 [ CO3.

Based on the land-use classification the upper and central

part of the study area mostly consists of agricultural land,

shrub land, and settlements, whereas the eastern part con-

sists of settlements and coastal belts (Fig. 1). In the study

area, the TDS (total dissolved solids) in the groundwater

samples varies from 370 to 2,700 mg/l during PRM and

240 to 1,760 mg/l during POM (Table 1). Irrespective of

seasons, high TDS values are recorded in the eastern part of

the study area (Fig. 2a, b). The pH generally varies from

7.1 to 8.1 and 8.0 to 8.7 during PRM and POM, respec-

tively, which indicates the groundwater is mostly alkaline

in nature. HCO3 ranges from 49 to 412 mg/l during PRM

and from 31 to 293 mg/l during POM. Maximum values of

HCO3 are found in the western part and along the river-

banks (Fig. 2c, d), which might be due to the weathering of

silicate rocks and dissolution of carbonate precipitates

(Freeze and Cherry 1979). Bicarbonate and carbonate T
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contribute about 24% (PRM) to 30% (POM) of the total

anion concentration in the groundwater of the study area.

Cl concentration varies from 34 to 951 mg/l in PRM and

44 to 780 mg/l in POM. The higher Cl content is recorded

in the eastern part (Fig. 2e, f), which is classified as set-

tlement area and coastal belt. SO4 concentration ranges

from 54 to 288 mg/l during PRM and 15 to 324 mg/l

during POM. Higher values of SO4 are observed as few
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pockets in the eastern part of the study area. The high

concentration of SO4 may be attributed to the contamina-

tion by the untreated industrial and domestic waste efflu-

ents (Baruah et al. 2008). Na and K are released slowly

upon dissolution of secondary minerals. Na is the dominant

cation in the groundwater of the study area, and ranges

from 51 to 744 mg/l in PRM and 28 to 425 mg/l in POM.

Spatially, Na concentration is more in the eastern part of

the study area during both seasons (Fig. 2g, h). K con-

centration is very low during both seasons and higher

concentration is noted in the eastern part. Ca and Mg ions

are added to the groundwater due to carbonate dissolution

and from Ca- and Mg-bearing silicate rock types. Calcium

is ranged between 16 and 98 mg/l during PRM and 4 and

92 mg/l during POM. As Mg is concerned, the concen-

tration throughout the study area ranges from 9 to 48 mg/l

in PRM and 2 to 44 mg/l in POM seasons, respectively.

Nitrite concentration shows a minor variation, ranges from

BDL to 4.10 mg/l during PRM and BDL to 4.9 mg/l during

POM. Nitrate concentration of the groundwater of the

study area ranges from 12 to 158 mg/l during PRM and

BDL to 119 mg/l during POM. Ammonium is transformed

to nitrates by the nitrification process in the presence of

oxygen, which can be presented by the following reaction.

2O2 þ NHþ4 ¼ NO�3 þ H2O ð1Þ

The presence of high nitrate content in groundwater may

mainly be due to the leaching of NO3 from fertilizers and

other agrochemicals used in agricultural and also by man

made activities (other NO3 pollutions) (Almasri and

Kaluarachchi 2004). Spatially, NO3 concentration is more

in central and western parts (Fig. 2i, j), which reflects the

land-use pattern (Fig. 1 i.e., agricultural-dominated area).

Nitrate leaching is enhanced because soils in the study area

have high infiltration rate and low runoff potential and high

rates of nitrogen fertilizer application and extensive irri-

gation contributes to high NO3 concentration in the

groundwater.

The Piper diagram (Piper 1944) is useful for evaluating

the geochemical evolution of the groundwater in the study

area. The dominant water types in PRM are in the order of

NaCl [ CaMgCl [ mixed CaNaHCO3, whereas during

POM the order of water types are slightly changed and

shown as NaCl [ CaMgCl [ mixed CaNaHCO3 and

CaHCO3 (Fig. 3). However, most of the samples are

clustered in NaCl and CaMgCl segments for both seasons.

Water types (NaCl and CaMgCl) suggest the mixing of

Fig. 3 Piper trilinear diagram

for hydrogeochemical facies for

groundwater of the study area

during PRM (filled circle) and

POM (open circle) seasons 2005
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high salinity water caused from surface contamination

sources such as irrigation return flow, domestic wastewater,

and septic tank effluents, with existing water followed by

ion exchange reactions. According to Appelo and Postma

(1996), some water types characterise saline groundwater:

Na–Cl dominant type, Ca–Cl, indicating the seawater

intrusion process, and Na–Mg-Cl-SO4 indicates a mixed

water type. Samples have elevated Na concentrations

coupled to low Ca2? concentrations, suggesting that Ca2?–

Na? ion exchange is an important geochemical process for

the Na–Cl type of groundwater. The Na–Cl type is the

dominant groundwater type in PRM and POM contributing

to 82.98 and 80.85%, respectively. The second facies is the

mixed CaMgCl type and it contributes to 12.77 and 6.38%

in PRM and POM, respectively. The CaNaHCO3 water

type varies between PRM and POM seasons; it shows 2.13

and 12.77% respectively. During POM, more contribution

of CaNaHCO3 and CaHCO3 water types express mineral

dissolution and recharge of freshwater. In general, alkalis

(Na ? K) are significantly dominating over the alkali earth

elements (Ca2??Mg2?) and strong acids (Cl, SO4) domi-

nate over weak acid (CO3, HCO3) in most of the samples.

Such water generally creates salinity problems both for

drinking and irrigation use.

Geochemical processes

The plot Na ? K versus Cl shows that most of the samples

in PRM falls above the 1:1 line, whereas in POM, fall

below the 1:1 line due to an enrichment of Cl (Fig. 4a). In

general, Cl forms a compound with alkalis rather than

alkali earth elements (Ca ? Mg), it may be inferred that Cl

has been consumed in the formation of alkali chlorides. It

is evidenced by the higher alkali concentration observed in

the samples than that required for the formation of chlo-

rides. This can be further inferred from the high concen-

tration of aqueous species such as alkali bicarbonate and

alkali sulphate. Data points plotted near to equiline indicate

that alkali content is balanced by chloride. The sequence is

shown in POM by Cl enrichment in which surplus chlo-

rides are balanced by the alkaline earth metal ions. Cl ion

concentration in groundwater normally arises from the

sources like ancient seawater-entrapped sediments, solu-

tion of halite, and related minerals in evaporate deposits,

solution of dry fallout from the atmosphere especially in

the arid region, and from anthropogenic sources (Walker

et al. 1991). In the plot, Na ? K vs Cl most of the PRM

samples show enrichment in Na but POM samples fall

below the 1:1 line due to Cl enrichment. The high con-

centration of Cl is caused by intrusion of saline water near

the coastal area, which is a common phenomenon in SE

coast of Tamil Nadu (e.g., Chidambaram et al. 2007).

Stagnant backwater in the river percolates down, thereby

increasing the Cl content and leaching of saline residues in

the soil by the action of rainwater during POM and

anthropogenic input. In particular, the variation in Cl

concentration over the sampling locations indicate that

evaporation may be the additional cause of enrichment in

Cl concentration in POM due to water-level rise, which

causes more salt dissolution from the soil. Na concentration

is also being reduced by ion exchange. So Na and Cl do not

increase simultaneously (Fig. 4b). Eastern part of the study

area shows high concentration of Cl in both seasons,

indicating more than one possibility such as seawater

intrusion, dissolution of residues from soil and significant

anthropogenic input from the settlement area. This was

confirmed by lower Cl concentration obtained in agricul-

tural area (central and western parts) than the settlement

and coastal area of eastern part. Among the alkalis, K is

apparently low, which might be due to the greater resis-

tance of K to weathering and its fixation in the formation of

clay minerals (Sarin et al. 1989). A strong positive corre-

lation between Na and Cl suggests mixing of groundwater

with different end member compositions (fresh and saline)

and high concentration of SO4 and Cl may be related to

long history of evaporations (Datta and Tyagi 1996). SO4

versus Cl may be good indicators of SO3 leaching to

groundwater from surface sources. The variation in SO4/Cl

ratios indicates the net changes to SO4, due to biogeo-

chemical processes in the groundwater prior to recharge, or

within the aquifer. The surface precipitation, irrigation or

evapotranspiration lead to Cl enrichment in groundwater,

which ultimately lowers the SO4/Cl ratios of groundwater.

Very low SO4/Cl ratios (low concentration of SO4)

(Fig. 4c) suggest that sulphate is being depleted, possibly

by sulphate reduction (e.g., Lavitt et al. 1997). At the same

time the enrichment of Cl in POM than in PRM, may be

due to leaching from the soil and surface precipitation.

Alkali ions are overwhelmingly abundant compared to Ca

and Mg in the groundwater during PRM, whereas in POM,

Ca ? Mg are overwhelmingly abundant than Na ? K

(Fig. 4d). The deficiency of Ca in groundwater is due to the

ion exchange process, which generally indicates the excess

of alkalis over alkali earth elements. The plot of Ca ? Mg

versus HCO3 in Fig. 4e shows that most of the data during

POM and significant number of samples during PRM fall

below the equiline, although few points approach the line

in PRM. This indicates that the excess of alkalinity in water

has been balanced by alkalis (Na ? K). The excess of

alkali earth elements (Ca ? Mg) over HCO3 in many

samples during PRM and some samples during POM

reflects an additional source of Ca and Mg ions. It might

have been balanced by Cl and SO4 and/or supplied by

silicate weathering (Zhang et al. 1995). High concentration

of HCO3 in groundwater may be due to natural processes

like dissolution of carbonate minerals and dissolution of
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atmospheric and soil CO2 gas (Jeong 2001). High base-

exchange reaction in which alkali earth elements exchan-

ged for Na ion (HCO3 [ Ca ? Mg), may be referred to as

base-exchange softened water, whereas Na ion exchanged

for the alkali earths (Ca ? Mg [ HCO3), can be referred

to as base-exchange hard water. In present study, most of

the samples are base-exchange hard water in nature during

PRM, but in POM significant number of samples is con-

verted to base-exchange softened water due to dilution

(exchange of ions) after a monsoon except 15 samples,

remain as hard water. The plot of Ca ? Mg versus

HCO3 ? SO4 (Fig. 4f) is expected to fall close to the 1:1

equiline if the dissolution reactions of calcite, dolomite,

and gypsum are dominant in the system. Ion exchange

tends to shift the points to the right and left of the equiline

due to an excess of SO4 ? HCO3 and Ca ? Mg, resepc-

tively (Fisher and Mullican 1997). The samples

approaching the equiline during PRM indicate dissolution

of calcite and dolomite. But some samples show an

enrichment of SO4 ? HCO3, indicating ion exchange

process, whereas during POM reverse ion exchange pro-

cess contributed more Ca ? Mg than SO4 ? HCO3

(Fig. 4f). HCO3 versus Cl plot (Fig. 4g) shows that most of

the samples during both seasons fall below 1:1 line due to

domination of Cl. Generally, Gibbs plots (Gibbs 1970) are

used to gain better insight into hydrochemical processes,

such as precipitation, rock-water interaction, and evapora-

tion on groundwater chemistry in the study area. Data
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points are observed (Fig. 5) mostly in the rock–water

interaction zone and few samples in the evaporation zone.

This phenomenon suggests that dissolution of carbonate

and silicate minerals are the dominant controlling factor of

the groundwater chemistry of the study area. Further sur-

face contamination source such as irrigation return flow

seems to affect the quality of the groundwater. Anthropo-

genic activities may amplify the role of evaporation and

may lead to increase Na and Cl and thus rise in TDS

(Karanth 1991).

Ion exchange processes and mineral dissolution

The evolution of groundwater towards a Na-rich type gen-

erally occurs by the precipitation of calcite and/or cation

exchange, whereas Ca–Cl type water is commonly pro-

duced by reverse ion exchange reaction (Na ? Ca-clay =

Na-clay ? Ca). These cation exchange and reverse ion

exchange are encouraged by aquifer materials, particularly

montmorillonite. This leads to the release of Na or Ca into

groundwater and adsorption of Ca or Na, respectively

(Alison et al. 1992). The ion exchange between the

groundwater and their host environment during travel or

residence can be calculated by using the Schoeller (1965,

1967) chloro-alkaline indices (i.e., CA I [((Cl – Na? ? K?)/

Cl-)] and CA II [((Cl – Na? ? K?)/(SO4 ? HCO3
- ?

CO3 ? NO3
-))]. If the indices value is positive, this indi-

cates base-exchange reaction where Na? and K? ions in

groundwater exchanges with Ca and Mg cations. If the

value is negative, this indicates chloro-alkaline disequilib-

rium (cation–anion exchange reaction), where host rocks

are the primary source of dissolved solids in groundwater.

The indices values of the groundwater samples of the study

area during PRM reveal that cation–anion exchange reac-

tion exists in most of the samples (64%) except at 17

locations (36%) showing base-exchange reaction. The

indices value in POM show that 95.74% of samples except

two samples have positive values (Cl [ Na ? K), which

indicates base-exchange reaction (chloro-alkaline equilib-

rium). During POM the water table is generally shallow and

near the ground surface, which increases the contact surface

area of the water, so there is an exchange of Na in

groundwater with Ca and Mg in the alluvium soils.

The equilibrium state of the water with respect to a

mineral phase is determined by calculating a saturation

index (SI) using analytical data. The potential for mineral

precipitation or dissolution is assessed using the SI, which

is based on the relation between analytical activity ion

activity product (IAP) and thermodynamic calculations of

the solubility product (Ksp). Saturation index can be used to

determine as to whether a solution is undersaturated

(SI \ 0), oversaturated (SI [ 0), or in equilibrium (SI = 0)

with a solid. If the solution is oversaturated, precipitation

may be expected and if it is under-saturated dissolution

might be possible. The SI of a mineral is determined using

the following equation (Parkhurst and Appelo 1999).

SI ¼ Log10ðIAP=KspÞ ð2Þ

The disequilibrium indices of carbonate minerals and

sulphate minerals were presented in Table 1 from the data

bank of PHREEQC (Parkhurst and Appelo 1999). The

groundwater during PRM show equilibrium to oversaturated

with calcite, dolomite, magnesite, and aragonite with minor

indication of under saturation state (Table 1). The

groundwater in POM fall between under-saturated to

saturated state indicates the dissolution of carbonate
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minerals (Table 1). The status of groundwater in both

seasons indicates that all the sulphate minerals are in the

state of under saturation indicating the effect of dilution.

Statistical analysis

Twelve variables, such as Na, K, Ca, Mg, HCO3, CO3, Cl,

SO4, NO3, NO2, PO4, and pH were used for factor analysis.

The varimax rotation method with Kaiser Normalization

was applied to extract the factors. The results of factor

analysis based on four significant factors explain about

68.83% of the total variance. The communalities of vari-

ables, which can explain the variance degree of variable by

the four factors are higher than 0.51 for PRM except NO2,

and CO3 and POM except pH and Ca.

The factor 1 (F1) (PRM) has high loading of Na, K, Cl,

PO4, and HCO3 (Fig. 6a) and accounts 26.81% of the total

variance. During POM F1 is strongly loaded by Na, Cl and

moderately loaded by Ca and Mg (Fig. 6b). These hydro-

chemical ions are the dominant solutes in seawater, espe-

cially Cl and Na (r = 0.948) and dominations of Na and Cl

in F1 describes the salinization factor. The Na–Cl rela-

tionship can be used to acquire the mechanism for attaining

salinity and saline intrusion in semi-arid regions (Dixon

and Chiswell 1992). A parallel enrichment of Na and Cl

indicates dissolution of chloride salts or concentration

processes by evaporation, but the present study samples

show significant enrichment of Na rather than Cl (in PRM)

indicating seawater intrusion or solute diffusion from the

marine clay aquitard. The distribution of the scores of F1

shows high values in the eastern part of the study area

towards sea. This suggests that seawater ingression was

predominantly related to water recharge from this tide-

influenced Gadilam River in lower part of the study area

(Prasanna et al. 2010). This area is the most densely pop-

ulated and consequently witnesses higher groundwater

abstraction. This probably establishes local freshwater

depression cones, which induces seawater intrusion. (e.g.,

Gallardo and Marui 2007). Precipitation of minerals takes

place during the cation exchange process, which was the

later effect from seawater intrusion into aquifer. The lower

concentration of Ca compared to Na was the result of

cation exchange processes that occurs naturally during

seawater intrusion.

Factor 2 (F2) explains 19.92% of the total variance with

strong loadings of Ca, Mg, and SO4 (Fig. 6a). The high

Fig. 6 a, b Loading values for

varimax rotated principal

components (PCs) applied to

hydrochemical variables during

PRM and POM seasons 2005
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positive loadings in Ca and Mg are defined as hardness.

This high loading of these ions (F2) is due to dissolution of

carbonate and sulphate minerals. Low SO4 coupled to

elevated hardness concentrations suggests that sulphate

reduction is also important process for this loading in F2

(Cloutier et al. 2008). F2 in POM shows 14.60% of the

total variance with strong loadings of CO3, HCO3 and

moderate loading by pH (Fig. 6b). This factor describes

dilution of groundwater by water recharge and/or miner-

alization by water soil/rock interaction. The average pH

value is increased to 8.3 in POM from 7.6 in PRM, which is

evident. The pH 8–8.7 (avg. 8.3 ± 0.19) indicates that the

dissolved carbonates are predominantly in the HCO3 form

(Adams et al. 2001). Hence the F1 and F2 are assumed to

be indicative of natural processes which are dominating to

control these variances.

Factor 3 (F3): NO2 and pH is positively loaded, whereas

CO3 is negatively loaded in F3 during PRM (Fig. 6a) and

accounts 12.40% of the total variance, whereas during

POM, NO2 and K is positively loaded in F3 (Fig. 6b) and

accounts 12.37%. The positive loading of nitrite in the

groundwater may be due to the primary stage of nitrifica-

tion, the oxidation of ammonia (NH3), performed by

bacteria such as the Nitrosomonas sp., which converts NH3

to NO2 and subsequently is converted into NO3 by other

bacteria. Presence of Nitrosomonas bacteria in the

groundwater has been confirmed by microbiological anal-

ysis. SO4 also shows significant loading in F3, which

provides evidence for the use of fertilizers with NH4 and

SO4. Strong loadings of NO2 in F3 in POM combined with

significant contribution from K, indicating that these ions

derived from the agricultural area having high consump-

tions of fertilizers.

Factor 4 (F4): During POM the F4 is highly loaded with

NO3, PO4, and K (Fig. 6b) and accounts the variance about

12.18%. It is very clear that these variables are related to

agricultural source. The distribution of the factor scores for

PRM shows of high NO3 concentration. Different N-fer-

tilizers, potash and urea are widely used in this area apart

from the organic manure to cultivate the major crops (GOI-

TN-District profile 2001). These highly soluble NO3 are

easily leachable on irrigation and percolated N move

through the alluvium. In well-drained soils, the rate of

nitrification is high but denitrification may be insignificant

(Almasri 2007). The nitrification processes by microbial

oxidation; NH3 is transformed to NO3 in the unsaturated

zone (Stumm and Morgan 1996). In some locations NO3

concentration is low, where clay-rich sandy soils protect

the aquifer from NO3 contamination. The role of human

activities such as influence of liquid wastes, widespread

forming and open dumping of manure has been contributed

high concentration of NO3, NO2, and PO4 into the

groundwater of the study area. In particular, nitrate is also

derived from non-agriculture sources (point sources), such

as waste disposal network, open-dumped animal wastes,

including dung and urine (total livestock population in the

district is comparatively significant i.e., 1.03 million),

human excreta (common due to lack of sanitation facilities

in the rural areas), and house building, etc. In high-density

residential areas with no sewer systems, septic tanks also

produce substantial amounts of nitrogen to sub-surface in

the form of ammonium and organic nitrogen (MacQuarrie

et al. 2001). So, it is clearly concluded that intensive

consumption of fertilizer and high coarse soil are the

important factors responsible for NO3
-, PO4 and K

leaching to groundwater, which is well supported by the

distribution of factor score recorded in the centre part of the

study area.

Evaluation of groundwater quality

Drinking usage

The suitability of groundwater as a source of drinking

water for the study area, was assessed on the basis of

standards and water quality criteria specified by the World

Health Organization (WHO 1993) and Indian Standards

(BIS 1991), Table 2. The average values of individual

parameters of groundwater are within the permissible limit

except the parameter Na and NO3 during PRM, compared

to the standards, whereas individual samples show higher

concentrations which are presented in the Table 2. Based

on TDS classification (Freeze and Cherry 1979), six sam-

ples each during PRM and POM were unsuitable for

drinking purposes. According to Sawyer and Mc Carthy

(1967), 14 samples during PRM are considered as very

hard water, whereas in POM all the samples changed to

soft water except one sample considered as very hard

water. Ca and Mg concentrations are within the permissible

limit for both seasons. Many samples show higher content

of Na during both seasons than the guideline values, which

may cause heart problem (Kumar et al. 2007; Mor et al.

2009). SO4 and Cl concentrations are within the permis-

sible limit except two samples each in PRM and POM are

exceeded the limit of WHO. SO4 content [200 mg/l is

objectionable for domestic purposes; beyond this limit,

SO4 causes gastro-intestinal irritation. People who are not

habituated to high chlorine in drinking water are subjected

to laxative effects and Cl is injurious to people who are

suffering from heart and kidney diseases (WHO 1997).

Elevated nitrate concentrations in drinking water can cause

methemoglobinemia in infants resulting in decreased oxy-

gen carrying capacity of haemoglobin in babies and

stomach cancer in adults (Wolfe and Patz 2002). Usually

nitrite is not present in significant concentration except in a

reducing condition, since nitrate is the most stable

878 Environ Earth Sci (2012) 67:867–887

123



T
a

b
le

2
R

an
g

e
in

co
n

ce
n

tr
at

io
n

o
f

ch
em

ic
al

p
ar

am
et

er
s

o
f

th
e

g
ro

u
n

d
w

at
er

sa
m

p
le

s
(2

0
0

5
)

an
d

W
H

O
an

d
IS

fo
r

d
ri

n
k

in
g

w
at

er

P
ar

am
et

er
s

W
H

O
(1

9
9

3
)

In
d

ia
n

st
an

d
ar

d
(I

S
1

0
5

0
0

,
1

9
9

1
)

C
o

n
ce

n
tr

at
io

n
in

th
e

st
u

d
y

ar
ea

N
u

m
b

er
o

f
sa

m
p

le
s

ex
ce

ed
s

th
e

li
m

it

H
ig

h
es

t
d

es
ir

ab
le

M
ax

.
p

er
m

is
si

b
le

H
ig

h
es

t
d

es
ir

ab
le

M
ax

.
p

er
m

is
si

b
le

P
R

M
P

O
M

P
R

M
P

O
M

T
D

S
5

0
0

1
,5

0
0

5
0

0
2

,0
0

0
3

7
0

–
2

,7
0

0
(A

v
g

.
9

4
4

)
2

4
0

–
1

,7
6

0
(A

v
g

.
8

6
6

)
3

(W
H

O
)

1
2

(W
H

O
)

2
(I

S
)

4
(I

S
)

p
H

6
.5

8
.5

6
.5

–
8

.5
6

.5
–

8
.5

7
.1

–
8

.1
(A

v
g

.
7

.6
)

8
.0

–
8

.7
(A

v
g

.
8

.3
)

N
il

6
(W

H
O

)

6
(I

S
)

E
C

–
–

–
3

,0
0

0
6

2
5

–
2

,9
6

9
(A

v
g

.
1

,2
5

7
)

3
7

5
–

2
,7

5
0

(1
,3

5
3

)
N

il
N

il

T
H

(a
s

C
aC

O
3
)

1
0

0
5

0
0

3
0

0
6

0
0

8
5

–
4

4
0

(2
4

7
)

4
0

–
3

1
8

(1
4

2
)

N
il

N
il

C
a2

?
7

5
2

0
0

7
5

2
0

0
1

6
–

9
8

(A
v

g
.

5
1

)
4

–
9

2
(A

v
g

.3
2

)
N

il
N

il

M
g

2
?

5
0

1
5

0
3

0
1

0
0

9
–

4
8

(A
v

g
.

2
7

)
2

–
4

4
(A

v
g

.
2

2
)

N
il

N
il

N
a?

–
2

0
0

–
2

0
0

5
1

–
7

4
4

(A
v

g
.

2
0

4
)

2
8

–
4

2
5

(A
v

g
.

1
6

0
)

2
0

(W
H

O
)

8
(W

H
O

)

2
0

(I
S

)
8

(I
S

)

K
?

–
1

2
–

1
0

1
–

1
8

8
(A

v
g

.
1

5
)

0
–

3
6

(A
v

g
.

7
)

1
0

(W
H

O
)

8
(W

H
O

)

1
7

(I
S

)
8

(I
S

)

C
l-

2
0

0
6

0
0

2
5

0
1

,0
0

0
3

4
–

9
5

1
(A

v
g

.
1

9
3

)
4

4
–

7
8

0
(A

v
g

.
1

9
6

)
3

(W
H

O
)

2
(W

H
O

)

0
(I

S
)

0
(I

S
)

C
O

3
7

5
–

7
5

2
0

0
B

D
L

–
4

8
(A

v
g

.
1

2
.4

)
6

–
5

4
(A

v
g

.3
0

)
N

il
N

il

S
O

4
2
-

2
0

0
4

0
0

2
5

0
4

0
0

a
5

4
–

2
8

8
A

v
g

.
1

3
2

1
5

–
3

2
4

(A
v

g
.

1
0

9
)

N
il

N
il

N
O

3
-

5
0

–
4

5
4

5
1

2
–

1
5

8
(A

v
g

.
6

1
)

0
–

1
1

9
(A

v
g

.
3

0
)

2
5

(W
H

O
)

9
(W

H
O

)

2
8

(I
S

)
1

2
(I

S
)

N
O

2
3

–
–

3
0

–
4

.1
0

(A
v

g
.

0
.9

2
)

0
–

4
.9

(A
v

g
.

0
.2

)
2

(W
H

O
)

1
(W

H
O

)

2
(I

S
)

1
(I

S
)

U
n

it
s

=
m

g
/l

,
ex

ce
p

t
p

H
an

d
E

C
in

l
s/

cm
a

U
p

to
4

0
0

m
g

/l
if

M
g

d
o

es
n

o
t

ex
ce

ed
3

0
m

g
/l

Environ Earth Sci (2012) 67:867–887 879

123



oxidation state which can be formed by the microbial

reduction of nitrate. Nitrite can also be formed chemically

by Nitrosomonas bacteria in distribution pipes during

stagnation of nitrate containing and oxygen poor drinking

water in galvanized steel pipes or if chloramination is used

to provide a residual disinfectant (WHO 2008). Hence,

depletion of DO in water can encourage the microbial

reduction of nitrate to nitrite and sulphate to sulphide.

Twenty-two samples in PRM and 36 samples in POM are

qualified for drinking according to WHO (1993), whereas

19 samples in PRM and 25 samples in POM are suitable for

drinking as per BIS (1991). Based on NO2, two samples in

PRM and 1 sample in POM do not meet the drinking water

criteria. Due to the simultaneous occurrence of nitrate and

nitrite in drinking water, the sum of the ratios of concen-

tration of each to its guideline value should not exceed 1

(WHO 2008). i.e., Cnitrate/GVnitrate ? Cnitrite/GVnitrite B 1,

where C-concentration (NO3 or NO2) in the sample and

GV—guideline value by WHO. According to this ratio, 31

samples in PRM and 11 samples in POM were not qualified

for drinking. As per drinking water quality standard, no

sample should contain fecal coliform or E. coli, and ideally

there should be no TC; however, a single sample may

contain up to 10 total coliform CFU/100 ml. Thirty-six

samples during PRM and 27 samples during POM show the

presence of F.Coli, which are not suitable for drinking.

Irrigational suitability

Irrigational suitability of groundwater in the study area was

evaluated by EC, SAR, RSC, USSL classification, Na%,

and Wilcox diagram. Excessive Na content in water makes

it unsuitable for soils that contain exchangeable Ca and Mg

ions. The total content of soluble salts such as Na to Ca and

Mg and its relative proportion affect the suitability of

groundwater for irrigation. If the percentage of Na? to

[Ca2?? (Mg2? ? Na?)] is above 50% in irrigation waters,

Ca and Mg exchange with Na, thus causing deflocculation

and impairment of the tilth and permeability of soils

(Karanth 1987). The irrigation water containing a high

proportion of Na will increase the exchange of Na content

of the soil, affecting the soil permeability, and the texture

makes the soil hard to plough and unsuitable for seedling

emergence (Trivedy and Goel 1984). The sodium or alkali

hazard in the use of water for irrigation is expressed by

determining the SAR, and it was estimated by the equation:

SAR ¼ Na= ½ðCaþ MgÞ=2�0:5 ð3Þ

Units are expressed in milliequivalent per liter.

The calculated SAR values in the study area vary

between PRM and POM as 1.98–16.47 and 1.82–12.53,

respectively. According to SAR values 89.36% (n = 42) of

samples in PRM and 91.49% (n = 43) of samples in POM

are suitable for most types of crops and soils. 10.64% of

groundwater in PRM and 8.51% in POM can be used if the

organic content in the soil is high or it has a coarse texture

with good permeability reference. A more detailed irriga-

tion suitability analysis was made by plotting the data on

the USSL diagram (USSL 1954). According to USSL, the

groundwater of the study area falls into good to moderate

category (Fig. 7). Overall 59.58% (PRM) and 48.93%

(POM) of samples fall in C2S1 and C3S1 fields indicating

of medium to high-salinity and low-alkalinity water, which

can be used for irrigation, where moderate amount of

leaching occurs and moderate permeability with leaching

soil. Moreover 27.66% (PRM) and 40.43% (POM) of

samples fall with in C3S2 field indicating high salinity and

medium sodium hazard, which restrict its suitability for

irrigation. Based on salinity hazard (EC) and SAR classi-

fication, 6.38% (PRM) and 8.51% (POM) of samples are

considered to have very high salinity and the water class is

poor (Table 3). High salinity and medium hazard type of

water in fine-textured soil of high cation exchange capac-

ity, under low-leaching conditions (unless gypsum is

present in the soil), produces appreciable sodium hazard.

But this type of water may be used in coarse textured or

organic soils which have good permeability. In all natural

waters, Na% is a common parameter to assess its suitability

Fig. 7 USSL classification of groundwater during PRM (filled
circles) and POM (open circles) seasons

880 Environ Earth Sci (2012) 67:867–887

123



for irrigation (Wilcox 1948). Sodium combined with car-

bonate lead to form alkaline soils, whereas with chloride

forms saline soils. Both these soils do not support plant

growth. Na% was calculated using the following equation.

Na% ¼ ðNa� 100Þ=ðCa2þ þMg2þ þ Naþ KÞ ð4Þ

Units are expressed in mg/l. The values for the Na % in

the study area range from 44 to 90% and 45 to 88% in PRM

and POM seasons, respectively. About 78.72% (PRM) and

59.57% (POM) of the samples are higher than 60% of Na

% and are considered unsafe for irrigation (Subrahmanyam

and Yadaiah 2001). Calculated Na % for the groundwater

of present study is plotted against specific conductance in

Wilcox diagram (Fig. 8). According to this plot, three

samples (PRM and POM) are excellent to good; three

(PRM) and 12 (POM) samples are good to permissible; 34

samples during PRM and 25 during POM are permissible

to doubtful; and seven samples during PRM and POM are

doubtful to unsuitable. The effect of bicarbonate ion con-

centration on the water quality was assessed based on the

residual sodium carbonate (RSC) and was estimated by the

equation (Eaton 1950)

RSC ¼ CO3 þ HCO3Þ � ðCa2þ þMg2þÞ: ð5Þ
where, ionic concentrations are considered in milli-

equivalents per litre. Based on this criterion, 45 samples

during PRM and 29 samples during POM are safe and two

samples (1, 8) in PRM and 15 samples in POM are in
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Fig. 8 Irrigational suitability of groundwater in the study area—

Wilcox diagram (filled circles—PRM and open circles—POM)
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marginal (Table 3). Two samples during POM are unsuit-

able for irrigation due to high RSC. Suitability of

groundwater for irrigation purposes was also assessed

using the criteria shown in Table 4. A comparison of TDS

values with irrigation standards shows that 72.34% during

PRM and 65.96% during POM is considered class II, which

are suitable for permeable soil (Kumar et al. 2007). Only

23.40% in PRM and 34.04% in POM is considered as class

I type, which is excellent to good category. Based on SO4,

87.23% in PRM and 89.36% in POM are considered as

class I and 12.77% in PRM and 10.64% in POM are

belongs to class II. The Cl content of water samples sug-

gests that 57.45% in PRM and 40.43% in POM are of class

II which may be injurious to crops. As per Cl and EC

comparison 6.38% of samples during PRM and 8.51% of

samples during POM are unfit for the irrigation purpose.

The overall comparison between various suitability

assessment five samples located in the eastern part of the

study is highly not suitable for irrigation.

Microbiological quality

The microbiological quality of groundwater samples in

47 locations in the study area showed large temporal

and spatial variation. The TC, in PRM ranges between

1.38 9 104 and 6.12 9 104 CFU/100 ml. The highest

value was observed in the western part (sample No. 39). In

POM, after heavy rainfall, the TC population ranged from

1.44 9 104 to 6.44 9 104 CFU/100 ml and sample No. 39

exhibited highest coliform counts. The heavy coliform load

could be attributed to the rapid recharge of aquifer due

to heavy rainfall. The magnitude of these values varied

considerably but interestingly, contamination occurred at

various depths throughout the profile. At two locations,

highest coliform load was obtained at shallow levels (13

and 26 m), which reflect the increased influence of

anthropogenic inputs. Elevated values in POM reflect that

soils were fully saturated after exceptionally heavy rainfall.

This allowed rapid flushing of sewage due to a reduced or

absent vadose zone separating sewer leakage from under-

lying groundwater.

Out of 47 samples, 36 samples from PRM 27 samples in

POM showed the presence of coliform. Powell et al. (2001)

stated that the detection of fecally derived bacteria and

viruses at such significant depths below the ground surface

challenges current assumptions regarding microbial trans-

port in consolidated sandstone aquifers. Indeed, the fact

that the unsaturated-zone thickness is dependent on rainfall

will produce seasonal variations in microbial loading. In

addition, sewer-flow volumes are much greater at times of

high rainfall. Microbial-contamination data indicate that

sewage contamination can reach the aquifer system at

depth and pose a serious threat to groundwater quality. This

may be due to the contaminant-source characteristics

whereby small amounts of sewer leakage dramatically

affect microbial populations. The groundwater in consoli-

dated sandstone aquifer is much more vulnerable to

sewage-derived microbial contamination at depth than

previously thought (Edworthy 1989). The seepage of

E. coli is easier in sedimentary formation compared to hard

rock terrain (Geldreich 1972), which supports the present

study. Most of the groundwater samples with positive

coliform bacteria had nitrate levels [45 mg NO3/l, which

is due to various land-use activities occurring on the study

area.

Bacterial diversity of groundwater samples

Results of the amplification and sequencing of 16S rRNA

genes exhibited five groups of bacteria, each contain at

least two different strains. The sequences of 11 isolates

exhibited five groups with 11OTUs. The representative of

the cultivated division of five groups was based on the least

inclusive monophyly composed of the cultivated isolates of

the groundwater samples and the nearest relatives of

GenBank. The sequences were grouped within the phylo-

genetic divisions depending on the robustness of bootstrap

values from the phylogenetic analysis in which, above 60%

was considered to the good bootstrap values.

The first group of the phylogenetic tree (Fig. 9) repre-

sent Nitrosomonas group, which produced two phyloge-

netically different out groups such as Nitrosomonas

Table 4 Suitability of groundwater with different constituents for irrigation

Parameters Class of water I Class of water II Class of water III

Range Number of samples (%) Range Number of samples (%) Range Number of samples (%)

PRM POM PRM POM PRM POM

TDS (ppm) 0–700 11 (23.40) 16 (34.04) 700–2,000 34 (72.34) 31 (65.96) [2,000 2 (4.26) –

SO4 (ppm) 0–192 41 (87.23) 42 (89.36) 192–480 6 (12.77) 5 (10.64) [480 – –

Cl (ppm) 0–142 17 (36.17) 24 (51.06) 142–355 27 (57.45) 19 (40.43) [355 3 (6.38) 4 (8.51)

EC (mS) 0–0.75 7 (14.89) 3 (6.38) 0.75–2.25 37 (78.72) 40 (85.11) [2.25 3 (6.38) 4 (8.51)

Suitability for irrigation Excellent to good Good to injurious Unfit
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VKMM 063, which is the closest relative of an ammonia-

oxidizing strain Nitrosomonas sp. Nm84 isolated from

marine systems (Purkhold et al. 2003) and the other strain

Nitrosomonas VKMM060 which was also related to

the above reference strain. Nitrosomonas are rod-shaped

chemolithoautotrophs, genus of ammonia-oxidizing prote-

obacteria with an aerobic metabolism and these organisms

play the role of oxidizing ammonia to nitrite, which is then

converted to nitrate. It is presumed that the highest amount

of nitrate in the groundwater samples could have been

resulted from the conversion of ammonia initially by

Nitrosonomonas sp. Even though the groundwater was

sampled from the deeper wells (30 m), dissolved oxygen

content was found to be normal (1.1 to 4.0 mg/l), which is

assumed to support the metabolism of conversion of

ammonia to nitrite and subsequently to nitrate.

The second group was Bacillus, which comprised of two

isolates of Bacillus subtilis (VKMM 062 and VKMM 066).

They were aligned very closely with B. subtilis strain

PAB1C4 and MP-3. The closest relatedness of the isolates

B. subtilis strain MP-3 (DQ462192) was revealed by the

very high bootstrap values. The reference strain PAB1C4

had an origin from the rhizosphere of wheat that exhibited

a good plant-growth-promoting ability. The other strain

MP-3 isolated from agricultural soils having the ability of

degrading methylparathion (unpublished data). The closest

relatedness of the 16S rDNA sequences with bacillus

strains of agricultural origin reflects that the present iso-

lates (B. subtilis VKMM 062 and VKMM 066) could have

been originated from agricultural soils. These organisms

possess nitrate reduction capabilities (Graumann 2007),

which perhaps convert the nitrate to ammonia as evidenced

by a low quantity of ammonia in the samples (Table 5).

Group 3 exhibited two out groups, which are phyloge-

netically affiliated with Pseudomonas (Pseudomonas sp

VKMM 068 and VKMM 070). The amplified 16S rRNA

gene was the highest homology with Pseudomonas sp P12

DQ453821, a biocontrol agent producing the antifungal

compound 2,4-diacetylphloroglucinol, isolated from Swit-

zerland (Frapolli et al. 2007) and with an Antartican isolate

Pseudomonas sp. P12 (AM491463) (Unpublished data).

In nature, the genus demonstrates a great deal of metabolic

diversity, and consequently is able to colonize a wide range

of niches (Madigan 2005). Pseudomonas is major denitri-

fying bacteria (Miller et al. 2002) and previous pure-batch-

culturing experiments have shown that Pseudomonas can
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bacterial isolates recovered from nitrate rich groundwater samples
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of study area and the rest are the selected reference sequences of

closely related isolates)
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utilize Fe(III) as terminal electron acceptors to grow in the

absence of molecular oxygen. Typical Fe(III) reducing

bacteria include both strictly anaerobic (such as Geobacter)

and facultative microbes (such as Pseudomonas) that sur-

vive in the presence of minor amount of oxygen (Ehrlich

2002). The Pseudomonas sp have been employed for the

remedial process of reducing nitrate toxicity (Ayyasamy

et al. 2007), whereas the presence of Pseudomonas sp in

the samples indicates the active bioremediation process.

Three OTUs of E. coli were exhibited from total 16S

rRNA sequences obtained from the groundwater samples.

The sequences identity of these isolates as E. coli strains

VKMM 069, VKMM067 and VKMM 065 were revealed

by the closest alignment with the reference strains E. coli

strain 246 EF560775 and an ATCC strain E. coli 25922.

Very high bootstrap values indicate the closest relatedness

among the isolates. The presence of E. coli in the

groundwater samples is attributed by the washed runoff of

the domestic sewages and mixing up through water table

and thus migrated to the wells. Only two Alcaligenes

strains (VKMM061 and VKMM064) were obtained from

the groundwater samples which showed a very little dif-

ference in their 16S rRNA gene sequences even though

they exhibited a variation in colony morphology that

phylogenetically affiliated with Alcaligenes xylosoxidense

(AJ491840) and were Alcaligenes sp SBW1 (EU195847).

NO3 reducing capacity was endowed with Alcaligenes sp.

The presence of Alcaligenes sp was also reported previ-

ously from the nitrate rich groundwater (Ayyasamy et al.

2007). The cultivable isolates were found to be aerobic

organisms that can survive at microaerophilic conditions

by utilizing the dissolved oxygen. The presence of these

organisms reflects the active conversion of ammonia

brought to the groundwater to nitrite by Nitrosomonas sp

and further converted to nitrates by other organism. Fur-

ther, the presence of nitrate reducers could also play a role

in the process of conversion of nitrate to ammonia and

nitrate to molecular nitrogen. The cultivation independent

approach of assessing the microbial diversity would reveal

more about the exact microbial process of nitrogen cycling

in the groundwater.

Conclusion

In the present study, 47 groundwater samples were col-

lected during the PRM and POM seasons of 2005 and 15

groundwater samples were collected during PRM 2005 for

microbial analysis from Lower Ponnaiyar Basin, India.

Detailed analyses were carried to determine the geo-

chemical and microbiological processes responsible for

quality deterioration. NaCl and CaMgCl are major water

types in the study area. The quality of groundwater in the

study area is impaired by surface contamination sources,

mineral dissolution, ion exchange, and evaporation. Apart

from these processes agricultural activity and heavy

groundwater withdrawal has led to seawater intrusion along

the coastal part of the region are also source for ground-

water quality deterioration. Influences of mineral dissolu-

tion was evaluated by PHREEQC and Gibbs plots and

suggest that mineral dissolution, especially carbonate

minerals regulate water chemistry. Chloro-alkaline indices

indicate that cation–anion exchange reaction is a dominant

process during PRM, whereas base-exchange reaction is a

dominant process during POM. Groundwater suitability for

drinking usage was evaluated by WHO and BIS standards

Table 5 Analytical results of

nutrients for the groundwater

studied for microbiology

S. no. Sample ID Concentrations in ppm

pH DO Ammonium Nitrite Nitrate Phosphate Sulphate

1 21 7.1 3.1 1.02 0.014 11.268 0.033 21.467

2 10 7.4 2.4 0.98 0.329 1.607 0.161 178.575

3 03 7.3 1.2 1.56 0.005 55.549 0.199 239.926

4 30 7.1 2.8 2.1 0.004 74.889 0.086 36.890

5 8 6.9 1.1 0.65 1.129 467.759 0.006 447.816

6 1 7.8 3.2 0.48 0.097 8.499 0.597 42.195

7 16 7.6 4.0 1.1 0.061 6.334 0.239 14.849

8 26 7.6 1.8 0.98 0.064 8.984 0.040 10.447

9 41 7.3 2.2 1.36 0.038 1.437 0.262 52.626

10 44 7.6 1.4 0.78 0.028 15.026 0.031 21.816

11 6 7.3 2.6 0.23 0.048 0.214 0.033 89.706

12 46 7.5 2.7 0.69 0.082 3.680 0.037 29.310

13 12 7.1 3.1 1.1 0.016 0.706 0.107 30.264

14 36 7.3 3.8 0.23 0.004 44.963 0.189 93.736

15 24 7.3 2.2 0.55 0.003 1.197 0.029 2.761
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and proposes 53.19% of samples during PRM and 25.53%

during POM are not suitable for drinking. The total bacterial

count showed higher values during POM of 2005 with

significant amount of enteric pathogens like E. coli, con-

tributing typhoid to the consumers. Suitability for irrigation

was evaluated using USSL, SAR, residual sodium carbon-

ate (RSC), Na% and Wilcox diagram. As per these com-

parison studies 6.38–27.66% of samples in PRM and

8.51–40.43% of samples during POM are unfit for the

irrigation purpose. The overall comparison between various

suitability assessments, five samples located in the eastern

part of the study are highly unfit for irrigation. The culti-

vable isolates were found to be aerobic organisms that can

survive at microaerophilic conditions by utilizing the dis-

solved oxygen. The presence of these organisms reflects the

active conversion of ammonia brought to the groundwater

to nitrite by Nitrosomonas sp and further converted to

nitrates by other organism. Further, the presence of nitrate

reducers could also play a role in the process of conversion

of nitrate to ammonia and nitrate to molecular nitrogen. The

cultivation-independent approach of assessing the microbial

diversity would reveal more about the exact microbial

process of nitrogen cycling in the groundwater.
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