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Oxygen (δ18 O) and hydrogen (δ2 H and 3 H) isotopes of water, along with their hydrochemistry, were used
to identify the source of a newly emerged seepage water in the downstream of Lake Nainital, located in
the Lesser Himalayan region of Uttarakhand, India. A total of 57 samples of water from 19 diﬀerent sites,
in and around the seepage site, were collected. Samples were analysed for chemical tracers like Ca++ ,
Mg++ , Na+ , K+ , SO4 −− and Cl− using an Ion Chromatograph (Dionex IC-5000). A Dual Inlet Isotope
Ratio Mass Spectrometer (DIIRMS) and an Ultra-Low Level Liquid Scintillation Counter (ULLSC), were
used in measurements of stable isotopes (δ2 H and δ18 O) and a radioisotope (3 H), respectively. Results
obtained in this study repudiate the possibility of any likely connection between seepage water and the
lake water, and indicate that the source of seepage water is mainly due to locally recharged groundwater.
The study suggests that environmental isotopes (δ2 H, δ18 O and 3 H) can eﬀectively be used as ‘tracers’
in the detection of the source of seepage water in conjunction with other hydrochemical tracers, and can
help in water resource management and planning.
Keywords. Environmental isotope; tracers; stable isotopes; radioisotope; lake.

1. Introduction
Water has a tendency to ﬂow from a surface
water system (lakes, rivers, reservoirs, etc.) to
its surrounding groundwater system or vice versa
(Saravana Kumar et al. 2008). This can be viewed
by examining the phreatic heads of the local
groundwater systems in relation to water level of
the surface water systems. But, the large variances, in the permeability may cause diﬃculty in

the interpretation of diﬀerences in water levels in
terms of actual transport of water (Payne 1983).
Seepage/leakage of water from the lakes, reservoirs and rivers may occur through the natural
geologic formations in which these water bodies
lie (Ahmed et al. 2006). The losses may be in
the form of a general seepage, usually covering a
wide area, or they may be due to speciﬁc leakage
ﬂow paths. The identiﬁcation of seepage/leakage
around these features requires the study of origin
1
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and dynamics of groundwater in their vicinity. The
techniques used in the detection of seepage/leakage
include geological mapping, geophysical methods
such as resistivity measurement and extensive bore
drilling, chemical methods, and isotopic techniques
(Johansson and Dahlin 1996; Rai et al. 2012).
Isotopic techniques, among all the available techniques, are unique and have shown signiﬁcant
potential in detection of ﬁssured rock seepage ﬂow
(Chen and Dong 2001). Variations in isotopic composition of water bodies occur during a water cycle
process due to diﬀerences in their forming mechanisms (Yao et al. 2009). Thus, by analysing isotopic
composition, the source and age of water can be
estimated (Craig 1961; Yao et al. 2000; Song et al.
2006). However, integration of isotopic techniques
with hydrochemical techniques is an advantage, as
it remarkably reduces the cost and time in obtaining desired information (Ahmed et al. 2006).
An isotope is the atom of an element having the
same atomic number but diﬀerent atomic weight.
Hydrogen has three isotopes: 1 H, 2 H (deuterium)
and 3 H (tritium). Among them, 1 H and 2 H are stable isotopes, while 3 H is a radioactive isotope of
hydrogen with a half-life (T1/2 ) of 12.32 years (Dincer et al. 1970). Similarly, oxygen has three main
stable isotopes namely, 16 O, 17 O and 18 O. The concentration of the stable isotopes of hydrogen (1 H
and 2 H) and oxygen (16 O, 17 O and 18 O) varies
signiﬁcantly in natural water depending upon the
geographic locations, climatic conditions and types
of water source (Rozanski et al. 1993). But, globally, a correlation between the ratio of hydrogen
(2 H/1 H) isotope and oxygen (18 O/16 O) isotope of
water is established (Craig 1961). For practical reasons, instead of using the isotope ratio (R = 2 H/1 H
or 18 O/16 O) isotopic compositions are commonly
expressed by a delta notation (δ). This is a measure of the relative deviation of isotope ratios of
hydrogen and oxygen with a reference standard
such as Vienna-Standard Mean Ocean Water (VSMOW) or Standard Mean Ocean Water (SMOW)
as described in equation (1) (Gat et al. 1994)
δ(0/00) = (Rx /Rs − 1) × 1000

(1)

where Rx and Rs are the ratios in the sample
and standard, respectively. This is expressed in
unit of parts per thousands (0/00). The increase
in δ values represents an enrichment of the heavy
isotopic species relative to the standard, whereas
a decrease in δ values indicate their depletion.
The symbol ‘δ2 H’ and ‘δ18 O’ is applied to state

the respective deviation of hydrogen and oxygen
isotope.
The isotope of oxygen and hydrogen (1 H, 2 H,
3
H, 16 O and 18 O), essential elements of a hydrogeological system, are conservative in nature (Saravana Kumar et al. 2008). There is no alteration
in their concentrations due to rock interaction.
Therefore, these are frequently used as tools in
studies of various hydrological processes such as
identiﬁcation of sources and zones of groundwater, source of leakage from lake and reservoir,
lake/river–aquifer interactions, and to understand
the groundwater dynamics (Clark and Fritz 1997;
Deshpande et al. 2003; Li et al. 2007; Rai et al.
2012; Deodhar et al. 2014; Adomako et al. 2015).
Krabbenhoft et al. (1990) and LaBaugh et al.
(1997) used isotopic tracers to study water balance of the lakes in the United States of America.
Environmental isotopes were used by Nachiappan et al. (2002) in the water balance study of
Lake Nainital in India. Similarly, Bouchez et al.
(2016) applied this approach to quantify the total
water outﬂow and respective proportions of evaporation, transpiration and inﬁltration from the Lake
Chad in central Africa. In some cases, artiﬁcial isotopic tracers (usually radioactive) are intentionally
injected to understand the hydrological processes
in a given hydrological system and also to trace
the leakage/seepage locations in the reservoir/dam
(Saravana Kumar et al. 2008).
Lake Nainital located in the Lesser Himalayan
region of Uttarakhand, India serves as a life line for
Nainital city because of its importance in attracting tourists, and supplying fresh water for drinking
and other domestic uses. Approximately, 40% of
the total water used for drinking and household
purpose comes directly from the lake (Singh et al.
2001). In June 2012, a new source of seepage has
emerged out near an outlet of Lake Nainital after
a landslide triggered by heavy rainfall event took
place. The signiﬁcant decline in the lake water level
was reported by the authority during this period
of the year. There is a concern among the local
people and authorities over the source of this new
seepage point and it is likely connected to the lake’s
declining water level. It is suspected that lake water
level might be declining due to this newly emerged
seepage. In view of these concerns, the present
study has been carried out for the investigation of
the source of seepage water and its likely connection with the lake water. It includes: (1) study of
lake water level trend, (2) collection of water samples in and around seepage site, from the lake and
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springs, and on-site measurement of their physical
properties (temperature and electrical conductivity), and (3) isotopic (δ2 H, 3 H, and δ18 O) and
chemical (Ca++ , Mg++ , Na+ , K+ , SO4 −− and Cl− )
characterization of the water samples.
2. Study area
Nainital town (∼14.32 km2 ), surrounding the Lake
Nainital is an important hill station of North India.
The crescent-shaped lake (1.5 km long and 0.36
km wide) basin, bounded between latitudes of
29◦ 22 44 and 29◦ 24 N, and longitudes of 79◦ 26 13
and 79◦ 28 5 E was discovered in 1841 AD (Choudhary et al. 2009). It is close to the Main Boundary
Thrust (MBT) that separates the Siwaliks from
the Lesser Himalaya (Valdiya 1988; Anbalagan and
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Singh 1996). Lake Nainital with a surface area
of 0.46 km2 and mean depth of 16.5 m has a
maximum capacity of 8.57 million m3 (Nachiappan et al. 2002). The area of the lake basin is
3.49 km2 excluding Sukhatal sub-basin. The Nainital Lake is bounded by the Sher-ka-Danda hill in
the east, the landslide ﬂat deposit in the north, the
Ayarpatta hill in the west and Balia ravine in the
south (Valdiya 1988). The seepage site is located
downstream of Lake Nainital near Hotel Rais at an
altitude of 1800 m (ﬁgure 1). The region is characterized by rugged topography and elevation has
been found from 1400 m to more than 2400 m. A
major part of the area has hill slopes varying from
20◦ to 25◦ with a mean value of 19◦ . The maximum
observed hill slope is 49◦ whereas minimum 1◦ at
ﬂats (Rawat 1987).

Figure 1. Map showing location of Lake Nainital along with seepage site and springs.
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Geologically, the catchment of Lake Nainital, is
surrounded by the lithology of the Krol Formation
(Precambrian). This mainly consists of carbonate
rocks, such as limestone, dolomite, gypsum, calcareous slates, ferruginous shales, greywackes, etc.
(Purushothaman et al. 2012). Argillaceous limestone and marlites rocks are exclusively found in
the north-western part, whereas the south-western
part comprises dolomite with limestone and black
carbonaceous slates (Valdiya 1988). The rocks, in
and around the seepage area, belong to Krol Group
of rocks. The rocks are highly sheared and crushed
as the contact between middle and upper Krol is
faulted. Because of this, a number of springs are
emerging near the seepage site (ﬁgure 1). Similarly, drainage pattern developed in the catchment
bears the imprint of structural control as the area
to the west of the lake is marked by very few
streams, while the area to the east is characterized
by several parallel to sub-parallel streams (Rawat
1988).
The study area experiences the climate of subtropical to sub-humid. The long-term (1901–2000)
mean annual temperature (TMean ) is 24.50◦ C.
The mean monthly maximum temperature (TMax )
varies between 21.01◦ C (January) and 39.56◦ C
(May) and the mean monthly minimum (TMin )
from 7.18◦ C (January) to 26.36◦ C (June). The
minimum (7.76◦ C) and maximum (15.97◦ C) diurnal variations in temperature are noted between
August and April, respectively. The mean annual
rainfall is 1897.13 mm and around 86% of total
annual rainfall is received from south-west monsoon (Singh et al. 2016). Monsoon period in the
Nainital lake catchment is observed from midJune to mid-September and the precipitation is
moderate to heavy. During winter (December to
mid-March), the precipitation is generally light to
moderate with occasional snowfall. The detailed
hydrological studies of Lake Nainital was carried
out by Saravana Kumar et al. (2001). However,
Singh et al. (2001) studied hydrological budget of
the lake and estimated the contribution of surface
runoﬀ, subsurface inﬂow, drain inﬂow, and direct
rainfall which were found to be 25%, 43%, 17%,
and 15%, respectively.
Nainital town, which was ﬁrst colonised in the
1850’s, nurtured into a town of 7500 people by
1901 and to 40,000 by 2001 (Singh et al. 2001). The
favourable climate and location of the Lake Nainital attract a large number of tourists ranging from
300,000 to 400,000 annually. In recent past, the
lake has witnessed serious environmental threats
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due to the increased anthropogenic activities and
global climate change. A signiﬁcant decrease in
mean annual rainfall including monsoonal rainfall,
and increase (statistically insigniﬁcant) in annual
mean temperature, maximum temperature and
minimum temperature were reported for the lake
catchment during the 20th century, i.e., 1901–2000
(Singh et al. 2016). This, in turn, has aﬀected
the hydrological regime of the lake (Bartarya and
Valdiya 1989; Kumar et al. 1999; Singh et al.
2016). The increasing population pressure has not
only raised the demand for fresh water supply,
but also resulted in deforestation and intensive
construction activities within the lake catchment,
making the lake more vulnerable to anthropogenic
activities.
3. Materials and methods
3.1 Hydro-meteorological data and sample
collection
The daily water level of Lake Nainital and rainfall
data starting from 1st October 2009 to 31st June
2012 were acquired from Public Works Department, Nainital. A ﬁeld survey was conducted
between 12th and 13th June 2012, and samples
were collected in and around seepage site from
19 diﬀerent sites including springs and the lake
(table 1).
A total of three samples were taken from each
site, one for chemical analysis (cation and anion)
and two for isotopic analysis. The water samples
were collected in high-density polyethene (HDPE)
bottles of 500 mL (tritium), 125 mL (chemical)
and 50 mL (stable isotope) sizes. The bottles were
rinsed at the site with the sample water, ﬁlled
without air bubble, tightly capped (to prevent
evaporation and exchange with the atmospheric
moisture), and brought to the laboratory for chemical and isotopic analysis. Lake water samples were
collected at every 3 m successive depths from surface to bottom (0–19 m), in the middle of the lake,
to monitor surface and depth-wise variation. This
was collected using a depth sampler of 2 L capacity
with a built-in thermometer of 0.02◦ C least count.
The water samples were collected directly from
the sites, ﬁltered and preserved as per standard
procedures (Appelo 1988). In order to avoid any
precipitate of trace elements, the samples collected
for cations were acidiﬁed using HNO3 to pH ≈ 2 in
the ﬁeld. While unﬁltered samples were collected
for analysis of anions.
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3.2 Methodology
3.2.1 Physio-chemical methods
The temperature and electrical conductivity (EC)
of water were measured in-situ. Before the measurement, the EC and temperature meters were
calibrated. The chemical parameters of water samples such as Ca++ , Mg++ , Na+ , K+ , SO4 −−
and Cl− were analysed using a Dionex IC-5000,
Ion Chromatograph (IC) at the Nuclear Hydrology Laboratory of National Institute of Hydrology
Roorkee, India. The instrument was calibrated for
analysis of major ions using M/s Dionex elemental standards. The overall accuracy of the chemical
analysis as determined by replicate measurements
is found to be better than ±5%.
3.2.2 Isotopic method
The analysis of stable isotopes (δ2 H and δ18 O)
requires measuring the fractionization (isotope
partitioning) of δ2 H and δ18 O which are produced mainly by equilibrium isotopic exchange
and kinetic processes (Ahmed et al. 2006). The
oxygen and hydrogen isotopic measurements were
carried out using a Dual Inlet Isotope Ratio Mass
Spectrometer (Isoprime GV instruments, UK) with
automatic sample preparation units at the Nuclear
Hydrology Laboratory of National Institute of
Hydrology, Roorkee, India. For oxygen and hydrogen isotopic measurement, 400 μL water samples
were taken and equilibrated with CO2 and H2
gas, separately at 40◦ C for 2 and 4 hrs, respectively. Hokobeads were used as the catalyst in the
case of hydrogen isotope measurement. Secondary
standards developed with reference to the primary
V-SMOW, SLAP, Greenland Ice Sheet Precipitation (GISP) were also measured along with each
batch of samples and the ﬁnal δ-values were calculated using a triple point calibration equation
following the standard procedure (Epstein and
Mayeda 1953; Brenninkmeijer and Morrison 1987).
The overall precision, based on 10 repeated measurements of each sample, was within the error
limits of ±0.10/00 for δ18 O and ±10/00 for δ2 H.
The Ultra-Low-Level Liquid Scintillation Counter
(ULLSC) was used in the measurement of 3 H which
is an excellent dating tool for studying timescales
of physical processes in hydrologic systems in the
range of years to decades (Stewart and Morgenstern 2016). First of all, a 500 ml of pre-distilled
water sample was enriched using an electrolytic
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cell having mild steel cathode and stainless steel
anode with sodium peroxide as an electrolyte. By
passing electric current through a conducting water
solution, the bonds of the water molecules broke
with the evolution of hydrogen and oxygen gases.
The temperature of the sample was maintained at
0◦ C and 5◦ C in order to achieve maximum fractionation or enrichment of HTO (tritium water).
The water sample of 500 mL was reduced to 25
mL. These enriched samples were again distilled
and mixed with an organic scintillator (Optiphase
Hisafe-3) in a 20 ml capacity scintillation vial. The
vials were measured for 400 min using ULLSC. In
hydrological applications, tritium concentration in
water samples is usually expressed as tritium units
(TU) and 1 TU activity represents one atom of tritium per 1018 hydrogen atoms (i.e., T/H = 10−18
and 1 TU = 0.118 Bq kg−1 activity of water). The
minimum detectable level of the instrument without enrichment is 9.8 TU and it is upto 0.6 TU
with enrichment within the level of 2σ error (95%
conﬁdence level).

4. Results and discussion
4.1 Lake water level trend analysis
The eﬀects of rainfall variability and water extraction through pumping on the lake water level were
investigated. A continuous decline in the lake water
level was observed from the end of October to
2nd/3rd week of June and the declining pattern
was almost similar for all the three years, i.e.,
2009–2012 (ﬁgure 2). This was also evident from
the study of regression analysis. The declining rate
of the lake water was found between 1.3 and 1.4
m/month. However, a rise in the lake water level
was recorded with an onset of the monsoon that
continued up to September/October depending on
the pattern of monsoon rainfall. It was noted that
the lake region had received relatively more rainfall
in winter and pre-monsoon seasons during the years
2010 and 2011 than those of the year 2012. During
2012, only one event of rainfall was recorded in the
pre-monsoon season (April).
The pumping data for all the 12 tubewells,
installed at the bank of the lake, were obtained
from the Department of Public Health Engineering (PHE), Nainital. The analysis of data shows
that during the year 2008–2009 approximately
9 mld (million litres per day) was pumped through
all the tubewells which reached more than 18 mld
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Table 1. Sampling sites along with physio-chemical and isotopic properties of springs, seepage and lake water
ID

Source types

NTL-1

Spring

NTL-2

Spring

NTL-3a
NTL-3b
NTL-4

Seepage
Seepage
Spring

NTL-5a

Spring

NTL-5b

Spring

NTL-6a
NTL-6b
NTL-6c
NTL-7
NTL-8
NTL-9
NTL-10
NTL-11
NTL-12
NTL-13
NTL-14
NTL-15

Spring
Spring
Spring
Spring
Nainital
Nainital
Nainital
Nainital
Nainital
Nainital
Nainital
Nainital

Lake
Lake
Lake
Lake
Lake
Lake
Lake
Lake

Location
Natural ﬂow to
Nala, not tapped
Spring tapped for
drinking water
Seepage water
Seepage water
Gupha Mahadev
seepage near road
Gupha Mahadev
temple
Gupha Mahadev
temple drops
Sipahi Dhara
Sipahi Dhara
Sipahi Dhara
Rajbhawan Spring
Lake 0 m (depth)
Lake 3 m (depth)
Lake 6 m (depth)
Lake 9 m (depth)
Lake 12 m (depth)
Lake 15 m (depth)
Lake 18 m (depth)
Lake 19 m (depth)

Latitude

Longitude

Altitude
(m)

Temp.
(◦ C)

EC
(μ S/cm)

29◦ 22 22

79◦ 27 58.5

1802

17.4

370

29◦ 22 24

79◦ 27 59.4

1802

17.3

350

29◦ 22 24.7
29◦ 22 24.7
29◦ 22 18.6

79◦ 27 59.5
79◦ 27 59.5
79◦ 27 55.2

1807
1801
1764

17.5
18.5
17.4

390
320
410

29◦ 22 18.4

79◦ 27 55.2

1765

17.4

410

29◦ 22 18.2

79◦ 27 55.2

1766

17.4

400

29◦ 22 21.2
29◦ 22 21.4
29◦ 22 21.3
29◦ 22 15.4
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5
29◦ 22 10.5

79◦ 27 50.3
79◦ 27 50.4
79◦ 27 50.4
79◦ 27 36.2
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8
79◦ 27 36.8

1856
1856
1856
1885
1929
–
–
–
–
–
–
–

16.2
16.3
16.0
20.9
23.1
22
21
20.8
20.8
20.4
20.3
20.2

420
420
420
370
430
430
430
430
440
450
460
460

in the month of June in 2010. For 2011 and 2012, it
was lowest in December and the highest was about
18 mld in June for both the years. It indicates that
there is no sudden increase in pumping. Therefore,
the impact of pumping on the declining of the lake
level in the year 2012 is same, as it was in the year
2011.
4.2 Physio-chemical characteristics of lake and
seepage water
Signiﬁcant variations in the temperature, EC and
water quality parameters were observed in the
lake water, the springs and the seepage waters
(table 1). The temperature of the lake water measured in-situ was found to be varying between
23.1◦ C (0 m depth) and 20.2◦ C (19 m depth). It
was relatively higher than that of the springs (16◦
and 20.9◦ C) and seepage waters (17.5◦ and 18.5◦ C),
respectively. The reason for the higher temperature of the lake water up to a depth of 9 m is the
thermal stratiﬁcation of the lake (Saravana Kumar
et al. 2008). Lake Nainital remains stratiﬁed for
9 months from March to November (Nachiappan
et al. 2002). Below this depth, the temperature of

the lake water was measured between 20.8◦ C and
∼20◦ C. Besides, variation in the value of EC of
the waters of the lake, springs and seepage was
also perceived. The lake water was characterized
with the slightly higher values of EC. It was found
between 430 (0 m depth) and 460 μS/cm (19 m
depth). However, EC of the springs and seepage
water fell in the range of 350–420 μS/cm and 320–
390 μS/cm, respectively. The higher EC in the lake
water might occur due to the artiﬁcial circulation
of the lake water prompted for the mixing of oxygen in the lake through the artiﬁcial device, which
has been installed recently in the lake to avoid the
ﬁsh mortality and improve the water quality of the
lake. The diﬀerence in the values of EC was measured for the lake and seepage water. In contrast,
the seepage water shows aﬃnity with the physical
characteristics of the groundwater.
The chemistry of the lake and spring waters were
mainly dominated by Ca++ and Mg++ due to the
presence of limestone and dolomite rocks in the
lake catchment (Saini et al. 2008; Purushothaman
et al. 2012). Therefore, other cations (Na+ and K+ )
and anions (Cl− and SO4 −− ) were also analyzed
to understand similarity between seepage water
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Table 1. (Continued.)
−

ID

Cl
(mg/l)

NTL-1
NTL-2
NTL-3
NTL-3a
NTL-4
NTL-5a
NTL-5b
NTL-6a
NTL-6b
NTL-6c
NTL-7
NTL-8
NTL-9
NTL-10
NTL-11
NTL-12
NTL-13
NTL-14
NTL-15

14.7
20.4
16.6
21.4
13.3
13.5
13.2
11.8
12.4
12.4
14.0
9.5
10
9.8
10.02
10.1
10.1
9.7
10.4

(mg/l)

Na
(mg/l)

K
(mg/l)

Mg++ +
Ca++
(mg/l)

85.48
80.63
80.8
82.71
81.03
81.02
81.03
78.78
82.37
81
76.19
74.91
77.07
75.11
74.33
77.92
76.93
76.51
80.15

20.17
25.55
22.08
26.64
17.41
17.39
17.40
14.47
15.7
15.4
14.09
14.78
16.04
16.17
15.1
16.49
16.17
15.81
17.23

27.07
43.27
31.48
37.87
24.91
24.91
24.93
19.12
20.55
21.13
25.74
20.74
23.36
22.37
21.1
23.51
22.38
22.59
23.9

277.99
272.47
271.45
250.2
276.95
274.91
276.96
248.19
269.11
260.15
203.03
238.08
257.43
253.36
232.62
263.82
253.36
249.96
271.87

SO−−
4

+

and lake water. The summary of chemical analyses of the collected samples is given in table 1.
The higher concentration of Ca++ and Mg++ in
the seepage, as well as the lake water, are mainly
due to dissolution of dolomitic rocks. Similarly, the
dissolution of pyrites is thought to be the ground
for the high concentration of sulphate in the waters
(lake and ground/seepage) of the catchment (Middlemiss 1890; Coulson 1939). Ashraf (1978) and
Valdiya (1988) were amongst the earlier investigators who pointed towards the pyriﬁcation of the
slates and dolomites. The oxidation and hydrolysis

+

2
δ H
0
( /00)

18
δ O
0
( /00)

−64.6
−64.7
−65.3
−65.0
−62.9
−62.9
−63.3
−64.5
−64.4
−64.2
−68.6
−62.2
−62.8
−62.6
−62.2
−62.5
−62.9
−62.2
−64.9

−9.3
−9.4
−9.4
−9.3
−9.4
−9.4
−9.3
−9.3
−9.4
−9.3
−9.9
−8.7
−8.7
−8.8
−8.7
−8.9
−8.8
−8.8
−8.7

3

H
(TU)

4.3
3.5
3.9

4.1

4.3

2.9

of pyrite produce sulphuric acid and soluble sulphates as given below (Karanth 1987):
2FeS2 + 7H2 O + 15O → 2 Fe (OH)3 + 4H2 SO4
FeS2 + H2 O + 7O → 2FeSO4 + H2 SO4
2FeSO4 + H2 SO4 + O → Fe2 (SO4 )3 + H2 O
Sulphuric acid thus formed reacts with calcite
in the weathered zones and calcareous rocks to
produce soluble calcium sulphate:
H2 SO4 + CaCO3 → H2 CO3 + CaSO4 .

Figure 2. Temporal variation of the water level with rainfall (zero water level indicates in datum, chosen for measuring the
lake water level data).
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Figure 3. Variation of Na+ + K+ with SO4 −− + Cl− in lake, springs and seepage water.

The concentration of Na+ in the lake water varied
from 14.78 to 17.23 mg/L. However, it was found
between 14.09 and 26.64 mg/L for the springs
and between 22.08 and 26.64 mg/L for the seepage water. The seepage water was also characterized by a higher concentration of K+ ion, i.e.,
31.48–37.87 mg/L than that of the lake water
(20.74–23.90 mg/L). The low concentration of Na+
and K+ in the lake water was also reported by
Purushothaman et al. (2012).
Sodium in natural waters may be derived from
silicate minerals, atmospheric precipitation and
halite deposits. In silicate rocks, it is mainly present
as albite component of plagioclase (Saini et al.
2008). Opposite to this, Nainital lake catchment
is mainly dominated by dolomitic limestone and
devoid of silicates. Therefore, the high concentration of K+ and Na+ in seepage water may be
attributed to anthropogenic activities apart from
the dissolution of rocks (Saini et al. 2008).
Chloride (Cl− ), the most conservative ion among
all the major ions, dissolved in water, is a good
tracer of water (Drever 1988). The plot of Na+ +K+
vs. SO4 −− + Cl− was also used to understand the
similarity in the chemistry of all samples collected
from the study area (ﬁgure 3). The results indicate that the concentrations of Na+ + K+ and
SO4 −− + Cl− are comparatively higher in seepage
water compared to the lake water. The comparatively low concentration of sulphate and chloride
in lake water is attributed to the fact that it is a
mixture of surface water (25%), subsurface water
(43%), drain discharge (17%) and direct precipitation (15%) on the lake surface (Singh et al. 2001).
Results derived from the chemical analysis suggested that cation and anion compositions of the

seepage water are signiﬁcantly diﬀerent from that
of the lake water.
4.3 Isotopic composition of lake and seepage water
Water samples were analysed for their isotopic
signatures to identify the source of seepage and
their likely connection with the lake water. The
water bodies generally inherit the isotopic mark
of its recharge water. But, variations in their stable isotopic compositions (δ18 O and δ2 H) may take
place from that of their original recharge water
sources due to the isotopic fractionation or through
the mixing of water from other sources. While,
variation in 3 H is due to the residence time of
water. Therefore, isotopic signatures are used as
ﬁngerprint to identify the sources and recharge
zones (Craig 1961; Yao et al. 2000; Song et al.
2006). The diﬀerences observed, in the values of
δ2 H and δ18 O, and 3 H in the lake water and seepage
water were used for determining mixing processes
between the two water systems. The results of
the isotopic analysis (δ2 H, δ18 O and 3 H) are displayed in table 1. There are signiﬁcant diﬀerences
in values of δ18 O measured for the lake, springs
and seepage water. δ18 O in the lake water varied
from −8.70/00 to −8.90/00, while it was found in the
range of −9.30/00 to −9.90/00 for the springs and from
−9.30/00 to −9.40/00 for the seepage water. The isotopic signature of the seepage water showed a close
resemblance with groundwater (springs) in terms
of isotope values. Similarly, diﬀerences in values of
3
H were also observed in the lake water and seepage water. The concentration of tritium (3 H) in the
lake water was measured 4.32 and 2.94 TU at the
top of surface (0 m) and at the depth of 19 m,
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Figure 4. Isotopic composition of lake, spring and seepage water.

Figure 5. Variation of chloride (Cl− ) and sulphate (SO4 −− ) with δ18 O in lake, springs and seepage water.

respectively. This variation within the lake water
was attributed to the stratiﬁcation of lake during
summer months. However, it was found between
3.52 and 3.85 TU for the seepage water.
A local meteoric water line (LMWL), developed
by Saravana Kumar et al. (2008), for Lake Nainital catchment is shown in ﬁgure 4 along with a
Global Meteoric Water Line (GMWL). GMWL
is constructed with δ2 H and δ18 O of precipitation occurring all over the world. The equation
(δ2 H = 8 ∗ δ18 O + 10) for this line was given by
(Craig 1961). However, the best-ﬁt regression line
of the LMWL is:
δ2 H = 7.5 × δ18 O + 4.8 (0/00V-SMOW)

(2)

LMWL shows its resemblance in terms of slope
and intercept with GMWL; however, it has the
slope and intercept, slightly lower than the GMWL.
This diﬀerence may be because of mixing of local
air moisture masses in the precipitation coupled
with change in weather and topographical conditions (Kumar et al. 2010).
The stable isotopic (δ2 H and δ18 O) data of the
lake, springs and seepage waters are plotted on an
X–Y graph as shown in ﬁgure 4 with respect to the

LMWL. The springs and seepage samples almost
fall on the LMWL. It reveals that the source of
the springs and seepage water is the local precipitation. In contrast, the samples of Lake Nainital
slightly fall oﬀ the LMWL. But, it shows close
proximity with the LMWL in terms of isotopic signatures (δ2 H and δ18 O), and suggests that the local
precipitation is also the source of its water. The
deviation from the LMWL is due to evaporative
fractionation of the lake water. The lake, being an
open water body, is exposed to atmosphere and,
therefore, is characterised with enriched isotopic
signatures than that of the seepage and spring
waters. Due to this enrichment, samples of lake
water were congregated and fall on the upper side
(enriched) of the LMWL, while of the springs and
seepage on the lower side (depleted) of the LMWL.
The δ18 O data along with other chemical data
were also analysed to conclude the source of the
seepage water (ﬁgure 5). The plot of δ18 O vs.
Cl− showed that the lake water had comparatively lower chloride and enriched δ18 O values than
that of the seepage water (ﬁgure 5a). In contrast, seepage water characteristics are similar to
the springs. But, the study of δ18 O vs. SO4 −−
plot indicated that SO4 −− values were with slight
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Figure 6. d-excess variation in lake, seepage and spring water.

diﬀerence in both the water due to similar geology
in the recharge zones of lake and springs (ﬁgure 5b). However, the isotopic signature is depleted
in seepage water and values are closer to the local
ground-water sources.

and lake water clearly indicates that the lake is not
the source of newly emerged seepage water. Further, the diﬀerence in physico-chemical parameters
of lake and seepage water corroborate the ﬁnding
of isotopes.

4.4 Computation of d-excess
5. Conclusion
The deuterium excess or d-excess, as deﬁned in
equation (1) by Dansgaard (1964) is a measure of
the relative proportions of δ18 O and δ2 H contained
in water. This measures deviation in deuterium
(2 H) relative to GMWL. d-excess reﬂects the prevailing conditions during evolution and interaction
or mixing of air masses en route to the precipitation
site (Froehlich et al. 2002).
d-excess(0/00) = δ2 H − 8 × δ18 O

(3)

d-excess, as deﬁned above, represents the excess
δ2 H than 8 times of δ18 O for any water body or
vapour. The magnitude of equilibrium fractionation
(condensation) for δ2 H is about 8 times to that for
δ18 O. Thus, due to evaporation (non-equilibrium
fractionation) from a water body, the d-excess of
the evaporating water decreases, while it increases
in water vapour. The d-excess in the Lake Nainital
was found to be varying from 40/00 to 80/00 which was
less than that of the seepage/springs, i.e., 9.80/00 to
10.700/00 (ﬁgure 6). The low d-excess of the lake is
the result of strong evaporation or non-equilibrium
fractionation of the lake water. However, d-excess
of seepage water is more or less similar to springs
which are recharged from the local precipitation
occurring in the lake catchment (Saravana Kumar
et al. 2008). The diﬀerence of δ2 H and δ18 O
values, tritium (3 H) and d-excess between seepage

The analysis of chemical and isotopic data shows
that signatures of seepage water are not similar to
that of the lake water. For example, δ18 O in the
lake water varies from −8.70/00 to −8.90/00, while
it is found in the range of −9.30/00 to −9.40/00 for
the seepage water. The d-excess of Lake Nainital
is varying between 40/00 and 80/00 which is less than
that of the seepage water (9.80/00). It implies that
the lake is not contributing to the newly emerged
seepage point through seepage/leakage. In addition, the higher concentrations of Na+ , K+ and
Cl− in seepage water, in comparison to the lake
water, also decline the possibility of hydraulic connectivity of the lake with the seepage. However,
the fall observed in the lake water level during
June 2012 may be linked to the lower rainfall of
pre-monsoon months of the year 2012 and winter months of the year 2011–2012 in comparison
to the previous years of 2009–2010 and 2010–
2011, respectively. The outcomes of the present
study show eﬀectiveness of environmental isotopes
(δ2 H, δ18 O and 3 H) as ‘tracers’ in the identiﬁcation of a the source of seepage and springs water
in conjunction with other hydrochemical parameters. Further, it suggests that similar kinds of
studies can also be extended to the other springs
of the Lesser Himalayan region where discharge is
declining, for identiﬁcation of recharge source and
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zones of spring. The ﬁnding would be used for the
water resource management of the springs.
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