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Abstract  The water system plays an indispensable role on the planet earth for the survival of living species as 
well as for the sustainability of ecosystem. However, numerous factors like population growth, industrial activities, 
rapid urbanization, depletion of aquifers, climate change, several anthropogenic activities, geogenic activities etc. 
influence the water system. Therefore, the proper management of water resources has become the need of the time 
because its management and study will be much helpful to cater the safe water for the increasing population globally. 
In such direction, isotope technology has been emerged and established as an efficient scientific tool to combat the 
water related issues like ground water recharge studies, its quality management, surface water studies, salinization 
and contamination studies etc. The present paper highlights the importance of isotope technology for the 
management of water resources in changing climatic conditions. 
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1. Introduction 
Water is one of the important natural resources for 

sustaining the life. The demand of fresh water has 
amplified manifold. Besides, climate change generally 
affects the water resources through changes in levels and 
distribution of snowfall, rainfall by the increase in air and 
water temperature and finally affects the ground water 
sources [1,2]. Hydrology is the science of water which 
deals with the occurrence, circulation and distribution of 
water on earth and its atmosphere [3,4,5]. In the current 
21st century, not only the demand of fresh water has been 
increased but the natural disasters like flood, droughts etc. 
have also created the problem of safe water to global 
population. There is an massive stress not only on surface 
water sources but on ground water resources. Ultimately, 
the water level has declined in most of the parts of India [2] 
as well as in other countries. Unequal spatial and temporal 
distribution of rain has also made the situation more 
difficult. Most of the world’s population is facing trouble 
for safe drinking water in sufficient quantity. Urbanisation 
has amplified this crisis in urban areas as well as in rural 
areas also. Any river basin and concerned aquifer system 
explain the spatial boundaries of water resources of 
specific area. In hilly terrains, springs are the principal 
water resources for the mass population in addition to 

ground water resources. A major part of population in 
Uttarakhand, which is one of the hilly states of India, 
resides in hilly areas and approximately 90 % of the rural 
population depends on the natural water resources like 
springs, lakes, rivers etc. [7,8,9].  

Though, ground water is dynamic and replenishable but 
upto a definite boundary. Ground water can be recharged 
directly through local precipitation i.e. either rain fall or 
snow fall. Consequently, the harvesting of rainwater has 
become a vital subject for the development and 
management of groundwater. The recognition of source 
and recharge areas in hilly regions is important to the 
appropriate measures for longer sustainability. The 
requirement of fresh water for domestic, agricultural and 
other important purposes in mountains is being satisfied 
by the springs for a long time but now a days, these 
springs are meagre, have low discharge and sometimes 
vanish due to climatic circumstances. Thus, generate a lot 
of hardships to the local people particularly during 
summer season. Isotope technology provides the 
hydrological knowledge for a large area and is a key 
method in water resources management and assessment. 
The role of Isotopes in hydrological investigations has 
been recognized by world scientific community 
[6,10,11,12]. The present article specially explains the 
isotope hydrology and application of isotopes in water 
resource management, in ground water recharge, in 
ground water salinization and contamination studies etc. 
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2. Isotopic Composition of Water and 
Isotope Technology 

Fundamentally, springs are derived from seepage water 
which is flowing through the shallow weathered and 
cracked zones in mountains. Even though, several 
conventional methods exist to study the different 
hydrological processes for a variety of water resources 
[5,10,13,14,15,16]. The use of isotopes i.e. environmental 
and artificial radioactive isotope has been recognized as an 
effective approach to solve the crucial hydrological 
difficulties [4,12,17,18,19,20]. δ2H and δ18O isotopes of 
water are included into geological and biological systems 
in an expected way [21,22,23] and being used as tracers in 
different hydrological, archaeological, ecological and 
forensic studies [24]. The environmental isotopic methods 
coupled with conventional hydrogeological and 
geochemical information have become more beneficial to 
recognize the recharge area of a specific source.  

Commonly, the use of isotopes of the elements of water 
molecule like 1H (protium), 2H (deuterium), 3H (tritium), 
16O, 18O and that of carbon [12C, 13C, and 14C], which 
occur as constituents of dissolved organic and inorganic 
materials, have increased most frequently in hydrological 
investigations. Furthermore, the environmental stable 
isotopes of hydrogen (2H), oxygen (18O) and radioactive 
isotopes of hydrogen (3H) and carbon (14C) complete the 
purpose in spring investigations. Difference in stable 
isotope composition of hydrogen and oxygen in water 
molecule has effectively been employed in hydrological 
studies [3,17,25,26,27,28]. The stable isotopes of water 
are affected during ground water recharge and by a variety 
of isotopic processes. Sometimes the elucidation of 
isotopic data is complicated due to some other concurrent 
processes [17,29]. 

The stable and radioactive environmental isotopes make 
possible the research of diverse hydrological routes on a 
much larger temporal and spatial scale through their 
natural variation in a system where as the use of artificial 
tracers is usually efficient for site specific and local 
applications [30,31]. The Global network for Isotopes in 
precipitation (GNIP) is monitoring water isotopes since 
1961 [11] and GNIP dataset has enough temporal and 
spatial density of the stations in most of the parts of the 
world to provide the foundation of spatial modelling [32] 
except some of the regions of the world [33]. West et al. 

[34] studied the spatial analysis of hydrogen and oxygen 
stable isotopes i.e. isoscapes in ground water and tap 
water across South Africa. The authors exposed a logical 
spatial structure in δ2H, δ18O and d, as well as in isotopic 
offsets between ground water and tap water samples. 
Isotopes specially chemical and isotope tracers are unique 
and effective tool for the assessment of ground water 
sustainability like identification of potential water 
resources, recharge characterization, impact of pollutants 
and hydrological changes. Aina Su and co workers [35] 
studied the sustainability of intensively exploited aquifer 
systems in the north china plain by multiple 
environmental tracers.  

3. Isotopes in Water Resource Management 
For the safe drinking water quality as well as for water 

resource management, the development and successful 
execution of isotope technology has become very 
important. Isotopes provide very important information 
for the healthier management of water resources. Isotopes 
either stable or radioactive originate from environment as 
well as from reactor are regularly being used as tracers in 
several hydrological investigations like aquifer-aquifer 
interconnection, interrelation of surface water-
groundwater, source of groundwater salinity, source of 
ground water pollution, effectiveness of artificial recharge, 
source of recharge, estimation of recharge to the 
groundwater, study of lakes and geothermal water etc [10]. 

The precipitation, evaporation and condensation are the 
important physical process of hydrological cycle. During 
evaporation process from ocean, lighter isotopes of H and 
O come into vapours whereas the heavier isotopes 
condense during condensation process preferably. 
Therefore, isotopic variation due to these processes occurs 
in water molecules. Simultaneously, some other important 
metrological factors like humidity, temperature, 
equilibrium of the process also affect the isotopic variation 
significantly. Isotope Ratio Mass Spectrometer (IRMS) 
measures the real variation in isotopic composition in 
meteoric water minutely. Bhabha Atomic Research Centre 
(BARC) Mumbai has effectively applied the Isotope 
Technology in the area of water resource management to 
resolve the water related issues in the country. The 
frequently used isotopes for various hydrological 
investigations have been reported in Table 1.  

Table 1. Isotopes used for various hydrological investigations [10] 
Element Isotope Ratio % Abundance in nature Use in Hydrology 
Hydrogen 2H 2H/1H 0.015 Origin of water 

Oxygen 18O 18O/16O 0.204 Origin of water 

Carbon 13C 13C/12C 1.11 GW dating 

Nitrogen 15N 15N/14N 0.366 Source of Pollution 

Chlorine 37Cl 37Cl/35Cl 24.23 Source of Pollution 

4. Environmental Isotopes in Hydrological 
Studies 

The movement of water in hydrological cycle can be 
studied by using both stable and radioactive environmental 
isotopes in isotope hydrology. Stable isotopes in water i.e. 

δ2H and δ18O are the key indicators of hydrological and 
ecological pattern and development [3,36]. Different types 
of water specially in geothermal areas may occur like 
Meteoric Water: originates from precipitation; Juvenile 
Water: This water is never been a part of hydrological 
cycle and originates from Earth’s mantle or core; Ocean 
Water: This water may enter the geothermal systems; and 
Magmetic Water: Associated with magma through 
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equilibrium. The meteoric water originated from different 
geothermal areas and possesses different isotopic 
composition. Normally, the mean annual isotopic δ values 
of precipitation are closely related to the local mean 
annual air temperature i.e. the lower the value of 
temperature, the lower will be the amount of heavy 
isotope. Subsequently, more negative values of δ18O and 
δ2H will be in colder areas. In the same way, the rainfall at 
higher altitude will be isotopically lighter in comparison 
to plain areas. The continental effect can also have an 
efficient role in isotopic composition.  

A small change occurs in the concentration of hydrogen 
and oxygen isotopes occurs in each stage of hydrological 
cycle and has been considered as a unique fingerprint 
property. Environmental isotopes from atmosphere have 
been found to involve in hydrological cycle. The stable 
isotopic ratio of hydrogen and oxygen in groundwater is 
based mostly upon isotopic variations in precipitation. 
Vienna Standard Mean Ocean Water i.e. V-SMOW has 
been known as the international standard to exhibit the 
hydrogen and oxygen isotopic ratios of water molecule 
[37]. Moreover, the stable isotope composition is expressed 
as δ values in per mil i.e. parts per thousand (‰).  

The hydro-geochemistry of geothermal water resources 
can be performed with the help of environmental stable 
isotopes. The higher amount of 18O in ambient water was 
occurred due to the rock-water interaction at more than 
150 °C temperature in hot water sources. According to 
Gonfiantini [38], δH and δ18O values are generally 
reported relative to Standard Mean Ocean Water (SMOW) 
[25] or Vienna – SMOW (VSMOW) standard. Lower δ 
values explain the sample as depleted whereas enriched 
samples possess higher δ values w.r.t. a reference. 
Evaporation and condensation processes affect the stable 
isotopic composition of water. Therefore, recharge water 
in a specific environment will have a specific isotopic 
signature. Moreover, the isotopic signature behaves like a 
natural tracer for water movement. The ground water from 
different origins possesses their isotopic signatures over 
geological period due to sluggish exchange of isotopes 
between colder ground water and associated rocks. The 
evaluation of ground water in a mixture of a variety of 
groundwater and source of dissolved components in it can 
be explained with the help of δ values of various isotopes 
2H, 18O, 34S and 87Sr/86Sr ratio. Although, there are 
enormous complexities in various components of a 
hydrological cycle but δ18O and δH in meteoric waters 
execute in a predictable manner and correlate to define a 
global meteoric line (GMWL) [25,39]. Deviation of local 
meteoric water lines (LMWLs) from GMWL facilitates 
the identification in local climatic and geographical 
conditions of hydrological processes. 

5. Interpretation of Ground Water 
Recharge 

German researchers Seeyan and Merkel [40] have 
determined the source of ground water and surface water, 
ground water recharge mechanisms in semi-arid 
Shaqlawa-Harrir basin in Kurdistan region of Iraq with the 
study of stable isotope (2H, 18O) and 14C determination. 
The depletion in δ18O content of some water samples has 
been found due to higher altitude of few recharge sites i.e. 

due to altitude effect. Scientists have reported that the 
environmental isotope techniques are much helpful to 
identify the source and the mechanism of recharge 
[19,41,42], ground water renewability [43,44] and 
hydraulic inter-actions [45,46], recharge areas and transit 
times of the aquifer [47,48]. Generally, isotopes are useful 
either as tracers or as age indicators in hydrological 
investigations. In this direction, Zuber [49] has defined a 
tracer and reported that a tracer possessed at least one 
property which distinguishes it from the traced material. 
Stable and radioactive natural isotopes of the atoms of 
water molecule as well as the atoms of the compounds 
dissolved in water are found very useful in hydrological 
and hydro-chemical studies of river waters. Now it is 
evident that, 1H - protium and 2H - deuterium are two 
natural stable isotopes of hydrogen and 16O, 17O, 18O are 
three stable isotopes of oxygen. Moreover, out of nine 
isotopically different water molecules, only three viz. 2H 

16O, 2H 18O and 1H2H16O occur in nature as easily 
detectable class.  

Some researchers [50,51,52] have reported that the 
information about the location and altitude of the recharge 
area due to rock-water interaction along the flow path can 
be studied with the help of analysis of rare earth element 
like Yatrium analysis in association with stable isotope 
ratios. The flow paths and residence time at the catchment 
scale can be examined by the isotope measurements with 
regional hydrological modelling. Isotopic studies are very 
useful in the management of ground water and its safety 
[6,53,54]. Rocks are categorized on the basis of hydro-
geological, pedagogical and geo-hydraulic properties i.e. 
water storage and hydraulic permeability. Besides this, the 
period and climatic conditions of ground water recharge 
can be studied by radionuclide dating and stable isotopic 
analysis which helps in the determination of ground water 
origin. Furthermore, two factors are significant upon 
which ground water flow and the natural hydro-chemical 
processes depend. First one is geological-ecological 
structure and second is petro-logical composition of the 
lithosphere which affects the hydro-chemical properties of 
ground water. Rain water infiltrates directly into the 
ground or through inflow of surface water besides this 
some of the groundwater comes from the magma. Usually, 
the ground water flows in rocks aquifers through pores, 
fissures and cavities. The aquifer’s configuration depends 
on the hydro-geological structures. The water rock 
interactions can be explained with the help of carbon 
isotopes. The isotopic and chemical compositions of 
ground water clearly explain the mineralogical 
constitution of rocks surrounding the aquifers. Therefore, 
the location of recharge area and source of ground water 
such as marine, fossil, magmatic etc. can be explained 
with the help of both these properties. Besides, the 
carbonate, nitrate, sulphate etc. chemical components and 
water rock interaction can also be explained. 

The discharge of ground water takes place to the 
surface when the saturation zone strikes the surface. 
Further, percolation and flow of ground water occurs into 
streambeds or in the form of discharge at springs. After a 
long time of recharge event, the discharge of ground water 
generally occurs at the opening of a drainage basin. 
Evaporation, condensation, various chemical reactions, 
microbial metabolic process like desulfurication, 
nitrification and denitrification are associated with 
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isotopic fractionation of water molecule during the ground 
water percolation. Mook [54] reported that the processes 
of filtration proceed throughout semi-permeable 
membrane of clays during rock water interactions under 
suitable geothermal conditions and finally isotopic 
exchange of hydrogen and oxygen isotopes occur. To 
manage a ground water system, the quantitative evaluation 
of temporal as well as spatial allocation of ground water 
recharge is the essential requirement. The recharge of 
ground water is an important issue in regional scale 
hydrological models and aquifer-system analysis. The 
estimation of ground water recharge can be discussed 
more significantly on the basis of water balance concept. 
Mass balance method for the estimation of ground water 
recharge was used for the first time by Mtinnich in 1983 
with anthopogenic 3H. For such type of study, a height 
equivalent theoretical plate model was used for the 
modelling of hydrogen status in unsaturated part.  

6. Ground Water Salinization and 
Contamination Studies with Isotopes 

The ground water quality in urban areas, around 
industrial units, coastal areas etc. is deteriorating day by 
day. Generally, salinization threatens the ground water 
quality, particularly in coastal parts. Water quality in arid 
and semi-arid regions is deteriorating slowly due to the 
salinity problem in most of the aquifers of the area. Such 
type of problem is occurring because the salinization 
occurs often either due to the movement of formed saline 
water by over-exploitation of inland aquifer system or due 
to the flow of saline water from coastal aquifer system 
during heavy withdrawal of fresh water i.e. rock water 
interaction. The problem of salinization is increasing day 
by day due to the huge irrigation practices, and application 
of fertilizers and other chemicals in agriculture. The exact 
cause of ground water contamination can be identified 
with Isotope Techniques [55]. Mongelli and co-workers 
[56] have studied ground water salinization process in 
coastal aquifers of north western Sardinia part of Italy 
through hydrogeochemical and isotopic approach. The 
authors reported that the salinization in Nurra region of 
the NorthWestern Sardinia was related to marine water 
intrusion caused by aquifer exploitation. The origin of 
Groundwater salinity as well as the hydro-geochemical 
processes in the confined Quaternary aquifer of the Pearl 
River Delta of China has been accessed by Wang and Jiao 
[57]. Under the work, the authors studied the major ions 
(Ca++, Mg++, Na+, K+, NH4

+, Cl-, SO4
2-, HCO3

- ), 
performed isotope (δ18O, δ 2H, 3H, δ 13C and 14C) analysis 
and reported that sea water was the main salinity source 
for ground water. 

The isotopes of nitrogen are important as anthropogenic 
tracers and are helpful to establish the source of organic 
contamination in ground water body [58]. Researchers 
have reported that isotopic ratio of chlorine i.e. 37Cl/35Cl 
describes the ground water pollution [59,60]. 

7. Conclusion 
During the past decades, the climatic conditions have 

significantly affected the water resources worldwide. 

World scientific community have worried for the 
sustainability of water resources. It is evident from above 
discussion that Isotope technology is very significant 
method to sustain and management of water resources as 
well as plays a key role in water resource identification, 
ground water pollution studies, ground water recharge, 
rejuvenation of springs and salinization studies of ground 
water. The future demand of safe drinking water can be 
resolved by adopting this technology not only for urban 
areas but for rural communities also. Consumption of safe 
drinking water will protect the human health against fatal 
water borne diseases and finally increase the prosperity of 
the people. In India, Bhabha Atomic Research Centre 
(BARC) Mumbai; National Institute of Hydrology (NIH) 
Roorkee and Himalayan Environmental Studies and 
Conservation Organization (HESCO) Dehradun etc. are 
working for the studies of water resources with isotopic 
methods. Definitely, the research of isotope technology 
has become a boon to resolve the water related problems 
of the country and can be adopted not only in hilly terrains 
but in plain areas also.  

Acknowledgement 
The author (Bhavtosh Sharma) is thankful to the 

Director, Uttarakhand Science Education and Research 
Centre (USERC), Dehradun, India for providing necessary 
facilities to prepare the article. 

References 
[1] Sharma B., Tyagi S., Singh P., Dobhal R., Jaiswal V., Application 

of Remote Sensing and GIS in Hydrological Studies in India: An 
Overview, Natl. Acad. Sci. Lett., 38(1), 1-8, 2015. 

[2] Central Ground Water Board (CGWB) year book 2013-2014, 
Uttaranchal Region, April 2015. 

[3] Gat, J.R., Oxygen and hydrogen isotopes in the hydrologic cycle. 
Annu. Rev. Earth Planet. Sci. 24, 225-262, 1996. 

[4] Shivanna K., Tirumalesh K., Noble J., Joseph T.B., Singh G., 
Joshi A.P. and Khati V. S., Isotope techniques to identify recharge 
areas of springs for rainwater harvesting in the mountainous 
region of Gaucher area, Chamoli District, Uttarakhand, Current 
Science, 94 (8) 1003-1011, 2008. 

[5] Subramanya K., Engineering Hydrology, Tata McGraw-Hill, New 
Delhi, 2012. 

[6] Bowen, G.J., Kennedy, C.D., Liu, Z.F., Stalker, J., Water balance 
model formean annual hydrogen and oxygen isotope distributions 
in surface waters of the contiguous United States. J. Geophys. Res. 
Biogeosci. 116, G04011, 2011. 

[7] Tyagi S., Singh P, Sharma B, Singh R, Assessment of water 
quality for drinking purpose in District Pauri of Uttarakhand, India, 
Appl. Ecol. Environ. Sci, 2(4), 94-99, 2014. 

[8] Jain C.K., Bandyopadhyay A., Bhadra A., Assessment of ground 
water quality for drinking purpose, District Nainital, Uttarakhand, 
India. Environment Monitoring Assessment, 166, 663-676, 2010.. 

[9] Tyagi S., Dobhal R., Kimothi P.C., Adlakha L.K., Singh P., 
Uniyal D.P., Studies of river water quality using river bank 
filtration in Uttarakhand, India. Water Quality Exposure and 
Health, 5, 139-148, 2013. 

[10] Deodhar A.S., Ansari M.A., Sharma S., Jacob N., Kumar U.S., 
Singh G., “Isotope Techniques for Water Resources Management”, 
BARC News Letter, Issue no. 337 pp. 29-35, March-April 2014. 

[11] IAEA/WMO, Global Network of Isotopes in Precipitation, 2006. 
[12] Rao S. M., Injected radio tracer techniques in hydrology. Proc. 

Indian Acad. Sci. (Earth Planet. Sci.), 99, 319-335, 1984. 
[13] Sharma B., Uniyal D.P., Dobhal R., Kimothi P.C., Grischek T., A 

sustainable solution for safe drinking water through bank filtration 
technology in Uttarakhand, India, Current Science, 107(1187), 
1118-1124, 2014. 



90 American Journal of Water Resources  

 

[14] Sharma B. and Tyagi S., Significance of Environmental Isotopes 
in Ground water Studies, Current trends in Environmental 
Resources Management, Edited by Suneet Naithani, Girdhar Joshi 
and Siba Sankar Mohanty, Gaura Books Pvt. Ltd. New Delhi, pp. 
215-221, 2014. 

[15] Sharma B. and Uniyal D.P., “Water Resources” in “Uttarakhand: 
State of the Environment Report (SOER)-2012”, edited by R. 
Dobhal, Published by Bishen Singh Mahendra Pal Singh, 
Dehradun for Uttarakhand State Council for Science & 
Technology (UCOST) Dehradun and Uttarakhand Science 
Education & Research Centre (USERC), Dept. of Science & 
Technology, Govt. of Uttarakhand, Dehradun, pp. 144-209, 2012. 

[16] Todd, D. K., Ground water hydrology, John Wiley, New York, 
p.321, 1959. 

[17] Clark, I. and Fritz, P., Environmental Isotopes in Hydrogeology, 
Lewis Publ., Boca Raton, p. 328, 1997. 

[18] Kendall, C. and McDonnell, J.J., Isotope Tracers in Catchment 
Hydrology, Elsevier Science, the Netherlands, p. 840, 1998. 

[19] Krishan G., Rao M.S., Kumar B., Study of Climatological 
conditions using isotopic signature of air moisture at Roorkee, 
Uttarakhand, India. India Water Week 2012 – Water, Energy and 
Food Security : Call for Solutions, 10-14 April 2012, New Delhi. 

[20] Kumar B., Rai S.P., Krishan G., Rawat Y.S., Identification of 
Recharge Areas and Sources of Springs in Mountainous Region 
using Environmental Isotopes, Drinking Water: Source Treatment 
and Distribution edited by R. Dobhal, T Grischek, H.P. Uniyal, 
D.P. Uniyal, C. Sandhu, published by Bishen Singh Mahendra Pal 
Singh, pp 61-73, Dehradun, 2011. 

[21] Ehleringer J.R., Bowen G.J., Chesson L.A., West A.G., Podlesak, 
D.W., Cerling, T.E., Hydrogen and oxygen isotope ratios in 
human hair are related to geography. Proc. Natl. Acad. Sci. U. S. 
A. 105, 2788-2793, 2008a. 

[22] Killingley J.S., Newman W.A., 18O fractionation in barnacle 
calcite: a barnacle paleotemperature equation. J. Mar. Res. 40, 
893-902, 1982. 

[23] Roden J.S., Lin G.G., Ehleringer J.R., A mechanistic model for 
interpretation of hydrogen and oxygen isotope ratios in tree-ring 
cellulose. Geochim. Cosmochim. Acta 64, 21-35, 2000. 

[24] Ehleringer J.R., Cerling T.E., West J.B., Podlesak D.W., Chesson 
L.A., Bowen G.J., Spatial considerations of stable isotope analyses 
in environmental forensics. In:Hester, R.E., Harrison, R.M. (Eds.), 
Issues in Environmental Science and Technology. Royal Society 
of Chemistry Publishing, Cambridge, pp. 36-53, 2008b. 

[25] Craig H., Isotopic variations in meteoric waters. Science, 133, 
1702-1703, 1961. 

[26] Dansgaard W., Stable isotopes in precipitation. Tellus 16, 436-468, 
1964. 

[27] Gat J.R. and Matsui E., Atmospheric water balance in the Amazon 
basin: an isotopic evapotranaspiration model. J. Geophys. Res., 96 
(D7), 13179-13188, 1991. 

[28] Salati E., Dall’olio A., Matusi E., Gat J.R., Recycling of water in 
Amazon Basin: an isotopic study. Water Resour. Res., 15, 1250-
1258, 1979.  

[29] Burde G.I., Zangvil A., The estimation of regional precipitation 
recycling. Part 1: review of recycling models. J. Climate, 14, 
2497-2508, 2001. 

[30] Rangarajan R. and Athavale R.N., Annual replenishable 
groundwater potential of India – An estimate based on injected 
tritum studies. J. Hydrology., 234, 38-53, 2000. 

[31] Tirumalesh, K., Shivanna, K., Noble, J., Narayan, K.K. and Xavier, 
K.T., Nuclear techniques to investigate source, origin of 
groundwater pollutants and their flow path at the Indian Rare 
Earths Ltd, Cochin, Kerala. J. Radioanal. Nucl. Chem., 274, 307-
313, 2007. 

[32] Bowen G.J., Revenaugh J., Interpolating the isotopic composition 
of modern meteoric precipitation. Water Resour. Res. 39, 1299, 
2003. 

[33] Wassenaar L.I., Van Wilgenburg S.L., Larson K., Hobson K.A., A 
groundwater isoscape (δD, δ18O) for Mexico. J. Geochem. Explor. 
102, 123-136, 2009. 

[34] West A.G., E.C., Bowen G.J., Spatial analysis of hydrogen and 
oxygen stable isotopes (“isoscapes”) in ground water and tap 
water across South Africa, Journal of Geochemical Exploration 
145, 213-222, 2014. 

[35] Aina Su., Zongyu Chen, Jun Liu, Wen Wei, “Sustainability of 
Intensively Exploited Aquifer Systems in the North China Plain: 
Insights from Multiple Environmental Tracers” Journal of Earth 
Science, 25 (3), 605-611, 2014. 

[36] West J.B., Bowen G.J., Cerling T.E. Ehleringer J.R., Stable 
isotopes as one of nature's ecological recorders. Trends Ecol. Evol. 
21, 408-414, 2006. 

[37] Coplen T.B., New guidelines for reporting stable hydrogen, 
carbon and oxygen isotope-ratio data. Geochim. Cosmochim. Acta 
60: 3359-3360, 1996. 

[38] Gonfiantini R., Environmental isotopes in lake studies. In 
Handbook of Environmental Isotope Geochemistry (eds Fritz, P. 
and Fontes, J. – Ch.), B. Elsevier, Amsterdam, vol. 2, The 
Terrestrial Environment, pp. 113-168, 1986. 

[39] Rozanski K., Araguas-Araguas L., Gonfiantini R., Isotopic 
patterns in modern global precipitation. In Continental isotope 
indicators of climate, American Geophysical Union Monograph, 
78, 1-36, 1993. 

[40] Seeyan S. and Merkel B., “Determination of Recharge by Means 
of Isotopes and Water Chemistry in Shaqlawa-Harrir Basin, 
Kurdistan Region, Iraq”, Hydrology Current Research, 5(3) 179, 
2014. 

[41] Shivanna K., Kulkarni U.P., Joseph T.B., Navada S.V., 
Contribution of storms to groundwater recharge in the semi-arid 
region of Karnataka, India. Hydrology. Process., 18, 473-485, 
2004. 

[42] Sukhija B.S., Reddy D.V., Nagabhushanam P., Hussain S., Giri 
V.Y., Patil D.J., Environmental and injected tracers methodology 
to estimate direct precipitation recharge to a confined aquifer. J. 
Hydrol., 177, 77-97, 1996. 

[43] Navada S.V., Nair A.R., Rao S.M., Paliwal B.L., Doshi C.S., 
Groundwater recharge studies in arid region of Jalore, Rajasthan 
using isotope techniques. J. Arid Environ., 24, 125-133, 1993. 

[44] Rao S.M. and Kulkarni, K.M., Isotope hydrology studies on water 
resources in western Rajasthan. Curr. Sci., 72, 55-61, 1997. 

[45] Jain S.K., Navada S.V., Nair A.R., Shivanna K., Isotopic study on 
seawater intrusion and interrelations between water bodies: Some 
field examples. In Isotope Techniques in Water Resources 
Development, IAEA, Vienna, pp. 403-421, 1987. 

[46] Navada S.V. and Rao S.M., Study of Ganga River-groundwater 
interaction using environmental oxygen – 18. Isotopenpraxis, 27, 
382-384, 1991. 

[47] Aggarwal M., Gupta S. K., Deshpande, R. D., Yadava, M. G., 
Helium, radon and radiocarbon studies on a regional aquifer 
system of the North Gujarat – Cambay region, India. Chem. Geol., 
228, 209-232, 2006. 

[48] Sukhija B.S., Reddy D.V., Nagabhushanam P., Isotopic fingerprint 
of palaeoclimates during the last 30,000 years in deep confined 
groundwaters of Southern India. Quat. Res., 50, 252-260, 1998. 

[49] Zuber A., Chapter 1. Mathematical models for the interpretation of 
environmental radioisotopes in groundwater systems. In: P. Fritz 
and J. Ch. Fontes (Editors), Handbook of Environmental Isotope 
Geochemistry Vol. 2, Elsevier, Amsterdam: l-59, 1986. 

[50] Möller P., Rosenthal E., Geyer S., Guttman J., Dulski P., Rybakov 
M., Zilberbrand M., Jahnke C., Flexer, A., Hydrochemical 
processes in the lower Jordan valley and in the Dead Sea area. 
Chemical Geology 239 (1-2), 27-49, 2007a. 

[51] Möller P., Rosenthal E., Geyer S., Flexer A., Chemical evolution 
of saline waters in the Jordan-Dead Sea transform and in adjoining 
areas. International Journal of Earth Sciences 96 (3), 541-566, 
2007b. 

[52] Tweed S.O.; Weaver T.R.; Cartwright I., Schaefer B., Behavior of 
rare earth elements in groundwater during flow and mixing in 
fractured rock aquifers : An example from the Dandenong Ranges, 
southeast Australia, Chemical geology, 234 (3-4) 291-307, 2006. 

[53] Harvey F.E., Sibray S.S., Delineating Ground Water Recharge 
from Leaking Irrigation Canals Using Water Chemistry and 
Isotopes. Ground Water 39, 408-421, 2001. 

[54] Mook W.G., Environmental isotopes in the hydrological cycle 
Principles and applications, Volume IV, Groundwater Saturated 
and Unsaturated zone By Mebus Geyh, No. 39, Vol. IV, UNESCO, 
Paris, 2000. 

[55] Gaye C.B., “Isotope techniques for monitoring groundwater 
salinization”, First International Conference on Salt Water 
Intrusion and Coastal Aquifers—Monitoring, Modeling, and 
Management. Essaouira, Morocco, April 23-25, 2001. 

[56] Mongelli G., Monni S., Oggiano G., Paternoster M., Sinisi R., 
Tracing groundwater salinization processes in coastal aquifers: a 
hydrogeochemical and isotopic approach in the Na-Cl brackish 
waters of northwestern Sardinia, Italy, Hydrol. Earth Syst. Sci., 17, 
2917-2928, 2013. 



 American Journal of Water Resources 91 

 

[57] Wang Y. and JiaoJ.J., Origin of groundwater salinity and 
hydrogeochemical processes in the confined Quaternary aquifer of 
the Pearl River Delta, China, Journal of Hydrology 438-439, 112-
124, 2012. 

[58] Heaton T.H.E., Isotopic study of nitrogen pollution in the 
hydrosphere and atmosphere: a review. Chem. Geology (Isot. 
Geosci. Sect.), 59, 87-102, 1986. 

[59] Eggenkamp H.G.M., The geochemistry of Chlorine isotopes. 
Geologica Ultraiectina, Mededelingen van de Faculteit 
Aardwetenschappen, Rijksunversiteit Utrecht: pp. 116, 1994. 

[60] Frape S.K., Bryant G., Blomquist R., Ruskeeniemi T., Evidence 
from stable chlorine isotopes for multiple sources of chlorine in 
groundwaters from crystalline shield environments. In: Isotopes in 
Water Resources Management Vol. I, IAEA Vienna: 19-30, 1995. 

 


