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ABSTRACT

The lake - groundwater interaction study for Lake Nainital, Kumaun Himalaya has been
carried out using isotope mass balance method in conjunction with conventional water balance
method. Based on the hydrological investigations carried out a conceptual model for the water
balance of lake Nainital has been developed. All the components of the lake water balance,

except the sub-surface ones, have been measured / estimated using standard methods.

To assess the subsurface outflow from the lake by conventional method, the hydraulic
interconnection of the lake and downstream springs were investigated using environmental
tracers. Analyses of hydro-chemical data indicate that Lake Nainital and the few downstream
springs viz. Sariyatal and Balia ravine springs are hydraulically interconnected and that the other
downstream springs such as those located to the west of the lake catchment, and in Kailakhan
area are not connected to the lake. In order to complement the information obtained through the
hydrochemistry, stable isotopic investigations were carried out. During winter, when the.lake 1s
well mixed, the Balia Ravine Springs showed an 3'*0 value (-9.5%o) close to that of the Lake
(-9.6%e), while most of the other springs showed a more depleted value (<-9.6) conforming the

results obtained from the hydro-chemical analyses.

In order to assess the proportion of the lake water being tapped in the wells located in the
northern bank of the lake, a two-component mixing model was employed using the stable isotope
data. The results of the model indicate that the proportion of the lake water in the pumpage varies

from 33% to 100% in different seasons.

By combining the discharge data on the spring that are interconnected to the lake and the
proportion of the lake water in the pumpage, the total sub-surface outflow from the lake has been
estimated (56% of the total outflow). The sub-surface inflow has been estimated as the residual
or remainder of the water balance equation, as all other components have been computed /
cstimated using standard methods. The sub-surface inflow computed by the water balance
method is around 49% of the total inflow to the lake. The sub-surface and outflow computed
using stable isotope mass balance method are about 51% and 56%, respectively, while that

computed using chlorine mass balance method are about 55% and 59%, respectively.
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The results show that the estimates of sub-surface inflow to the lake and outflow from
the lake obtained through the isotopic and chemical balance compare very well with those
obtained through conventional water balance method. The water retention time (1) of the lake
computed using isotopic mass balance approach is about 1.93 years, chemical (chlorine) mass
balance is about 1.77 years and conventional water balance is about 1.92 years. The results
obtained by all the three methods do not vary significantly from each other {compared to the size
of the lake) and compare very well within the error limits. The water retention time computed
using isotopic mass balance approach is about 2% lower and that computed using chlorine mass
balance results is about 10% lower than the water retention time computed using conventional
waler balance results. The value that reflects the true water retention time may be the one
computed using the isotopic mass balance approach as it was arrived independent of the
estimates of pumpage and outflow through springs. Further, isotope mass balance has the
advantage over the chlorine mass balance as chlorine may be introduced into the lake and

groundwater systems through anthropological activity.
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1.0 INTRODUCTION

The interaction between surface water and groundwater is a part of the hydrological cycle.
Flow of groundwater to support the surface water and the flow from the surface water body to
groundwater are the two main aspects of the interaction process (Wright, 1980). The nature of
interaction depends on the nature of the water body whether it is a flowing body such as a river
/ stream or standing water body such as a lake or reservoir. The size of the water body also
determines the effect of interaction as in case of smaller lakes or rivers the quantum of
groundwater inflow will have a profound impact on their quality. On the other hand, in case of
larger lakes or rivers it is the relative proportion of the groundwater inflow that will effect a

change in the water quality,

Groundwater has been recognized as not only a source of the base flow in the streams but
also an important contributor during storm flow (Freeze, 1974; Sklash and Fervolden, 1979).
This has led the hydrologists in recent years to focus on the physical mechanism of runoff
generation (Eshleman et al. 1994; Kendall et al., 1995). However, it is the quantum of interaction
that is very crucial for the water resources managers, as the water availability in river / lake has
a direct bearing on the irrigation and power projects apart from the need to meet the domestic

demands.

There are several conventional methods to assess the river - groundwater interaction such
as analyses of river hydrograph and/or groundwater table fluctuations and use of mathematical
models. While the conventional methods are reliable the need for extensive periodical
measurements of various hydrological parameters makes the methods more laborious and error
prone. On the other hand, isotope techniques are precise but can not act as an independent
hydrologic tool. However, if the isotope techniques are used in conjunction with the conventional
techniques, a more reliable and accurate modeling of the hydrological processes would be
possible (Payne, 1981). The isotope techniques are highly useful in defining the problem in
hydrological terms particularly to test the hypotheses developed using other techniques in any
hydrogeological setting. The basis for use of isotope techniques for surface water - groundwater

interaction is that the surface water has a stable isotopic composition that is distinct from the




local groundwater. The distinct isotope signature in case of a lake is brought about by
cvaporative enrichment in the lake. The isotope techniques are helpful in developing /
substantiating conceptual models (Bills and Hjalmarson, 1990). The technique is also useful in
testing hypotheses such as interconnection between lake and groundwater {Payne, 1970) and in
studying the groundwater component in the lake water balance (Dinter, 1968; Krabbenhoft et

al., 1990; La Baugh et al., 1997).

In India practical application of stable isotopes for fresh water hydrological problems are
few. Except for some case studies in the arid and semi-arid zones such as investigations for the
groundwater recharge source identification, the technique has not been iried extensively. The
major reason is non-availability of primary hydrological data for area of interest. To examine the
possibility to use the stable isotope tools in surface water - groundwater interaction studies, a
high altitude Himalayan lake has been investigated in the present study. The study area was
selected on the basis of the fact that the Lake Nainital is a very important source of water for

domestic use of the local population.

Lake Nainital is located in the Lower Himalayan range, within a highly disturbed
geological setting. The lake is the main source of domestic water supply to the local population
living in and around Nainital town. As the town and the lake are 2 major tourist attraction in
northern India, the demand for water for domestic use is increasing with time. It is also important
to conserve the aesthetic values of the lake. As no other source of drinking water exist in the area,
one of the major concems is the dependability of the lake as a drinking water source. What are
the chances that the lake will get dried up? What are the main recharges sources for the lake?
Whether there is any leakage from the lake, if so what is the quantum of leakage? If the surface
outflow of the lake diminishes, then it may seriously impair the water quality, deteriorating the

already eurtrophied lake.

Much of these concems can be answered by having the knowledge of the water balance
of the lake. Therefore an attempt has been made to compute the lake water balance. Isotope

techniques have been used to compute the water balance of a lake, for the first time in India. In




using the isotope techniques for lake water balance study the results are arrived tndependent of

information on the subsurface outflow and hence has an advantage over the conventional method.

20 USE OF STABLE ISOTOPES IN SURFACE WATER - GROUNDWATER
INTERACTION STUDIES

Environmental isotopes are increasingly being used as tools to study various processes
in hydrology. Payne (1983) defined environmental isotopes as "those isotopes, both stable and
radioactive, which occur in the environment in varying concentrations over which the
investigator has no control”. This classic definition clearly brings out all the aspects of
environmental isotopes. Of the environmental stable isotopes, oxygen and hydrogen find wider

application in hydrology because, as part of the water molecule itself, they act as natural tracers.

2.1 Nomenclature:

There are six isotopes of oxygen viz,, "0, *Q, 0, 0, *Q and 0. OF these six
isotopes, 10, 10 and 0 are radioactive with very less half-life of 72 sec., 2 min. and 29 sec.
respectively and are not useful for any meaningful hydrological study. The mass abundance of

the stable oxygen isotopes are given below:

Isotope Mass Abundance
%
e 15.994915 99.759
0 16.999133 0.037
e 17.999160 0.204

It is readily seen from the above table that among the heavier isotopes, "0 is around 5.5
times more abundant than 0. In terrestrial materials the geochemistry of 1’0 is similar to the
more abundant "*O (Gat, 1981). therefore the abundance ratio of '*0/"%C is considered important

1 most hydrological studies which involve stable isotopes.




Compared to the six numbers of isotopes in oxygen, hydrogen has only three viz., 'H,’H
and *H. "H which is the most abundant hydrogen isotope is also known as Protium and is usually
denoted as H. 2H is known as Deuterium and denoted as D. *H is known as Tritium and denoted
as T. Of the three hydrogen isotopes, T is radioactive with a half-life of 12.43 years. The

abundance of stable isotopes H and D are given below:

Isotope Mass Abundance %
H 1.007825 99.9855
D 2.014102 0.0145

With these isotopes of oxygen and hydrogen several different water molecules are
possible, of which the isotopic species H,"0, H,'®0 and HD"*O are generally considered in
isotope hydrology. The common isotopic water species H,'%0 has a vapour pressure, slightly

different from that of the rarer isatopic water species such as H,'*0 and HD'®O.
2.2 Delta (5) Notation

The stable isotopic ratios are generally expressed as deviation with respect to a standard.
The universally adopted standard for oxygen and hydrogen isotopes in water samples is V-
SMOW (Vienna - Standard Mean Oceanic Water). The results are denoted by &, expressed in
permil (%o).

R - R
a x |Sample) % (Standard)
5 & =

»1000 {(2.1)

x |Standard}

R stands for the ratio of rarer to the common isotope, subscript x denotes '*O/'°O or D/H. The
advantages in adopting such a convention are many, such as intercomparison of results and better
resolution over the absolute ratios. The & values are also additive, thereby aiding in use of

component mixing models. Generally while reporting hydrological studies, the subscripts such
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as p, a, 1, g, 1 and o are added to 5, which denote precipitation, atmospheric moisture, lake,

groundwater, inflow and outflow respectively.

2.3 Isotopic Fractionation

The relative ratio of rarer isotope to the common isotope is of greater relevance in many
hydrological studies. The variation in the global distribution of different isotopes in different
hydrologic systems are mainly brought about by isotopic fractionation. The isotopic
fractionation, which is proportional to the differences in the mass of the isotope water species,

may be described as the partitioning of the isotopes by physical or chemical processes.

2.3.1 Isotopic fractionation by physical processes

As noted above, there are different isotopic species of water ranging from the "lighter”
H,"0O to the heavier H,"*0 or HD'®0. The molecular diffusivities of vapour of different isotopic
spectes of water through air has been studied by several investigators (Merlivat, 1978) and has
been found that the ratio of diffusivities of lighter molecule to that of the heavier molecule is not
same for different isotopic species, even though the difference in the mass of the heavier
molecules considered, are not different. The ratio of diffusivities in air is also practically
temperature invariant (Gat, 1981). While in the liquid, the molecular self-diffusion coefficients
of isotopic water species of equal mass are not equal. As shown by Wang et al. (1953), the
intermolecular binding forces are activated by the diffusion process in the liquid state and the
effect is more pronounced in case of the hydrogen isotopes than in oxygen isotopes. Other
properties such as viscosity is also similarly affected by intermolecular forces, especially by

hydrogen bonding and not just by mass difference.

2.3.2 Isotopic fractionation by chemical processes

The chemical isotopic fractionation processes involve redistribution of isotopes of oxygen

or hydrogen among different phases. The process can be either equilibrium isotopic reactions




with equal reaction rates for both forward and backward reactions or non-equilibrium (kinetic)

isotopic reactions with mass dependent reaction rates which are unidirectional.

2.3.2.1 Equilibrium effects

The distribution of isotopes between different phases of water which are in equilibrium
i< not uniform. In other words, the water vapour in equilibrium with liquid water is shightly
depleted in heavier isotopes, in comparison to the latter. This is because of the differences in the
hydrogen bond energy in the liquid phase between the isotopic molecules. This results in the

differences in the vapour pressure of the isotopic species of water.

Tf, the isotopes are randomly distributed in all positions in liquid phase and vapour phase,

equilibrium fractionation factor (a *} is related to the equilibrium constant K, such that

at =KW

where, n is the number of atoms exchanged. For monatomic reactions « = K, For the oxygen
isotope exchange between the liquid and vapour phase which are in equilibrium, the following

equation holds:
Y0, + 1,20, = H"0q+ H,"0 g

Then, equilibrium constant
K = [H,"0]

where [ ] refer to activity coefficients. The above equation may be re-written as:

K = (%0/"°0),/ (%0/*0), = o




The difference in the ratio of heavier to lighter isotopes in one phase to that of the other is then,

is defined by equilibrium fractionation factor o*:

(R
(R

X vapour

Iiquid
where R is the ratio of concentrations of heavier to lighter isotopes.

The equilibrium fraciionation factor has been determined by several investigators through
vapour pressure measurement of pure isotopic species (Szapiro & Steckel, 1967), through
isotopic analyses of water and water vapour in equilibrium (Majoube, 1971; Bottinga and Craig,
1969; and Kakiuchi and Matsuo, 1979), or by dynamic distillation methods (Borowitz, 1962).
However, the results presented by Majoube (1971) is widely used in isotope hydrology studies.
Majoube (1971) proposed the equation of the following type for a*:

in o - AT? « BT . ¢ (2.2)

Where T is the absolute air temperature in Kelvin, and A, B, and C are coefficients. The values

of the coefficients proposed by Majoube (1971) are:

[sotope A _ B C
B0/Q 1137 -0.4156 ~0.00207
D/H 24844 | -76.248 +0.05261

Evaporation and condensation processes are of special interest in stable isotope
geachemical applications in hydrology. To study the effect of evaporation in the surface water
bodies such as lakes, the fractionation factor o’ is used in place of a™. «" is inverse of «'.
Therefore,

(R}
. x! vapour (23)

(Rx} liquid




The value of " at 0°C is equal to 0.9884 and at 25°C is equal to 0.9907. At the temperature of
interest to a hydrologist the value of «” is always less than one. The equilibrium enrichment
factor €' is more convenient to express the relative changes in the isotopic ratios of liquid water

and water vapour in equilibrium. € is defined as (Gonfiantini, 1986)
e = (1 - a) 1000 % 2.4
2.3.2.2 Non-Equilibrium (kinetic) effects

Under natural conditions, the actual isotopic composition of water vapour is significantly
more depleted than the values predicted using equilibrium enrichment factors. In other words,
the heavier isotopic enrichment in liquid phase is larger than the values computed from the
vapour pressure differences of the isotopic species (Dansgaard, 1961; Ebhalt and Knott, 1965;
and Craig et al., 1963). The difference between the total enrichment factor () and the equilibrium
enrichment factor (¢”) is called as excess separation factor or more commenly, kinetic enrichment

factor (Ae). The kinetic enrichment factor is defined by Craig and Gordon (1965) as follows:
Ae - (1 - h) [-p—‘ -1] (2.5)
p

where h, is the refative humidity normalised to the liquid surface temperature, and p, and p are
the transport resistance of the rarer and common isotopic water species in air. For oxygen
isotopes the term (p; / p) is close to (D/D))", where, D and D, are the molecular diffusion
coefficients and n is the turbulence parameter. The value of n may range between O and 1, bur

under most natural conditions a value of 0.5 is more appropriate (Gonfiantini, 1986).

The ratio D/D, may be calculated using the following expression, obtained through kinetic

theory of gas of low concentration diffusion in other gases (Craig and Gordon, 1965):

M. (M. 29y \0%°
=[_ﬂ__i ‘ ’] 2.6)
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where, M and M, are molecular weights of lighter and heavier molecules and 29 is the mean
molecular weight of air. Attempts to evaluate the kinetic enrichment factor has also been made
Gat (1970) thorough field evaporation pan experiments, by Merlivat (1978) through laboratory
experiments and by Vogt (1976) through wind tunnel experiments. Gonfiantini (1986} suggested
that since the values reported for ae, by Merlivat (1978) and Vogt (1976) are in very good
agreement, the mean of the values derived by the two investigators could be used to adequately

evaluate Ae, for natural evaporation conditions. He proposed:

AEHD % o= 14.2(1-h) (2.7a}

Ae, % -« 12.5(1-h) (2.7b)

Zimmermann and Ehhalt (1970), Zimmermann (1979) and a few other investigators made
use of deuterium isotopes in lake studies. They contended that in case of deuterium the kinetic
enrichment effect is small and that its facilitates in avoiding complications that arise due to
estimation of mean relative humidity values. However, Zuber (1983) showed that the kinetic
cffects in case of deuterium differs very much in field conditions from that in laboratory
controlled experiments. His findings confirmed the earlier reports of Gat (1970) on the basis of

evaporation pan experiments in lake Tiberias study.

The fractionation factors and enrichment factors give rise to the variation in the isotopic
composition of the precipitation and in water bod*zs subjected to evaporation. The resultant

variation of isotopic composition in hydrological systems have been utilised to solve many a

hydrological problems.
24 Isotopic Composition in Precipitation (5,)

It is a well known fact that the isotopic composition of atmospheric moisture, and
consequently precipitation, exhibits a broad spectrum of spatial and temporal variation.

Subsequent to the initial attempts by several investigators (Dansgaard, 1953, 1954; Epstein and




Maveda, 1953; and Friedman, 1953) to study the natural abundance of '* and D in meteoric
waters, the available information on the global isotopic characteristics in fresh waters was
summarised by Craig (1961). Dansgaard {1964) in his classical review of isotopic data collected
from International Atomic Energy Agency / World Meterological Organisation network stations
brought out several salient features of the isotopic characteristics in precipitation, relatng the
distribution pattem to different geographical and environmental parameters such as latitude,
altitude, distance from the coast, amount of precipitation and surface air temperature. He also
attempted to explain the observed isotopic variations in the atmospheric waters through open
system madel based on equations that describe separation of gases during distillation, which in

turn were proposed by Lord Raleigh (1896).

The Raleigh type model describes the isotopic exchange between the vapour and liquid
phases, which are in equilibrium. If the condensation of the vapour proceeds as a slow process
with immediate removal of the condensate from the vapour, the isotopic ratio of the liquid and

vapour phase will change as:

o o -
5 - [j] et g (2.82)

- 1. o, 1
N £ _
3, [ %] v 1 (2.8b)

where, «, a, and a,, are the fractionation factors at instantaneous temperature t, at initial
temperature t,, and at the mean temperature t,, (t, = (t + 1) / 2), {, is the fraction of vapour
remaining and &, and 3, are the isotopic ratios of the condensate (liquid or solid) and the vapour
phase, respectively. It is obvious that, the Raleigh process then leads to much higher fractionation
than under simple equilibrium exchange process. The Raleigh equation for a condensation

process is {Dansgaard, 1964):

R, - R, £ D (2.9




where R, and R, are the isotopic ratio of the instantaneous and the initial vapour, fis the fraction
of residual vapour and o7 is the fractionation factor. According the above open system model
adopted by Dansgaard {1964), the condensate is enriched in the heavier isotopes in comparison
10 the vapour phase, and as condensation proceeds it will result in more depleted condensates.
However, studies on individual storm events revealed that isotopic ratios of successive portions
of precipitation may not be monotonously decreasing (Rindsberger et al., 1990). I general, the
isolopic composition of precipitation for a given storm depends strongly onr the metcorological
history of air in which the precipitation is produced and through which it falls (Rozansk: et al.,

1993).

Dansgaard (1964) also noted that during the fall from the cloud base to the ground, the
rain drops are subjected to evaporation and exchange with the eavironmental vapour. These
processes proceed under non-equilibrivm conditions (Ehhalt et al., 1963). This process is also
called as secondary evaporation. Based on the TAEA/WMO database (presently the programme
of collection of isotope data of meteoric waters from stations world over is known as Global
Network of Isotope in Precipitation) on monthly composite samples of precipitation the
{ollowing characteristics were identified (Dansgaard, 1964; Yurtsever & Gat, 1981 Rozansk

et al., 1993).
24.1 Latitude effect

The heavier isotopic content decreases with increasing latitude. This is mainly because
of the fact that the major global source of vapour is the tropical oceans i.e. between 30°N and
30°S latitudes. The poleward transport of this vapour results in the rain-out process and
consequent depletion in the isotopic ratio of precipitated water. The role of temperature is also
noticeable in the latitude effect. The comparatively lower temperature condition over mid and
high latitude regions results in reduced total precipitable water in the atmosphere. This factor is

particularly more pronounced in winter.

2.4.2 Continental effect
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The heavier isotope ratio decreases inland from the coast. Basically, the rain-out process
is responsible for this effect, implying that oceans are the major sources of vapour that
precipitates over the continents. However, studies over Europe, Amazon basin and Northern
India reveal that substantial amount of evapo-transpirated water from the plant covers returns to
the atmosphere. This evapotranspiration process reduces the inland gradient of isotopic ratio
during certain seasons (Gat and Matsui, 1991). The continental effect in the monsoon
precipitation over northern India was studied by Krishnamurthy and Bhattacharya (1991) along
the stretch between Calcutta and New Delhi using the groundwater isotopic ratios as proxy. They
reported an apparent depletion in the &'*0 to be of the order of -2%0/1000 km. This value is not
much different from the results reported by Piexoto and Oort (1983) for precipitation in the

European continent, which was -8%0/4500 km,
243 Seasonal effect

Winter precipitations are depleted in "*0 and D relative to the summer precipitations. This
effect is more pronounced in mid and high latitude regions. Rozanski et al. (1993) suggested that
the seasonal vanations could be brought about by a) seasonal variation in total precipitable water,
which is more so in mid and high latitude regions, b) seasonally modulated evapotranspiration
over coutinental regions and c¢) seasonally changing source areas of the vapour and different
storm trajectories. The amplitude of seasonal variation of the isotopic ratio also increases with

increasing distance from the coast.
2.44 The amount cffect

Dansgaard (1964) observed an apparent relationship between the amount of rainfall and
its isotopic ratio i.e. for greater amount of rainfall, the isotopic ratios were more depleied. This
effect is more pronounced during periods with low precipitation, because of the evaporative
enrichment of raindrops as a consequence of lower humidity. Conversely, high intensity and
heavy rainfalls tend to modify the isotopic ratio of the surrounding atmospheric water vapour
beneath the cloud base through exchange processes, thereby preserving the in-cloud isotopic

signatures.
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2.45 Temperature relationship

There is an apparent relationship between the local air temperature and the 1sotopic ratio
of the precipitation. Dansgaard (1964) suggested on the basis of a limited database, an average
relationship of 0.69%./°C for *O and 5.6%0/°C for D, Similar values were also predicted by van
der Straaten and Mook (1983), whose theoretical considerations were based on Ralei gh
condensation model with isobaric cooling of precipitating air masses. The studies on a larger data
base by Rozanski et al. (1993) substantiated the predictions that, for reduced condensation

temperature the slope of '*0 - temperature, the relationship d5*0/dt increases.

2.4.6 Alutude effect

When saturated air moves upward, it cools, resulting in condensation and consequent
release of heat, which in turn counteracts the cooling. The fractionation of stable isotope will take
place during this process. The adiabatic lapse rate, though it varies with altitude, is about
0.6°C/100m. From Dansgaard (1964) it is seen that, for § 4 the temperature dependence during
adiabatic cooling is about 0.5%o/°C. This means that, there may be about 0.3%o variation in 6
per 100 meter variation in altitude. Clark and Fritz (1997) have compiled the results of several
studies by different investigators that incorporated the altitude effect in precipitation. The altitude
gradient (per 100 metres) varies between -0.1 %o and -0.5 %o for '%0 and -2.5 %o and -4 % for
aD.

The adiabatic lapse rate of the cloud mass and hence the altitude effect in stable isotope
ratios varies from region to region, due to variations in local topography. The altitude effect is
further enhanced during the fall of raindrops, as it can evaporate and that evaporation is greater
for raindrops that fall further {Coplen, 1993). However, the altitude effects are often not observed
for rainfall in the lee side of the mountainous terrain and also in case of precipitation in the form

snow fall.
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247 Relationship between &, and geographical / climatological parameters:

To derive a relationship between the mean isotopic composition in the precipitation
(dependent variable) and different basin geographical and climatological parameters (as
independent variables), multiple linear regression analyses were carried out by Yurtsever and Gat

{1981), who proposed an equation of the following type:

880 =a,+aT+aP+al +aA

where T, P, L and A are the monthly mean temperature (°C), monthly precipitation {mm),
latitude (degrees) and altitude (m a.s.l) respectively. a,, a,, a,, a; and a, are regression
coeflicients. However, using P, L and A did not significantly improve the statistical parameters
of fitness. Monthly composite 530 value can be generated by a simple linear regression with T
as the independent variable. However, they cautioned that the findings are true only on a global
scale, and suggested that on regional scale either amount effect or evaporation effect may be

equally important in determining the spatial variability.

2.4.8 5'"0 - 3D relationships

The striking relationship between 5'%0 and 8D in freshwaters was first noted by
Friedman (1953). 8D of freshwaters was plotted as a function of 8'*C by Craig (1961), who
suggested a best fit line for the data. The best fit line is calied as Craig's line and is described by

the following equation:
8D =850+ 10 (2.10)
Currently the equation of the Global Meteoric Water Line (GMWL) constructed on the
basis of the long-term weighted mean hydrogen and oxygen isotopic ratios collecied through

IAEA/WMO database is (Rozanski et al., 1993):

sD=8238"0+11.27 (2.11)
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The above equation is identical to the earlier equations of the GMWL proposed by Dansgaard
(1964) and Yurtsever and Gat (1981) and also confirms that Craig's equation is good
approximation of the points representing average isotopic composition of global freshwaters.
However, the relationship between %0 and &§D as described by equation (2.11) is only apparent
and as such cannot be used to derive the isotopic ratio of hydrogen, given the isotopic ratio of
oxygen for any location. This is because the GMWL is essentially an average of several Local
Meteoric Water Lines (LMWL). Dansgaard (1964) classified six different sets of stations
(TAEA/WMO precipitation collection stations which were then operating) on the basis of 3'°0 -
3 1) refationship. He further enumerated the reasons for deviations in the 6 "*O - D relationship
at ditferent stations viz. a) initial vapour isotopic composition b) initial dew point temperature

¢} degree of cooling d) way of cooling and e) kinetic effects during fzll of rain drops.

The LMWL having slopes lower or higher than that of the GMWL are not uncommon.
Deviations have been reported for Israel, Jordan, Continental Europe and even in some tropical
islands. The equation for Indian monsoon, on the basis of extensive groundwater samples
collected in the northern India, proposed by Bhattacharya et al. (1985):

sD=7.28%0+5.1 (2.12)
The equation (2.12) is distinctly different from the equation proposed, on the basis of long-term
annual weighted mean values of isotope ratios in the precipitation samples collected at New
Delhi, by Datta et al {1991):

8D =848"0+114 (2.13)

However, the equation for the long term weighted mean isotopic ratios for monsoon months

(June-September), proposed by Datta et al. (1991), for the same station is close io equation (2.12)

3D=6.838"%0+0.7 (2.14)
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The variation in the slope as well as intercept clearly brings out the fact that the relation

between 8'*0 and 8D is more complex in case of Indian monsoon precipitation.

2,49 'd - excess parameter

This all important parameter introduced by Dansgaard (1964), also called as d-index,

literally means the surplus deuterium relative to the Craig's Line. L.e.

d=38D-858"0 (2.15)
The characteristics of the d-index are:
a) equilibrium processes do not change the d-index for any of the phases,
b) non-equilibrium evaporation from a limited amount of water reduces the d-index of the

water a long as exchange is not a dominating factor,

c) non-equilibrium evaporation from an infinitely large and well mixed reservoir, d-index
of the water will remain constant and that of the vapour will be positive and increase with
the rate of reaction, and

d) The averaged d-index of precipitation at a given locality reflects the rate of evaporation

in the source ared,

2.5 Lake - Groundwater Interaction Studies

The lake generally acquires a specific isotopic labelling due to the process of evaporation
and will be significantly different from that of the adjacent groundwater system that is recharged
by local precipitation. The lake will be comparatively enriched in heavier isotopes. Since, the
evaporation of the lake does not always take place under equilibrium conditions the lake is said
to be 'doubly labelled’ in that the d-index of the lake will also be different compared to the
groundwater. Although, the evolution of isotopic composition of a lake depends up on several

processes such as channelised and sheet form surface inflow, subsurface inflow from porous or
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tractured aquifers, direct precipitation, etc., if is chiefly controlled by open surface evaporation

process.

2.5.1 Lake evaporation

The mechanism of lake evaporation is best explained by the Craig and Gordon {1965)

Linear resistance Model:

a. Release of water vapour in isotopic equilibrium with liquid phase. Gat(1981) proposed
the existence of a saturated sub-layer at the water-air interface, which is, compared to the

liquid phase, depleted in the heavier isotope by ¢*.

b. Migration of this vapour away from the interface through a zone where its transport is

governed by molecular diffusion. This results in a further depletion of heavier isotopes.

c. The vapour reaches a fully turbulent region with no further fractionation, and mixes with

the existing vapour.

d. Vapour from the turbulent region may also penetrate through the diffusion layer and
condense on the liquid surface. This process is termed as molecular exchange of the

liquid with atmospheric vapour.

The simplified evaporation model by Craig & Gordon (1965) can be written as:

. ('8, - hS, - &) (2.16)
(1-8+107Ae)

E
where 8, is the isotopic composition of the lake surface, 8, 1s the isotopic content of the

atmospheric water vapour, h is the relative humidity normalised to temperature at the interface,

«’, e and Ae are as given in sections 2.3.2.1 and 2.3.2.2.
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Suitabte way to determine or by-pass &, have been attempted by several 1nvestigators.

The different methods are discussed in the following section:
Direct sampling:

Samples of atmospheric water vapour can be collected, without fractionating the isotopes, from
a suitable place near the lake, and be analysed for the isotopic composition. Dinger (1968)
suggested that samples could be collected at the point where relative humidity (RH) is measured,
regardless of its position in relation to the lake as the water vapour produced from the lake has
tittle influence on the isotopic composition of the net vapour flux from the lake. He reasoned that
the vapour produced by the lake has little influence on the isotopic compaosition of the net vapour
flux from the lake. Krabbenhoft (1990) collected samples from lake's windward shore, by
purnping 1.5 ipm of air through a liquid nitrogen trap. The method of collection has also been
outlined by many investigators. A description of such samplers has been presented by
Zimmermann (1972). Gat (1970) used a cold trap to collect atmospheric water vapour for &,
determination. Zimmermann (1979) used an automatic water vapour sampler during the water

balance study of Waidsee and Wiesensee lakes (Germany).

Due to low vapour pressure at high altitudes, it may sometimes be difficult to use cold
traps to collect samples of atmospheric vapour in sufficient quantities required for isotope
analyses. Hence, automated or continuously operatable mechanical devices are best suited for

the purpose. In these cases, cost could be a constraining factor.

Index Lake Method:

The method introduced by Dinger (1968), using a deep terminal lake, with constant isotopic
composition, and evaporation equals inflow. The assumptions - region of uniform climatic
characteristics, no significant aerial variation in isotopic composition of atmospheric water
vapour, surface temperatures of the lakes are close to the atmospheric temperature, relative

humidity has no large variation - were made by Dinger in adopting the method. Since the lake
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is terminal type, that is the loss of water is only through evaporation, the following relationship

holds:

bp =8, (2.17)

For a terminal lake which has reached both hydrologic and isotopic steady state, equation
(2.17) could be substituted in equation (2.16) and &, be determined, which in tumn can then be
used for other nearby lakes, This method requires the existence of an index lake which mects all
the assumptions made by Dinger, as outlined above, near the lake or lakes to be investigated.
This may not be feasible in most cases, but, if such a lake is available, this could be the most

suitable method.

Evaporation Pan Method:

Wethan and Fritz (1977) proposed that for an isolated water body such as an evaporation pan,

the following cxpression is valid:

(5 - 5 /(5, - 8, - £ (2.18)

and

m =~ (h -a)/(l - o + Asg) (2.19)

where, { = V/V_ (fraction of volume of water remaining at time t)
% = isotopic composition of water
8, = steady-state 1sotopic composition of water

8, = Inttial i1sotopic composition of water

Equation (2.18) can be rewritten as,

In(d - 651-111(60 -b) =am >« 1ln & (2.20)
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so that the slope of the best fit curve of In{(s - 8,) vs. In (f) will be my,, and 38, could be

determined on trial basis.

If the mean lake-surface temperature and pan temperature do not vary much, by
modifying Craig & Gordon's equation and assuming negligible error in applying m and 3, of a

pan to the Jake, 8¢ could be determined by using the following equation:

mpan = [(55) lake 6léike]/[6J[aJce - (6 } ] (221)

8’ pan
Stolf and co-workers (1979) have used a leaky evaporation pan theory somewhat close

10 this, to investigate the water balance of a reservoir in Brazil.

However, since the pan evaporation seldom proceeds under steady environment
conditions to facilitate these computations, a modified version of this approach was proposed by

Allison et al. (1679).

Multiple Pan Method.

Aliison et al. (1979) attempted to determine the effect that the environment of a pan has on those
parameters which have the most influence on the value of 5. They measured the evaporation and
isotope ratios from four evaporation pans placed under different conditions. They observed that
the 8D enrichment rarely proceeded in a uniform manner and sharp changes in relative humidity
than precipitation influenced breaks in 8D - f (£=V/V,) curves. They recommended the use ofa
two pan method, with one pan filled with water of spiked isotope concentration, to avoid
dependency on relative humidity values, but this was not supported by field experiments. Further,
they stated that the location of the pan is not an important criteria under normal conditions. The
pan methods, are yet. to be proved on their applicability to different environments. But these

methods may be tried, if the relative humidity does not show a large variability.
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4, equilibrium assumption method:

r

The relationship between isotopic composition of atmospheric water vapour and precipitation
was reported by Zimmermann et al. (1967). Craig & Horibe (1967} reported that the isotopic
composition of continental water vapour, on rainy days, is in equilibrium with that of
precipitation. This implies that there could also be a period when they are not in equilibrium,
Zuber (1983) assumed that §, is in equilibrium with the mean 1sotopic content of precipitation,

so that

5 - a's - g {2.22)

The study by Krabbenhoft er ai. (1990) lend support to this assumption. The measured
8, values compare well with those computed using equations (2.2) and (2.22) for measured RH
and air temperature. Krabbenhoft et al. have opined that the deviations (about 2.5%o) of observed
6, from calculated &, for the warmer months during their study period were possibly due to
contributions from numerous lakes situated nearby the lake studied by them. Overall, given the
constraints, it seems to be reasonable that if short-term 8, is available, this method could be used

to estimate 3,.
2.5.1.1 Dissolved salt effect

The concentration of the dissolved salts in lake water influences the isotopic composition
by three ways under evaporating conditions. firstly, the dissoived salts decrease the
thermodynamic activity of the water as well as the evaporation rate. Sccondly, the water
molecule entering the hydration sphere of certain ions causes isotopic fractionation compared to
opes there is a notable difference between CQ,

equilibrated with pure water and that with a salt solution of the same water. Gat (1981) has
| presented the values of hydration fractionation factors of some electrolytes. A third salt effect is
due to crystallisation of salts, which is minor one. Some deposited salts contain water of

crystallisation which generally has an isotopic composition different from that of the mother

water. The above effects become very important for saline lakes, sebkhas (ephemeral lakes) and
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for drying up lakes in the very last stages of evaporation. However, Gonfiantini (1986) noted that

the salt effect on evaporating water bodies can be neglected in most natural cases.
2.5.2  Quantitative evaluation of the lake - aquifer interaction

The lake water - groundwater interaction can be quantitatively evaluated by focusing on
the lake system by using the mass balance approach. One of the basic assumptions in the mass
balance approach is that the lake is a well mixed one with uniform isotopic composition.
However, lakes that do not confirm to this assumption do exist and they have been presented

under section 2.5.2.2.

2.5.2.1 Well mixed lakes

The basic isotope mass balance equation can be simplified by taking the type of lake and
lake environment into consideration. A lake that is gaining substantial quantity of water from the
adjacent aquifers is called as "discharge lakes" or "seepage lakes", and a lake that loses water to
adjacent aquifer is called as "recharge lake” or "groundwater Jake". Lakes that lose water only
through evaporation is called as "terminal lakes". There are variations to this definitions if a lake
is having no inflow or if the inflow compensates the evaporation. A lake that has substantial
subsurface inflow and subsurface outflow is called as a "flow-through lake"”. Gonfiantim (1986}
has presented a range of lake conditions and the equations which describe the evolution of the
isotopic compaosition of the lakes, which can be used to compute the isotopic mass balance. Some

probable lake types have been presented below:

Case I: Flow-through lakes
The evaluation of lake - aquifer interaction can be achieved, by simultaneously solving

the material balance and isotope mass balance equations. The conventional water balance

equation for the lake may be written as:
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szrs+rp1r -0 - v -0 (2.23)

=8 ] e 88

where, AV is the change in volume, I, surface inflow, I, 1s direct precipitation on lake, 1, is sub-
surface inflow, Q, is surface outflow, O, is evaporation from lake surface and O, is sub-surface
outtlow. Established conventional techniques can be used to measure or estimate all the above
components within certain error limits (Winter, 1981) except the sub-surface ones. Although
seepage meters have been used (Lee, 1977), the variation of subsurface flow in time and space
and the practical problems of installation and periodical sampling in deep lakes, restricts their

use in most cases.

The isotope mass-balance equation for the lake is given by

d(3,v)
dt

&5 L™ & -] L ss

=8I, 81,8 I, -80, -850, -850 (2.24)

where t is the time period for which the balance is being computed, I and O with different
subscripts are as given in equation (2.23), and &-notations are the corresponding isotope ratios.
The equation has been simplified by assigning the lake 8, to the outflow components (&, §,..)

and &, to subsurface inflow (8,,). In this equation except &g, all other components are directly

measurable.

Zuber (1983) presented the following equation to estimate the outflow to evaporation
ratio, which can then be used with conventional data to estimate the subsurface outflow

components:

{ A s v
IS I.F
_£ . s =1 (&.-8) - 5.5
o [OEJ (&g - dy) [OEJ (&, 2 95 (2.25)
T (5, - 5,)

He suggested that the above equation (2.25) may further be simplified by assuming 8 is equal

to 8y, in the absence of groundwater data. Zuber (1983) calculated the subsurface outflow from
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Lake Chala, Tanzania using oxygen isotope ratios. He reported a value of 3.9 * 10° m*yr, which
was in very good agreement with the value of 4.14 * 10° m*/yr reported by Payne (1983), who

used injected artificial tritium for whole body tracing.

In the study of Lake Bagry, Poland also, Zuber (1983) used equation (2.25) to estimate
the subsurface inflow and outflow of the lake. Lake Bagry did not have any surface inflow or
surface outflow. The investigator used the long term averages of precipitation, temperature,
humidity and evaporation data of the study area. Though oxygen isotopic composition of the lake
showed seasonal variation, Zuber used the mean value by integrating the area below &, - time
curve. The residence time (V/O) calculated by using the results of isotope method compared well
with that obtained through electrical analogy approach, which confirmed the validity of the

isotope approach, as adopted by Zuber.

Krabbenhoft et al. (1990) estimated the groundwater exchange with Lake Sparkling,
Wisconsin, USA using the stable isotope mass balance approach using oxygen isotopes. Since
the surface inflow to the lake was insignificant and the lake was in a isotopically steady state
condition they derived an equation from equations (2.23) and (2.24) that satisfies the above

observations, such that:

T (8, 8 + 0 (8, - &)
P 1 E E 1
Iy - 5% (2.26)

q 1

The above equation facilitated them to determine the groundwater inflow independent of
groundwater outflow rate. They estimated that the subsurface flow accounted for about 27% of
~ the total inflow and 50% of the total outflow. The results were found comparable to those

obtained by a three dimensional flow and solute transport model for the lake - aquifer system.

The Sparkling lake study was later extended by Krabbenhoft et al. {1994), considering
the lake to be a Index lake, to study the groundwater components of other nearby lakes with
negligible surface components. They studied the groundwater exchange of Lake Crystal, Lake
Pallette, Lake Big Musky. Assuming isotopic steady state of the lake, they used the groundwater
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inflow information of Sparkling lake to evaluate the subsurface components of the three lakes.
The success of this approach depends very much on the accuracy of the estimation of the water

balance components of the Index lake,

LaBaugh et al. (1997) estimated the groundwater component in the water balance of
Williams lake, Minnesota, USA using a multi-tracer approach and flow net approach. The
investigators found a large difference between the results obtained through isotope approach and
flow net approach. They reasoned that the discrepancy arose mainly due to the errors attached
to the estimation of evaporation losses and the isotopic composition of the lake evaporates
through indirect methods. The investigators reported that both the values obtained for
groundwater inflow (seepage) and the range of uncertainty varied with the selection procedure
of the groundwater isotopic index. There was a difference of ~2%a between the 1sotopic
composition groundwater samples from the seepage zones and the wei ghted precipitation index.
They also considered two different values of lake evaporates as input to the water balance
equations. The investigators did not, however, consider the selective recharge process in their
study area. They concluded that the oxygen isotope was a beter tracer in accounting the
exchange of waters of lake Williams with groundwater than the four chemical tracers viz.
chlonde, sodium, magnesium or dissolved organic carbon that were tried. Further, they suggested
that the combined use of hydrogeological and chemical approaches will improve the estimation

of the lake - aquifer exchanges.
Case [I: Desiccating terminal lakes with no inflow:

For a terminal lake with no inflow, the variation of the isotopic composition could be

written as {Gonfiantini, 1986):

. e’
- - + 1 A v —_
a5, N (2.27)

dinf 1 - h + Ae

hid

Where f is the fraction of remaining water. Assuming environmental conditions of evaporation

as constant i.e., h, da, Ae and €* as constant, equation (2.27) can be integrated to get
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5, - (6L, i g] £o % (2.28)

where, &, is the initial lake isotopic composition, f is the fraction of water remaining, and A

and B are as follows:

hé*AE*E
a2

: (2.29)}
A - o
1 - h + Ae
e
h - he - =

: (2.30)
e %
1-h + Ae

From equation (2.28) it is seen that as f tends to zero (during final stages of evaporation) the term
{A/B) is then the final isotopic composition of the lake and it is independent of initial lake
isotopic composition,
Case I1: Lake with slow and unidirectional change in volume:

For lakes / reservoirs with long residence time and slow and unidirectional change in
volume the following equation holds, if we assume the isotopic composition of inflow waters and

atmospheric air, the environmental conditions and also the inflow, outflow and evaporation rates

to be constant {Gonfiantini, 1986}

. -{1 + BX) .
5 . |5 Il ftl-X—ﬂ+Ei_f. (2.31)
) 1 + BX 1 . BX

where, X =E/l and Y = Q/1.

Case I'V: Lakes of leaky evaporation pan type:
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This type of the lake is similar to the one given under Case II, but with no inflow. i.e.,

51=(510_ —) £r. 2 (2.32)

Where, Z = E / (E + Q), that is the ratio of evaporation to total losses from the lake.

For the water balance study of Quebra Unhas reservoir in Brazil, Stolf et al. (1979) used
this approach. Since there was negligible surface inflow and no surface outflow to the reservoir,
the mvestigators used the leaking evaporation an analogy to estimate the evaporation and
subsurface outflow from the reservoir. Equation (2.32) was used with the oxygen isotope data
of the pan form which the values of parameters A and B were evaluated, which were then reused
in the equation (2.32) to evaluate the parameter Z of the reservoir. The investigators estimated
that ~67% of the total losses from reservoir was accounted by evaporation and ~33% by
subsurface outflow. An independent iracer, viz. chloride ion was alse used for the study which
indicated that subsurface outflow accounted for -25% of total losses. However, the investigators
reported that the results of two independent tracers are in reasonable agreement, if the error

assoctated to the computations are taken into consideration.

Case V. Lake with constant volume:

For lakes with constant volume i.¢. dv/dt=0, we have I=Q + E. Assuming E/I = X and
Q/I=1 - X, where X is the fraction of water lost to evaporation and V/I =T, where T is the mean

residence time of the lake we get:

&

i 1
L. .Z[(1-BX) 5, - &, ax 2.33
5, - ;- 9y ] ( )
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[ntegrating equation (2.33) and considering evaporation conditions and the isotopic composition

of inflow waters to be constant, we get:

5 - ax 5 .+ AX a0 £
P Tt Tl IR S Sl IR (2.34)
k 1+ BX Lo 1 - BX

In the above equation when t tends to infinity, &, tends to &s, a steady state value is then

achieved, which is defined by:

5. + AX
5 . 2 (2.35}
g 1 « BX

The groundwater components in the water balance of two young artificial lakes in
Germany viz. Lake Wiesensee and Lake Waidsee were investigated by Zimmermann (1979). The
lake had no surface inflow or outflow. Zimmermann considered the lakes to be of constant
volume, although there was a 6% decrease in the volume. During the investigation period from
1970 - 1974, the lakes showed a continuous enrichment in the heavy isotope (8D} due to
evaporation, on which the seasonal variations in the precipitation were superimposed. The
investigator correlated In(8,5 - 8,) with time (t), and selected the value of 8;° by trial basis using
equation (2.34). The values of parameters A and B were computed using the field humidity ana
3, values. In the study, the results attached to the estimated evaporation and subsurface inflow
and outflow were of the order of 30%. The investigator, however, concluded that the stable
isotope method is suitable for computing subsurface components as there is no other method to

evaluate these components with comparable accuracy.

Zuber (1983) using equation (2.25) reinterpreted the data on Lake Waidsee presented by
Zimmemann. Based on the discrepancy in the value obtained for X, Zuber questioned the results
of Zimmermann {1979). Further, Zuber showed that the assumptions involved in the calculations

influences the results of the parameter X.
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Case VI: Terminal lakes where evaporation compensates inflow:

When the evaporation loss from a lake exactly compensates the inflow to the lake, then

the steady state isotopic composition of the lake could be determined from (Gonfiantini, 1986):
& - a®, (1 - h - Ae) - «hd_ -+ ode » & (2.36)

&7, is then the maximum enrichment in heavy isotope which can be reached by a constant
volume lake. Correction terms have to be included in equation (2.36) as in certain terminal lakes

the salt effects may dominate.

Dincer (1968) used the presence of Lake