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Abstract: The spatial and temporal distribution of δ18O and δD measurements of precipitation and groundwater were 
used to identify the recharge areas of groundwater/springs in a mountainous catchment of the western Himalaya. 
The δ18O and δD of precipitation showed marked spatial and seasonal variability with δ18O and δD varied from 
0.1‰ to –13.0‰ and 1‰ to –74‰ with an average of –6‰ and –38‰, respectively. δ18O and δD of precipitation 
is strongly influenced by the basin relief and meteorology. The mean altitude gradient of –0.15‰ and –1.16‰ 
per 100 m change in elevation for δ18O and δD, respectively, was observed based on amount weighted mean 
precipitation isotopic values. The δ18O and δD in groundwater showed a narrow spatial and temporal variation in 
comparison to precipitation and varied from –6.8 ‰ to –10 ‰ and –58‰ to –38‰, with an average of –8‰ and 
–46‰, respectively. The most depleted (in heavier isotopes) isotopic values were observed in karst springs and 
most enriched (in heavier isotopes) isotopic values were observed in shallow groundwater samples. The results 
suggest that the groundwater with most depleted isotopic values have recharge areas at higher altitudes, whereas 
the groundwater with less depleted isotopic values have recharge areas at lower elevations. The climate change 
has shown the reduced snowfall and annual discharge in perennial karst springs i.e. 40-70%, besides seasonal 
springs dried up in recent years.

Keywords: Stable isotopes; Groundwater recharge; Precipitation, Western Himalaya.

Basic Information 

In our solar system the earth is a unique planet where 
water (H2O) exists in liquid form on its surface (Faure 
and Mensing, 2009), which is the prerequisite for the 
existence of life. Hydrogen (H) is the most abundant 
chemical element in our solar system and oxygen (O) 
is the most abundant element in the Earth’s crust. In 
nature, there are two stable isotopes of hydrogen: 1H 
(protium) and 2H (deuterium) and three stable isotopes 
of oxygen: 16O, 17O and 18O. 1H and 16O are the lightest 
and most abundant stable isotopes of these elements 

(Lide and Frederikse, 1995). 2H is 99.8% heavier than 
1H and 18O is 12.5% heavier than 16O. The existence 
of the stable isotopes of hydrogen and oxygen makes 
nine isotopically different water molecules: 1H2

16O, 
1H2

17O, 1H2
18O, 2H2

16O, 2H2
17O, 2H2

18O, 1H2H16O, 
1H2H17O and 1H2H18O. The difference in the masses 
of these water molecules is the basis for the isotope 
fractionation to occur. Out of these nine isotopically 
different water molecules, only three water molecules 
occur in nature in easily measurable concentrations: 
1H2

16O, 1H2
18O and 1H2H16O (Araguás-Araguás et 

al., 2000). The Vienna Standard Mean Ocean Water 
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(V-SMOW) is the internationally accepted standard 
for the measurement of hydrogen and oxygen isotopes 
of natural water samples (Coplen et al., 1996). The 
isotopic ratios of 2H/1H and 18O/16O of V-SMOW were 
found to be 155.95±0.08×10-6 (De Wit et al., 1980) and 
2005.20±0.45×10-6 (Baertschi, 1976). These values are 
close to the average concentrations of isotopes in ocean 
water given by Craig and Gordon (1965). 

The oceans, covering 71% of the Earth’s surface, 
accounts for 97.25% of the mass of water (Gat, 2010). 
Most of the freshwaters, whose volume is estimated to 
be 39 × 106 km3, are not easily accessible and is locked 
in glaciers and ice caps (Gat, 2010). Groundwater 
although constitutes a small percentage (1.7%) of all of 
Earth’s water, it represents a major portion (30.1%) of 
total freshwater on Earth (Gleick, 1996). Due to growing 
demand for water, the extraction of groundwater has 
exceeded the rechargeable water across most regions 
of the globe resulting into steady lowering of the water 
table. The continuous lowering of water table would 
ultimately exhaust the groundwater resources, which 
would have serious impact on the food security and the 
local economy. For sustainable groundwater resource 
management, the quantification of groundwater recharge 
is significant and prerequisite. 

Applications of Stable Isotopes of Hydrogen 
and Oxygen 

Environmental hydrogen and oxygen isotopes are 
ideal tracers of water, as they are incorporated in the 
water molecules and their behaviours and variations 
reflect the origin of, and the hydrological and 
geochemical processes undergone by, natural water 
bodies (Gonfiantin, 2001). Being an integral part of 
water molecule and hydrological cycle, meteoric water 
in a particular environment exhibits a characteristic 
isotopic signature, which can be used as a tracer to 
understand atmospheric circulation patterns (Epstein 
and Mayeda, 1953; Gedzelman and Lawrence, 1982; 
Fritz et al., 1987; Jouzel et al., 1991; Edwards et al., 
1996; Hoffman et al., 2000; Birks et al., 2002), to 
identify the recharge areas of groundwater (Gat, 1971; 
Clark and Fritz, 1997; Lee et al., 1999; Price and Swart, 
2006), to quantify infiltration rates (McConville et al., 
2001), to identify primary recharge seasons (Abbott 
et al., 2000; O’Driscoll et al., 2005), to identify the 
pathways of groundwater (Blasch and Bryson, 2007; 
Davisson et al., 1999; James et al., 2000; Jeelani et al., 
2010; Lee et al., 1999; Mathieu and Bariac, 1996; Price 

and Swart, 2006; Stimson et al., 1993) and to estimate 
the mean residence time of water in catchments (e.g. 
McGuire et al., 2005; Ogrinc et al., 2008; Rodgers 
et al., 2005). Palaeoclimatic and palaeohydrological 
studies also rely often on precipitation data, and use 
speleothem carbonates (Spotl and Mangini, 2002), lake 
sediment organic material (Wolfe et al., 2001) or trees 
(McCarroll and Loader, 2004) as tools to reconstruct the 
events in the past. To understand the processes leading 
to isotopic variations in precipitation, it is necessary to 
first determine how the isotopic composition of modern 
precipitation is linked to today’s climatic conditions 
(Jacob and Sonntag, 1991; Kohn and Welker, 2005).

Location and Climate of the Study Area 

In the present study, stable water isotopes (δ18O and 
δD) of precipitation, stream water and spring water 
were used to identify the sources of groundwater in 
a mountainous catchment of the western Himalaya 
(Figure 1). The region experiences a temperate climate 

Figure 1: Location map of the study area showing the 
sampling sites.
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characterised by cold winters, warm summers and 
clear seasonality, with average annual precipitation 
of about 1200 mm (the average value represents two 
decades from 1990 to 2009). The temperature and 
precipitation data used in the present investigation is 
from the Pahalgam Meteorological Station. There is 
great variability of temperature, which ranges from 
37oC in summer to –15oC in winter. March normally 
receives the maximum rainfall of the year (183 mm) 
and November the least (36 mm). The precipitation is 
dominantly in the form of snow in winter and rain in 
rest of the seasons.

 Geology and Hydrogeology of the Area 

The Upper Paleozoic and Triassic rocks dominate 
the geology of the catchment. Triassic Limestone 
is surrounded by Palaeozoics and are overlain 
by Pleistocene (Karewas) and Recent sediments 
(Middlemiss, 1910, 1911; Wadia, 1975). Palaeozoic 
rocks include sandstone, silt stone, mudstone and 
shale (Lower Paleozoic), quartzites (Muth quartzites), 
Grey limestone, quartzite and shale (Syringothris 
Limestone), quartzite and shale (Fenestella Shale), 
pyroclastic slates, conglomerate, quartzite and porphyry 
granites (Aglomeratic Slate), andesitic and basaltic 
lavas with amygdaloidal and glomeroporphyritic 
texture (Panjal Traps), cherts, calcareous and siliceous 
shales, limestones and quartzites (Gangamopteris 
Beds) which occur mostly towards the marginal 
areas. Triassic Limestone, which consists of compact 
blue limestone, argillaceous limestone and dolomitic 
limestone intercalated with sand stone and shale, 
overlies the Paleozoic rocks (Middlemiss, 1910) and 
occur in the form of dissected ridges. The Karewa 
deposits of Pleistocene consist mostly of unconsolidated 
sandstones, beds of loess, conglomerates, etc. Small 
valleys between Triassic Limestone ridges and Karewa 
are filled with Recent Alluvium.

In the study area groundwater occurs in alluvium 
and carbonate aquifers. The Triassic Limestone is well 
karstified with the development of solution features 
including caves, caverns, conduits sink holes and 
sinking streams and is thus an important source of 
drinking water for local population. Number of karst 
springs emanate at the contact between the Triassic 
Limestone and Alluvium (Jeelani, 2008). The discharge 
of the cold springs is highly variable and fluctuating 
which ranges from 50 L/s in winter to about 5,000 L/s 
in summer. 

Methodology

Precipitation and groundwater samples were collected 
across the mountainous watershed of Western Himalaya 
(Figure 1). The samples were collected between 
November 2010 and January 2012 on monthly basis. 
The location of the precipitation and groundwater sites 
along with their coordinates are presented as Table 1. 
The precipitation samples were generally collected as 
rain, except in winter when the samples were collected 
as snow. Rainwater samples were collected using a 
standard rain gauge with a long narrow tube attached to 
the plastic container, fitted with a funnel, to minimize 
the evaporative loss of stored rainwater. Groundwater 
samples were collected from springs and wells.

The water samples were analyzed for δ18O and δD at 
Physical Research Laboratory (PRL) Ahmedabad using 
an isotope ratio mass spectrometer equipped with an 
equilibration unit and following the gas equilibration 
method (Epstein and Mayda, 1953). Secondary 
standards used in the batch were pre-calibrated using the 
primary standards and pre-analysed samples procured 
from the International Atomic Energy Agency, Vienna 
(IAEA/WMO, 1999). The δ18O and δD values, in 
per mil (‰) are reported relative to Vienna Standard 
Mean Ocean Water (V-SMOW). In order to check 
the consistency in measurements, few samples were 
analyzed in duplicate in each cycle of measurements. 
The precision of the measurements was within ± 0.1‰ 
for δ18O and ±1.0‰ for δD.

Stable Isotopes of Oxygen and Hydrogen in 
Precipitation 

Spatial and temporal variations of stable isotope ratios of 
hydrogen (2H/1H) and oxygen (18O/16O) in precipitation 
are caused by equilibrium and kinetic isotopic 
fractionation mechanisms associated with condensation 
and evaporation processes during global water vapour 
circulation. The isotopic signature of precipitation is 
modified by a multitude of processes, like temperature 
and continual loss of moisture during the travel of 
airmass, i.e., Rayleigh distillation (Dansgaard, 1964; 
Rozanski et al., 1993; Kendall and McDonnell, 1998), 
mixing of air masses from local vapour sources and 
storm trajectory (Friedman et al., 1992; Clark and 
Fritz, 1997), altitude, amount, and continental effect 
(Dansgaard, 1964; IAEA, 1967; Rozanski et al., 1993, 
Clark and Fritz, 1997; Kendall and McDonnell, 1998; 
Arguas-Araguas, 2000; Fleitmann et al., 2004; Mook, 
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2000; Lachniet, 2009; Pape et al., 2010; Gat, 2010). 
Dansgaard (1964) first proposed a series of relationships 
between stable isotope ratios of hydrogen and oxygen in 
precipitation with several parameters, such as surface air 
temperature, latitude, altitude, amount of precipitation 
and distance from the coast. The relationships between 
the isotopic compositions of hydrogen and oxygen in 
precipitation with latitude (Lorius and Merlivat, 1977; 
Rozanski et al., 1982; Fisher, 1990), altitude (Taylor, 
1972; Ehhalt, 1974; Rozanski and Sonntag, 1982; 
Jeelani et al., 2010, 2013), continentality (Salati et al., 
1979; Sonntag et al., 1983; Ingraham and Taylor, 1991; 
Friedman et al., 1992), seasonality (Nativ and Riggio, 
1990, Smith et al., 1992), precipitation amount (Matsuo 
and Friedman, 1967; Yapp, 1982; Lee and Fung, 2008; 
Aggarwal et al., 2004) and sources of distinct air masses 
(Gedzelman and Lawrence, 1982; Lawrence et al., 1982) 
is well documented for last few decades.

In the mountainous catchment of western Himalayas, 
the δ18O and δD isotopic values in precipitation samples 
varied from 0.1‰ to –13.0‰ and 1‰ to –74‰ with 
an average of –6‰ and –38‰, respectively (Table 
1). The lighter isotopic values (depleted in heavier 
isotopes) in precipitation were found in the samples 
collected from higher elevations while as the heavier 

isotopic values (enriched in heavier isotopes) were 
found in precipitation samples collected at low altitude 
stations. The depleted isotopic values observed at the 
higher altitudes and an enriched value towards the plain 
areas is consistent with the well-known altitude effect. 
The isotopic values of precipitation showed a good 
correlation with the altitude of the precipitation sites 
with R2 = 0.88 and 0.90 for δ18O and δD, respectively 
(Figure 2). The altitude gradient of 0.15‰ and 1.16‰ 
per 100 m changes in elevation amsl was observed for 
δ18O and δD, respectively. 

A good correlation was observed between temperature 
and stable isotopes of oxygen and hydrogen in 
precipitation (Figure 3) similar to that of Dansgaard 
(1964) with depleted isotopic values during low 
temperature and enriched values during higher 
temperatures. January recorded the most depleted 
value and July recorded the enriched isotopic value 
during the monitoring period. The isotopic signatures 
of precipitation showed negative correlation with the 
relative humidity in the study region. The isotopic 
values of precipitation are observed to decrease with 
increasing monthly or annual mean precipitation 
in many tropical and monsoon climate regions 
(Dansgaard, 1964; Rozanski et al., 1993) and with 

Table 1: Location of the precipitation and groundwater sites along with their coordinates and isotopic values.  
The location ID is as per Figure 1

Precipitation δ18O(‰) δ2D (‰)
Location Lat. / Long. Altitude

(m, asl)
Min Max Mean W.M Min Max Mean W.M

P1 34° 12′ / 75° 17′ 3487 -13 -3.1 -9 -5.4 -74 -18 -57 -32
P2 34° 09′ / 75° 14′ 2787 -11.9 -1.4 -8.7 -4.5 -74 -11 -53 -30
P3 34° 05′ / 75° 15′ 2400 -10.9 -1.6 -6.2 -3.1 -71 -16 -41 -23
P4 34° 04′ / 75o 22′ 2472 -10.5 -1.4 -8.7 -4 -70 -9 -42 -24
P5 34° 01′ / 75o 18′ 2200 -11.1 -1.6 -5.9 -3.3 -54 -17 -35 -20
P6 33° 49′ / 75o18′ 2019 -9.6 0.1 -4.8 -3 -61 8 -29 -16
P7 33° 45′ / 75o 12′ 1680 -8.7 -1 -4 -2 -51 1 -21 -10
P8 33° 43′ / 75o 09′ 1616 -12.1 -5.6 -5.8 -3.2 -70 -26 -39 -21

Groundwater δ18O(‰) δ2D (‰)
Location Lat. / Long. Altitude

(m, asl)
Min Max Mean WM Min Max Mean WM

GW1 34° 04′ / 75o 30′ 2200 -8.6 -7.8 -8.2 -4.1 -52.3 -42.0 -47.1 -28
GW2 34° 01′ / 75o 30′ 1900 -8.7 -6.9 -7.9 5 -51.5 -38 -46.3 -29.6
GW3 34° 01′ / 75o 18′ 2118 -9.0 -7.0 -8.5 5.3 -47.7 -41.7 -44.7 -25.4
GW4 34° 02′ / 75o 24′ 2252 -8.7 -8.3 -8.4 -4.8 -48.0 -48.0 -48.0 -28.5
GW5 33° 45′ / 75o12′ 1680 -10 -7.4 -8.5 -5.4 -58 -43.1 -50 -32.8
GW6 34° 43′ / 75o 10′ 1608 -9.3 -6.8 -8 -5.8 -55.7 -38.4 -46 -33.5
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Figure 2: Relationship of stable isotopes with altitude.

Figure 3: Monthly variation of stable isotopes in 
precipitation and their relationship with temperature, 

precipitation amount and relative humidity.

higher precipitation intensity in a single storm (Miyake 
et al., 1968). This relationship, widely known as amount 
effect, is also observed in the study area during some 
months: February, April and August (Figure 3). The 
temporal variability of isotopic values in precipitation is 
largely attributed to the prevailing airmass in the area.

Local Meteoric Water Line (LMWL)

The global relationship between δD and δ18O in natural 
meteoric waters was recognized by Craig (1961) δD = 
8 × δ18O + 10 widely known as Global Meteoric Water 
Line (GMWL), serves as a foundational reference to 
determine regional or local deviations (i.e. local meteoric 
water line, LMWL) from equilibrium processes. This 

regression equation was subsequently redefined by 
Rozanski et al. (1993) based on monthly average values 
from 379 stations belonging to the Global Network of 
Isotopes in Precipitation (GNIP) maintained by the 
International Atomic Energy Agency (IAEA) and the 
World Meteorological Organization (WMO) as: δD = 
8.1 (± 0.07) × δ18O + 11.27 (± 0.65). The slope of 8.1 
for the GMWL depends primarily on the ratio of the 
equilibrium fractionation factors for δ18O and δD, while 
as the intercept of 11.27 is strongly governed by the 
relative humidity through non-equilibrium evaporation 
process involved in the formation of water vapour. The 
line is global in application, and is the average of many 
regional or local meteoric water lines (LMWL). The 
regression equations or meteoric water lines vary from 
place to place depending upon the prevailing weather 
conditions. 

Depending on the region, differences in the amount 
of precipitation, temperature variations, distinct air 
mass sources, evaporation and fractionation processes 
occurring below the cloud base are characteristic at 
a local scale, which cause the relationship between 
stable isotopes of water δD and δ18O to vary from that 
of the Global Meteoric Water Line (Hoefs, 2004). The 
LMWL for the study area (Figure 4) based on monthly 
average values is: δD = 7.1 (± 0.4) × δ18O + 9.8 (± 1.4); 
R2 = 0.95 (Jeelani et al. 2013). The LMWL shows a 
slightly lower slope and intercept than the GMWL and 
therefore suggest the effect of evaporation. The effect 
of evaporation varies with change in weather/seasons. 
In winter season most of the samples fall above the 
GMWL, while in summer season most of the samples 
lie below the regression line reflecting the effect of 
evaporation of falling raindrops due to increase in 
ambient temperature. The samples collected in winter 
season represent the effect of enhanced moisture 
recycling (Froehlic et al., 2002; Gat, 2010). 

Figure 4: Relationship of δ18O with δD in precipitation 
and groundwater.
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Variation of Stable Isotopes of Oxygen and 
Hydrogen in Groundwater

The main causes of variations in the stable-isotope 
signature of groundwater are natural variations in 
the isotopic composition of rainfall, mixing with pre-
existing waters and evaporation during percolation 
through soil and/or the unsaturated zone (Kendall and 
McDonnell, 1998). In comparison to precipitation, stable 
isotope composition of groundwater is characterised 
by relatively a narrow range and varied from –6.8 
‰ to –10 ‰ and for δ18O and δD from 58‰ to  
–38‰ (Figure 5; Table 1).

The most depleted values were observed in karst 
springs and most enriched values were observed in 
shallow groundwater samples. The most depleted 
isotopic values in karst springs reflect the recharge at 
higher altitudes and no effect of evaporation, whereas 
the enriched isotopic values in shallow groundwater is 
attributed to the local recharge at lower elevation and 
the effect of evaporation. The groundwater in alluvium 
showed a narrow range of precipitation compared to 
the karst springs reflecting the attenuation of isotopic 
signature in alluvium and the quick flushing nature of 
the groundwater in karst. Similarly, the concomitant 
increase and decrease of δ18O and δ2H in groundwater 
with respect to time was also observed (Figure 5). The 
highest depleted values were observed in late spring and 
summer seasons whereas the enriched isotopic values 
were observed in March/July (Figure 5). This implies 
that groundwater system is not mixed enough to mute 
out the short-term and seasonal signals (Figure 5). 

The abrupt and seasonal variation in groundwater 
recharge primarily seems to be responsible for the 
undulating behaviour in stable water isotope of 
groundwater. The decreasing trend of water isotopes 

from April to June suggests that the groundwater 
recharge is dominantly contributed from the melting 
of snow in spring and summer season. The recharge 
water released from snowpacks/glaciers is depleted in 
stable water isotopes. The enriched values in March 
suggest the contribution from snow melting at lower 
altitudes whereas the enriched isotopic values in 
groundwater in July suggest the recharge from rainfall 
with enriched isotopic values. Throughout the melting 
period, isotopically enriched rain events generate 
relatively higher stable water isotope ratios particularly 
in the summer.

Most of the groundwater samples fall above or 
close to the GMWL indicating the minimal effect 
of evaporation (Figure 4). However, the clubbing of 
most groundwater samples in between the GMWL and 
LMWL indicate the common origin of groundwater 
system in the region fed by modern recharge source. By 
identifying the spatial distribution of isotopic signatures 
in groundwater at different locations in the studied 
region, we observed that groundwater exhibits mostly 
negative isotopic values, which infers groundwater 
recharge areas mostly at higher altitudes.

Recharge Areas 

The recharge areas of groundwater also referred as 
capture zones are critically very important for the 
protection of groundwater resources from contamination 
(Abott et al., 2000) especially in karst terrains where 
the aquifers are susceptible to a greater range of 
environmental impact problems because of high 
permeability in the enlarged fissures and conduits and 
lack of effective attenuation mechanism (Ford and 
Williams, 1989). There are a number of approaches 
used to identify the capture zone or the recharge areas 
of groundwater or springs including hydrogeochemistry, 
tracer tests, stable isotopes, modelling, etc. However, 
the use of environmental isotopes in conjunction 
with hydrogeology has proved to be an effective tool 
in solving many hydrological problems (Clark and 
Fritz, 1997; Kendal and McDonell, 1998; Rao, 2006) 
including its use to identify the capture zones/recharge 
areas of groundwater/spring water (Shivanna et al., 
2008; Yehdegho and Reichi, 2002; Aquilina et al., 
2005). The spatio-temporal variation in the δ18O and δD 
signature of precipitation is used to provide the variable 
input functions that are effective in tracing groundwater. 

The δ18O and δD value of groundwater commonly 
reflects the elevation and temperature of precipitation 
that infiltrates into the subsurface. With the help of the 

Figure 5: Monthly variation of stable isotopes in 
groundwater.
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local vertical isotopic gradient of precipitation obtained 
from the weighted mean isotopic data and elevation 
data of precipitation, the mean elevation of precipitation 
where the recharge occurs may be estimated (Clark and 
Fritz, 1997; Longinelli and Selmo, 2003; Yurtsever and 
Gat, 1981). The mean vertical isotopic gradient in the 
study area was estimated as –0.15 and –1.16‰ per 100 
m increase in elevation, for δ18O and δD, respectively. 
Since most of the groundwater samples show mean 
oxygen and hydrogen isotope ratios ranging from –4‰ 
to –6‰ and –25‰ to –35‰, respectively, the altitude of 
the recharge areas ranging from 2800 to 3800 m amsl 
(based on δ18O) and 3100 to 3800 m amsl (based on 
δD) was determined (Figure 6). The averages estimated 
recharge elevation of an individual karst spring, with 
unique isotopic signature, could be estimated by the 
following regression equations:

	1.	 Using δ18O tracer: δ18O = –0.001 (±0.00027) ´ 
altitude – 0.6 (±0.48)

	2.	 Using δD tracer: δD = –0.01 (±0.0018) ´ altitude 
+ 3.9 (±4.0) 

The inferred recharge altitude estimated by these 
tracers could also be overestimated or underestimated 
in areas where the depleted seasonal snowmelt at higher 

altitudes is brought down by the stream flow to lower 
altitudes (recharge sites) without much fractionation 
and in areas where effect of evaporation is prevalent 
on groundwater. 

Impact of Climate Change on Spring Flow

Temperature and precipitation records available for 
the western Himalayas indicate an overall increase 
of temperature and precipitation. The long-term data 
(1901-2010) from Srinagar weather station indicate 
a warming of about 0.9º C (Jeelani et al., 2012). 
An increase in precipitation of about <3% was also 
observed, with a significant variation in short-term 
trends over the entire time period. The average seasonal 
temperatures reflected a little warming in summer (0.001 
°C yr -1) and strong warming in winter season (0.02 °C 
yr -1), with a 0.15 mm yr -1 decreasing trend of winter 
precipitation (Jeelani et al., 2012).

As most of the recharge areas lie at higher altitudes 
in the western Himalayan catchments, any change 
in snow and ice cover would substantially affect the 
groundwater resources. 

As groundwater plays an important role in the lives of 
the people across the globe, in the western Himalayas, 
where regional economy is chiefly dependent on snow 
and glaciers, the transition from snow to rain in a 
warming climate are expected to significantly impact 
the cryospheric processes and hydrology of the region 
(Jeelani et al., 2012, 2017b). The continuous increase 
in atmosphere temperature will lead to a continuous 
shift of snow line toward higher altitude (Jeelani et al., 
2012). This means that higher-altitude areas will receive 
more liquid precipitation and less solid precipitation, 
which could increase the episodic discharge of the 
karst springs. The episodic recharge/discharge is not 
good for the sustainability of the springs. This would 
not only lead to the degradation of the water quality of 
the springs but also the significant attenuation of the 
spring flow. The shorter recharge season due to shorter 
persistence and significant reduction in snow/ice cover 
under changing climate will thereby strongly affect 
the hydrological behaviour in the region by causing 
uncertain trends in the recharge and discharge of the 
springs. 

The climate change has already shown its presence 
in the region as lesser amounts of snowfall in preceding 
winters, the annual discharge of perennial karst springs 
drastically reduced by 40-70%, besides, seasonal springs 
dried up in summer in 1999 and 2001 (Jeelani, 2008). 

Figure 6: Weighted mean δ18O (lower panel) and δD 
(upper panel) vs. altitude of the samples.
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Similarly, in 2011 and 2013 due to the below normal 
precipitation (24% in 2012 and 36% in 2013), 4-18% 
reduction in annual discharge of some karst springs in 
the region was recorded. However, 28% above normal 
precipitation in 2014 promoted higher flows in the 
same springs. 1259, 1084 and 1711 mm of precipitation 
was recorded in 2011, 2013 and 2014, respectively. As 
hydrological cycle is intimately linked to the climate 
system, dependence of groundwater flow on snow 
and glaciers thus suggest that changes in timing and 
magnitude of solid precipitation would substantially 
affect the groundwater resources. 

Conclusions

Characterization of the stable isotopes of oxygen and 
hydrogen in precipitation and groundwater has helped to 
identify the recharge areas of groundwater/springs in a 
mountainous catchment of western Himalaya. A marked 
spatial and seasonal variability of stable isotopes of 
oxygen and hydrogen was observed in precipitation. The 
lighter isotopic values were observed in precipitation 
samples at higher altitudes and the heavy isotopic 
values were observed at lower elevations. The δ18O 
and δD in groundwater showed a narrow spatial and 
temporal variation in comparison to precipitation. Based 
on the estimated mean altitude gradient of –0.15‰ and 
–1.16‰ per 100 m change in elevation for δ18O and 
δD, respectively, the altitude of the recharge areas of 
groundwater were identified, which ranges from 2800 to 
3800 m amsl (based on δ18O) and 3100 to 3800 m amsl 
(based on δD). The results suggest that the groundwater 
with most depleted isotopic values have recharge areas 
at higher altitudes, whereas the groundwater with less 
depleted isotopic values has recharge areas at lower 
elevations. The study revealed that the groundwater 
discharge/spring flow is expected to be substantially 
affected by the climate change.
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