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Preface

“Tracers in Hydrology’ has a long history. In the 1950s the use of tracer techniques in
hydrology began to be developed broadly. This development was possible, in particular
because of the progress made in measurement techniques and by the digitalization of
data processing. Simultaneously, the computer era began and opened up new possi-
bilities for environmental modelling. During this fascinating phase of development of
natural science and, in the case of Tracerhydrology, came the evolution of a holistic
approach towards the use of tracers in hydrology.

Besides many other factors, three fortunate milestones marked this development. A
powerful framework for realizing numerous ideas was created through the founding
of the Association of Tracerhydrology (ATH). The ATH promoted the use of tracer
techniques in Europe between the 1960s and the end of the twentieth century in many
ways.

The second milestone was the establishment of the Isotope Hydrology Laboratory
by the International Atomic Energy Agency (IAEA) in Vienna in 1961. It pushed the
rapid development of the isotope techniques, beginning with environmental tritium,
as a research tool for investigating the hydrological cycle worldwide.

The XXth General Assembly of the International Union of Geodesy and Geophysics
in 1991 in Vienna can be considered to be the third milestone. The International Com-
mission on Tracers (ICT) within the International Association of Hydrological Sciences
(IAHS) was established at this assembly. Its aim was, amongst others, to bring together
the experimental hydrologists with modellers for the integrated investigation of the
hydrological system. This event is significant since at the zenith of the modelling phase
in hydrology the establishment of a clearly experimentally oriented commission within
the ITAHS was not without opposition. The following years showed an increasing inte-
gration of the tracer methods into hydrological research and applied hydrology by the
international community, which validated this structural development. Experimen-
tal hydrology, in particular the strongly emerging catchment hydrology, used tracer
methods increasingly in order to assess hydrological processes and system functions. In
particular the calibration and validation of mathematical models was based increasingly
on tracerhydrological research.



xiv PREFACE

The authors are looking forward to the further development of new applications
of tracer techniques and, in particular, to an increasing combination of tracer tech-
niques with other hydrometric and hydrological methods. In order to provide indepen-
dent, experimentally based hydrological data for the reliable modelling of hydrological
processes and systems, the further methodological development of tracer methods is
expected.
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Plate 1: Map of the mean monthly composition of stable isotopes in rainfall in Germany (82H
V-SMOW in %o) derived by regression from monthly data of 17 IAEA stations (Global Network of
Isotopes in Precipitation), showing latitude, seasonal and altitude effects (modified after Schlotter,
2007)
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Plate 2: (Upper left) Sampling for CFCs and SFs by filling a glass bottle in a metal container with
water through a continuous flow connection. (Upper right) autosampler for the sampling of stable
isotopes (or geochemical and artificial tracers. (Below) Study area Andarax basin in Southern Spain,

for which CFC, SF6 data are presented in Box 3.1.



Plate 3a: Vulnerability map of the Churfirsten-Alvier Mountains, Swiss Alps. Delineation of the
catchments and vulnerable zones and the hydrological system function respectively is strongly
based on tracer methods.

3b 3c

3d

Plate 3b-d: Conceptual models (structure models) of complex hydrological systems (catchments)
evaluated by tracer techniques serving as a base for further research and mathematical modelling.



Plate 4a: Typical sediment subcatchment in the recharge area of Churfirsten Mountains (CP3a).
The loamy sediment-soil cover (barely vulnerable) drains the water by superficial channels discharg-
ing into karst ponors (sinkholes), thus leading to (very) a high vulnerability of the subcatchment.

Plate 4b: Typical karst subcatchment in the recharge area of Churfirsten Mountains (CP3a). The
Doline covered karst catchment is highly permeable and of a high intrinsic vulnerability.

Plate 4c: The large drainage convergence of the Churfirsten mountains: Spring Rin (below) and
Serenbach-Waterfall (above). The latter drains the remaining superficial water of the recharge area.
Spring Rin (Q max ca. 50 m3/s) drains the huge and complex karstic aquifers as overflow.



Plate 5 and 6: Tracer experiment to investigate the stratification of river water in a small alpine
lake (Orbello, Switzerland) using Amidorhodamine G.

Plate 5a: Situation 10.23 a. m.: Injection of the small river. Start of stratification in the lake
water body in the depth determined by the density.

Plate 5b: Situation 20.24 a. m.: The injection is completed; see the already clear water at the
inflow of the river water. Distribution of the tracer cloud.

Plate 5c: Situation 10.25 a. m.: Formation of a right vortex due to the Coriolis force.



Plate 6a: Situation 10.27 a.m.: The portion of the traced water contained in the right vortex
reaches the right bank leading to the start of the left rotation along the right bank.

Plate 6b: Situation 10.40 a.m.: The bay right hand of the injection is filled up with traced water
(right vortex) and successively the traced water flows along the right bank and continues over into
the left rotation.

Plate 6¢c:  Situation 11.10 a.m.: Part of the tracer cloud in the left rotation which will pass the lake
counter clockwise along the banks and end in a complete mixing within the lake due to complex
vortexes, diffusion and dispersion processes.



Plate 7: Bird's eye view of the distribution of the artificial tracer Uranine within the hypolimnion
of Lake Bohini, Slovenia. Note: only the unique visibility depth of the pure water enables the
recognition of the tracer cloud within the hypolimnion.

Plate 7a: Distribution of the tracer cloud approximately half a day after injection. Due to the
high speed along the longitudinal axis the traced water reached the opposite bank quickly and
turned into a left rotation. The right vortex movement is only recognisable at the right end of the
tracer cloud. The injection took place in the River Sava Bohinska (small delta at mouth) at the left

edge of the picture.

Plate 7b: Further development of the right vortex and extremel insight in the complex eddies of
tracer mixing within the hypolimnion.



8a 8b

8c

Plate 8a: Tracing of the drainage system of the Greenland’s ice shield (western ice edge). Injection
of Uranine into a meltwater channel. The sampling took place in periglacial lakes and fjords at the
ice border.

Plate 8b: Characteristic tracer experiment in an Alpine glacier (Gorner, Switzerland). Injection of
Uranine in a meltwater channel which drains into the inter-subglacial drainage system.

Plate 8c: Tracer experiment aimed at determining the transmission losses through an high per-
meable debris cone using the fluorescent tracer Eosine. The sampling took place at springs at the
base of the cone.



Introduction

‘Tracers in Hydrology’ defines the scientific field that aims at understanding the hydro-
logic system by making use of environmental and artificial tracers and modelling. Tracing
of water provides unique methods for a direct insight into the dynamics of surface and
subsurface water bodies. The relevance of tracer techniques in hydrological investiga-
tions and in applied hydrology ensues from the astounding complexity of water flow in
natural systems. How much runoff in rivers really stems from rainstorms? How does
water flow through a hill-slope or a glacier? How large is the storage of water resources in
aquifers? Where, how and when was the water found in an aquifer formed? Tracer tech-
niques are a useful tool in understanding the transport processes and quantifying their
parameters. Tracers help to identify and quantify the phase changes (evaporation, con-
densation, sublimation), shed light on the origin of pollution and assist in the respective
remediation processes. The natural tracers constitute a tool of prime importance in the
reconstruction of the climate during the Holocene period when studying ice cores, old
groundwater and the unsaturated zone in arid and semiarid regions. Tracer methods
are also a major tool for calibration and validation both of strategies in modelling
catchment hydrology and hydrological models of groundwater systems. Furthermore,
tracer approaches are commonly used to address issues like surface water—groundwater
interactions, paleohydrology, water movement in very low permeable rocks, calibrating
and validating numerical flow and transport models and evaluating vulnerability of
water resources. Finally for Integrated Water Resource Management, tracer techniques
have great potential as tracers that provide integrated information and can be very
efficient in characterising complex systems in remote areas.

The empirical observation of flow and transport processes with tracers and the
theoretical formulation of flow and transport processes depend on each other and have
resulted in a beneficial coevolution of both approaches if adequately combined. Tracers
provide empirical data of real and often unexpected flow patterns — models provide
tools for flow and transport predictions.

The term ‘Tracerhydrology’ is used as a short expression for the use of tracers in hy-
drology understood as an advanced method that allows for an integrative investigation

Tracers in Hydrology Christian Leibundgut, Piotr Maloszewski, and Christoph Kulls
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-51885-4



2 CH 1 INTRODUCTION

Figure 1.1 Tracerhydrology as a method of application tracers in water sciences understood as a
holistic approach of hydrology and water research.

of the hydrologic system. It is not regarded merely as an isolated technique for solving
particular problems of applied hydrology, although it certainly can be useful in those
fields.

This book originated from the idea of interweaving knowledge from the fields of
artificial and environmental tracers and of modelling, in order to present the options,
opportunities and limits of tracers in hydrology to students, scientists, engineers and
other users. In the following chapters the explanation of tracer and modelling basics
builds a foundation for students and users to be able to understand the techniques, which
are then applied to case studies of both specific applications and integrated studies.
Herein, tracer techniques are described with regard to their relevance for advancing
hydrological science and to their role in solving problems in applied hydrology. Students,
scientists and consultants will find a wealth of information on tracers and modelling
in order to introduce them to the field of tracerhydrology. A methodological chapter
provides specific techniques such as the calculation of injection mass and the chloride
method and also case studies dealing with the different approaches and problems of
applied tracerhydrology (groundwater recharge).

Scientists can see the range of opportunities that tracer techniques offer through
the variety of comprehensive case studies that are presented. Engineers and other users
will find a large collection of work examples and may apply the methods described,
for example tasks in integrated water resources management or the allocation of water
supply protection zones, as well as many others. In this book the application of tracers
in hydrology is understood basically as the integrated use of tracers in hydrology and
therefore as a part of an integrated hydrological approach (Figure 1.1).

In Chapter 2 a detailed concept of tracerhydrology will be presented. The role of
modelling in integrated tracerhydrology will be defined in a separate chapter. The
combined application of tracerhydrology and modelling is presented by means of
selected examples of applications in various hydrological compartments (glaciers, rivers,
lakes, groundwater). The authors wish to present a textbook that starts from a simple
and general overview and moves on to the more complex topics of tracerhydrology in
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order to facilitate an easy understanding by the readers, be they students, water research
scientists, engineers or applied hydrologists.

The application of tracers in hydrology has a long tradition among the geo- and water
sciences. After what were at first somewhat ‘trial and error’ — based experiments about
150 years ago a fascinating development began. Artificial salt and fluorescence tracers
have been used for decades. In the 1950s a wide variety of new artificial tracers were
included in tests designed to trace water, mainly in karst aquifers. At the same time a
compelling new direction in tracerhydrology based on the use of natural, mainly isotopic
tracers began to develop. Most of the fundamental principles had been developed during
this phase. Stable isotopes have provided a major input into the study of hydrological
processes such as runoff generation and runoff component separation as well as recharge
and groundwater flow and are still at the centre of defining the conceptual models of
hydrological processes. The role of isotopes in the validation of circulation models and
response of ecosystems to climate change is not yet fully explored.

In addition to an increasing number of papers on tracerhydrology published in
international hydrological journals, there are many publications on the use of tracers for
water research issued by international organizations, such as (i) the IAHS (International
Association on Hydrological Sciences), (ii) the symposia proceedings of the IAEA
(International Atomic Energy Agency), and (iii) the proceedings and project volumes
of the ATH (International Association of Tracers). These publications are an excellent
resource for all matters concerning the methodological aspects and application of
tracers.

Comprehensive presentations of large combined tracerhydrological studies are given
in the reports of the ATH (International Association of Tracers). The focus of these
investigations was on groundwater systems but the approach was holistic within the
respective river basins. Increasingly, investigations on runoff generation and catchment
modelling have adopted an integrated tracerhydrological approach.

Innovations in analytical techniques will provide new tools for tracerhydrology.
There are trends towards reducing sample volumes, increasing the number of samples
analysed, reducing detection limits and identifying new natural and industrial sub-
stances that can be used for tracer studies. Certainly, natural remediation and reactive
transport processes will be explored increasingly with tracers. For the advance of hy-
drological science, empirical data provided by tracer methods have and will continue to
play an important role. Further integration of experimental and theoretical approaches
leading to an integration of tracers into soil water atmosphere transfer schemes and
catchment and groundwater models, will provide additional means of validating the
hydrological concepts.



The Integrated Concept
of Tracers in Hydrology

2.1 System approach

The system analysis of watersheds and aquifers draws key insights from artificial and
environmental tracer data. Artificial tracers help to understand flow processes, to
estimate main hydrological system parameters and to visualize the movement and
mixing of otherwise indiscernible distinct water volumes. Hence, they provide a tool for
understanding and characterizing complex flow through the soil, on surfaces, in chan-
nels, through and along hill-slopes, in aquifers or in artificial systems. Environmental
tracers have become key tools for estimating water resources in the catchment areas,
for the reconstruction of hydrological processes from the past, in ungauged basins
or for the integration of hydrological processes that otherwise would be far beyond
observation. Both environmental and artificial tracers have their own theoretical basis.
This textbook will provide an introduction to both environmental and artificial tracer
techniques along with their respective theoretical background and will demonstrate
how both techniques can be modelled, combined and integrated into hydrological
applications that work.

When trying to analyse hydrological systems’ hydrometric data, hydro-chemical in-
formation and system characteristics need to be reconciled within a common system
model (Dyck and Peschke, 1995). The aim of tracerhydrology is to develop, test and val-
idate those representations of the hydrological system that best agree with the available
data by making use of environmental and artificial tracers and modelling.

The general approach in system hydrology is based on the determination of:

® a known or measured input (volume, concentration, energy) as a function of time
and space,

Tracers in Hydrology Christian Leibundgut, Piotr Maloszewski, and Christoph Kulls
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-51885-4
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Figure 2.1 Hydrological system approach adapted to tracerhydrology by the convergence
approach. Q: volume of water; C: concentration; E: energy.

e a function characterizing the system (e.g. catchment, spring. . .) by a set of equations
describing the flow and/or transport processes at the atmosphere-surface boundary,
in surface water or in subsurface-water,

¢ a known or measured output of the same parameters as a function of space and time
(Figure 2.1).

Linking this to tracer techniques, the input will be the concentration of tracer in
infiltrating water and effective precipitation (for environmental tracers) or the injection
mass of artificial tracers. After flowing through the system the output will be charac-
terized by the runoff volume, the environmental tracer concentrations (for isotopes
and geochemical compounds) and/or artificial tracer concentrations. This concept has
been described by Leibundgut (1987) and named the convergence approach. In other
words tracerhydrology is based on decoding of information contained in the output
parameters of a system. The simplest example is the system of a spring.

Both input and output parameters will be measured in order to understand the
processes in a natural hydrological system be it a catchment, an aquifer or surface water.
Besides the hydrological water balance parameters in particular, data of environmental
and artificial tracers are measured. Models are simplified abstractions of nature that
are used to obtain information from measured data about the system. The transfer
function between input and output is identified from tracer data and can be used for
predictions or system characterization. The modelling of both environmental tracers
and artificial tracer experiments is a necessary tool for evaluating the application of
tracers.

The application of the convergence approach in tracerhydrology can be used to
derive concepts of hydrological systems (Figure 2.2). These conceptual models can be
simple or more structured. They represent the principal functioning of the investigated
hydrological system (Leibundgut, 1987; Attinger, 1988). Predictions derived from an
existing, conceptual system model allow for an improved design of the experimental
planning and the observation network.

The combined and simultaneous use of several independent methods and techniques
in investigating a hydrological issue is considered as an axiom of tracerhydrology. This
principle is applied using the different tracer techniques (natural, artificial tracers)
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Figure 2.2 Conceptual model (Structure model) of a complex system (catchment) evaluated by
tracer techniques serving as a base for further research and mathematical modelling (see colour
plate section P3b-d.

in combination with independent hydrological methods. First, this means that sev-
eral techniques should be combined in multi-tracer experiments, if possible. The
combination of different tracers ensures that the specific limitations of single trac-
ers or methods do not bias our understanding of the hydrological system. While it
has become almost common practice to combine different artificial tracers, the combi-
nation of environmental and artificial tracers is the most promising approach. Further-
more, tracer methods should also be combined and integrated with other hydrological
and scientific methods (hydrometry, geophysics, hydrochemistry, remote sensing, etc.).

The fascination of an integrated approach is the reconciliation of results obtained by
different independent methods. If different methods provide consistent or concordant
data, the scientific conclusion is more soundly based and validated. The fuzziness of
individual methods can be overcome if different methods point in the same direction.
Finally, contradictions between different methods can be very instructive and push for
new experiments or research aimed at resolving the problem.

2.2 Definition of tracers

Environmental tracers are defined as inherent components of the water cycle. Some-
times, accidental injections can be used for hydrological studies. Global input functions
have been created as the side effects of industrial or military activities (CFCs, *Krypton
or bomb-tritium). Artificial tracers are defined by their active injection into the hydro-
logic system in the context of an experiment.

In nature tracers are widely used as markers, such as wildlife marking their ter-
ritory or ants using pheromones for marking itineraries. Such markers are effective
at extremely low concentrations (107'%). All tracers carry discernable and preferably
unique information. These two properties — carrying information that can be identi-
fied most effectively at low concentrations — categorize substances as trace elements.
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Table 2.1 Systematic tracer classification, distinguished by their application. Pollution trac-
ers originate from anthropogenic activities, however their input in the hydrological system
can be similar to that of natural tracers

Environmental tracers Artificial tracers

Utilization Application

Environmental isotopes Chemicals

Hydrochemical substances Biological substances

Pollution tracers Drift substances

Characteristics: Characteristics:

Spatial input via precipitation, geogenic punctual input (injection), defined by time, place,
sources hydrological situation

Pollution tracers (e.g. CI~ SFs CFCs)

Hydrological tracers are dissolved, suspended or floating substances according to their
purpose and field of application. Some natural and artificial substances which are
suitable for scientific studies or can be applied for the investigation of hydrologi-
cal systems and subsystems are given in Table 2.1 (Leibundgut, 1982). In principle,
hydrological trace elements have to be detectable in solutions with mass ratios of
water:tracer of >10°.

Environmental tracers are inherent components of the water cycle, thus we speak
of their utilization, while artificial tracers are brought actively into the hydrologic
system, so that we refer to their application. Not belonging completely to either of
the two groups, pollution tracers are substances introduced into the water cycle by
anthropogenic activity, coming either from punctual contaminations such as waste
deposits or brought in by accidents, or originating from the production of pollution
gases released into the atmosphere. Consequently, they are not natural but feature the
same input channels as environmental tracers.

The input of environmental tracers into the hydrologic system of surface, soil and
ground water takes place by diffuse and continued processes via precipitation or the
solution from minerals. An investigation with large scales of time and space is possible,
and thus environmental tracers serve, in particular, to follow an integrated approach,
for example not only catchment studies and water balances but also as a base for solving
various applied problems. Often, the variability in time and space of the input function
is hard to acquire, and the input ‘signal’ might be weak.

Artificial tracers are added to the system in well-defined hydrologic situations of
time and space, by punctual injections; it is possible to label a specific component of
the water cycle or investigated system, for example an inflow to the lake. The scales in
time and space for application are limited, and it is only possible to gain insights into
a part of the system during the time of the experiment. In general, artificial tracers
are used in systems which have a residence time smaller than one year. Owing to this
limitation it might happen that the hydrologic situation chosen for the experiment is
not representative for the system. A list of available tracers in three groups is provided
in Table 2.2.
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Table 2.2 Currently available hydrological tracers.

Environmental tracers

Artificial tracers

Solute tracers

Dissolved gas tracers

Stable isotopes

Deuterium (*H)

Oxygen-18 (10)

Carbon-13 (**C)

Nitrogen-15 (*N)

Sulphur-34 (**S)

Radioactive isotopes

Tritium (*H) (and Helium-3 (*He))
Carbon-14 (*C)

Argon-39 (*Ar)

Krypton-85 (¥Kr)

Radon-222 (***Rn)

Radium-226 (***Ra)

Silicium-32 (*2Si)

Chlorine-36 (**Cl)

Noble gases

Geochemical compounds

e.g. Silicate, chloride, heavy metals
Physio-chemical parameters

Fluorescence tracers
Naphtionate

Pyranine

Uranine

Eosine

Rhodamines

Non fluorescent dyes

e.g. Brilliant Blue

Salts

Sodium/potassium chloride
Sodium/potassium bromide
Lithium chloride
Potassium iodide

Sodium borate (borax)
Fluorobenzoic acids
Deuterated Water (*H)
Radionuclides

e.g. Tritium

Bromide-82 (3?Br)

Helium

Neon

Krypton

Sulfur hexafluoride (SF)

Particulate tracers
Lycopodium spores
Bacteria

Viruses

Phages

DNA

Synthetic microspheres
Phytoplankton

e.g. Electrical conductivity, Temperature
Pollution Tracers
e.g. CFCs, SFs, phosphate, boron, nitrate, radioactive compounds

2.3 Modelling in the context of integrated tracerhydrology

Finding the parameters from the tracer experiment is only possible if an adequate
mathematical model is used, meaning that the model is based on the proper concept
of tracer transport and its behaviour in the system. In order to understand this, some
definitions will be given below and the application of the mathematical models will be
discussed (Maloszewski and Zuber, 1992a, b; 1993).

A Conceptual model is a qualitative description of a system and its representative
factors (e.g. geometry, hydraulic connections, parameters, initial and boundary con-
ditions) related to the intended use of the model. In practice, the conceptual model
demonstrates the principal idea of water circulation in the system (Figure 2.2).

A Mathematical model is a mathematical description of a conceptual model,
representing a hydrological, physical and/or hydro-chemical system, using functions
designed to help in understanding and predicting the behaviour of the system under
specified conditions. In tracerhydrology the mathematical model represents the
solution to the mathematical equation(s) describing water and tracer transport for
given boundary conditions.

Model calibration is a process in which the mathematical model assumptions and
parameters are varied to fit the model to the experimental data. Calibration can be
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carried out by a trial-and-error procedure, or by an automatic fit based on an objective
function. The calibration of the model to experimental data solves the inverse problem
by finding the right values for system parameters.

Model validation is a process of obtaining assurance that a model is a correct repre-
sentation of the process or system for which it is intended. Ideally, validation is obtained
when the parameters derived from the model agree with independently measured pa-
rameters (e.g. porosity) as described above.

The tracer method is usually applied to a system that is poorly known. As a conse-
quence the mathematical model required to determine the system parameters must be
as simple as possible. As mentioned earlier, mathematical modelling of experimental
data in tracer hydrology can be separated into two different approaches, depending
on the considered tracer method. The two approaches are i) deconvolution or inverse
modelling of information provided by tracers and ii) mathematical modelling based
on the transport equation.

In general, the tracer injection for artificial tracer experiments is reduced to a single
point only (well, sinkhole, karst doline) or to a line (trench, river cross-section). Some
pollution tracers also rather represent point sources (e.g. pollutants release by accident
or from point sources). In this case mathematical models are used that are usually based
on dispersion theory. Analytical solutions for advection-dispersion processes in one,
two or three dimensions and different boundary conditions are available and described
in detail in Chapter 5. For heterogeneous systems and complex boundary conditions,
transport equations can be solved by numerical schemes.

For the modelling of environmental tracer data, a quite different approach is needed.
In general, the ‘injection’ of tracer occurs naturally over an area and during a longer time
either by precipitation or by solution of minerals from earth substrate. For instance,
in the case of stable isotopes of water the tracer enters the hydrological system by
precipitation that infiltrates. The environmental tracer concentration is observed in
places where water discharges (e.g. in a river, at springs, at a pumping well).

Knowing both input and output concentrations as a function of time, one can
consider the aquifer as a ‘black-box’-system. Often this system can be described by
mean parameters (volume of water, transit time and flow rate through the system).
In this case, tracer transport between input and output (Figure 2.1) can be described
by a lumped-parameter approach. Transport of tracer between input and output is
characterized by the transit time distribution function, which needs to be defined for
the investigated system (Maloszewski and Zuber, 1982, 1985). In mono-porous media,
where the portion of stagnant water can be neglected, this type of modelling yields the
mean transit time of water in the system as the main parameter. This parameter can be
further used to estimate the volume of water in the system and thus the available water
resources. In strongly heterogeneous (so called double-porous) media, for example
fissured aquifers, which consist of mobile and stagnant water, application of the lumped-
parameter approach to environmental tracer data yields the mean transit time of tracer
instead of the mean transit time of water. The transit time of tracer describes both the
transport of tracer by a mobile water component and the diffusive exchange of tracer
between mobile and stagnant water. A detailed description of the lumped-parameter
approach for mono- and double-porous media is given in Section 5.2. The transit time
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of water in double-porous systems can be derived if the porosity of the mobile and
stagnant compartment are known. Both porosities can be only obtained by performing
an artificial tracer experiment. The estimation of mean transit time of water can then
be made based on these data (Maloszewski and Zuber, 1985, 1991).

2.4 Fields of application

Tracer methods provide direct insight into the dynamics of water in all compartments
of the hydrologic cycle. The dynamics include the processes of motion, distribution and
dissemination. Tracer techniques are experimental and independent and can thereby
be applied to calibrate models. The fact that tracer methods allow for measurements of
process- and system-parameters turns them into an effective tool for consultancies and
legal authorities.

Regarding the general fields in hydrology where tracer techniques are applicable,
experience was gained in all of the components of the water cycle. The possibilities
of tracer techniques are vast and comprise, among many others, the investigation of
processes such as groundwater recharge, runoff generation, water and solute transport
and pollution assessment. A list of important questions that can be tackled by tracer
techniques is given in Table 2.3. This list represents the most important components
and is not conclusive or necessarily complete.



Environmental Tracers

3.1 Introduction

In this chapter, the fundamentals of applying environmental tracers will be introduced.
The focus will be on applications for the characterization of hydrological systems. While
qualitative interpretation will be introduced, quantitative environmental tracer hydrol-
ogy will be described wherever possible. The useful combination of environmental and
artificial tracer applications will be highlighted.

The most common environmental tracers are the isotopes of water #0/'°0, 2H/H
and the isotopic ratios of dissolved constituents of water such as the *C/!2C ra-
tio of dissolved inorganic carbon or >N/!N of dissolved nitrate. With advances in
mass spectrometry and with the advent of new measurement techniques (Inductively
Coupled Plasma Mass Spectrometry, ICP-MS, Tunable Diode Laser Spectrography,
TDLAS) environmental isotope methods move towards smaller sample amounts and
the compound specific analysis of isotopes.

In the context of tracer hydrology, we define environmental tracers as the properties
or constituents of water that have not been induced as a result of an intended experi-
ment and which provide qualitative or quantitative information about the hydrological
system. Part of environmental tracers that are being used in tracer hydrology result from
anthropogenic releases to the atmosphere or to the hydrological cycle: nuclear bomb
Tritium (*H), 3°Krypton, CFCs and SF¢ have been released into the atmosphere as a
result of military activities and technical processes — not for the purpose of providing
age dating methods for hydrologists. However, these environmental tracers — although
environmental concerns or ethical principles might lead us to consider their restric-
tion — have been used and can still be used for hydrological tracer studies, age dating
or origin assignment. SF¢, as will be shown, can also be used for artificial trace exper-
iments, when the injection is intended in relation to a defined experiment. A series of
pollution tracers, nitrate, organic pollutants, or remnants of past mining activities, can
provide information about hydrologic processes. Besides anthropogenic environmental
tracers, there are many natural environmental tracers. These include not only stable

Tracers in Hydrology Christian Leibundgut, Piotr Maloszewski, and Christoph Kulls
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and radioactive natural isotopes but also chemical compounds such as noble gases and
trace elements associated with specific geologic units or lithologies.

The application of environmental tracers provides methods for the investigation of
some major components of hydrological systems: environmental tracers have been used
in studies on precipitation processes and origin assignment, open water evaporation,
transpiration and stem flow, soil water dynamics, groundwater recharge, subsurface flow
mechanisms, runoff components and groundwater studies. The major applications of
environmental tracers are:

e origin assignment of water and water constituents: more specifically the assignment of
recharge altitude and recharge amount or the discrimination of summer or winter
recharge, detection of origin of nitrate or dissolved inorganic carbon;

® hydrological process studies: identification of runoff components, subsurface flow
mechanisms, direct or indirect recharge mechanisms, water balance of lakes;

® quantitative determination of flow components: estimation of evaporation from open
water surface, hydrograph separation;

o determination of residence times: age dating and transit time distribution.

The application of environmental tracers is limited by the availability of analytical
techniques, knowledge and capacity on tracer methods and resources such as total
cost of analysis, total effort of taking samples or time for analysis. The relevance of
additional, independent and unique information that can be gained from the appli-
cation of environmental tracers in relation to the uncertainty associated with these
methods defines whether or not environmental isotopes will be useful. Uncertainty in
perceptual and conceptual models of hydrological processes and uncertainty in hydro-
logical modelling, especially in the field of subsurface flow processes, constitute fields
of hydrological research where environmental tracers provide such unique and relevant
additional information.

A major advantage of environmental isotopes is that the input function or the
‘injection of tracer’ into the hydrological system is provided by nature. Therefore,
environmental isotopes can be used on different scales for local, regional and even global
studies. If past input functions can be reproduced or reconstructed from data or known
physical principles, environmental tracers can also be used for paleostudies or long time
scales, for example for the analysis of rainfall origin or recharge in the Holocene or for
groundwater flow in drylands. Another key characteristic of environmental isotopes
is that they integrate over spatial and temporal scales. A sample taken for the analysis
of environmental tracers represents a mixture of flow components characterized by
different boundary and flow conditions. This requires another perspective and different
methods of interpretation as compared to artificial tracers. The integration of boundary
and flow conditions yields complementary information for artificial tracer experiments
where only one (or few) points or injection areas in space are marked at one (or few)
moments in time.
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Therefore, the combination of environmental and artificial tracers can improve the
success rate of tracer applications in hydrology significantly. Environmental tracers can
be used in the initial phase of planning an artificial tracer test. Residence times and
preliminary analyses of flow components may help significantly in reducing failures of
artificial tracer tests. They can be used during an artificial tracer test as an additional
method. Finally, environmental tracers can be used a priori as a backup strategy in the
case of a negative tracer test when no breakthrough is received.

3.2 Stable isotopes of water

The most common stable isotopes used in hydrological studies are the stable and
radioactive isotopes of water. As pointed out by Gat and Gonfiantini (1981) the fact
that oxygen was used as unit mass for chemical weight until 1961 turned the early
discovery of oxygen isotopes and of their variability in natural materials (Giauque and
Johnston, 1929) into a metrist’s nightmare. The resulting efforts in determining the
abundance of oxygen isotopes in geological material and especially in water revealed
most of the common isotope phenomena being used in modern isotope hydrology. The
development and improvement of mass spectrometry techniques, especially the devel-
opment of the double inlet spectrometer by McKinney et al. (1950) and Nier (1957)
provided the analytical tools for the description of the variability of isotopes in the
water cycle.

3.2.1 Notation

A substance containing the less abundant isotope species N; and the more abundant
isotope N has an isotopic abundance ratio R that is defined by:

N;
R=— 3.1
N (3.1)

For natural oxygen and hydrogen compounds N is much larger than N;. The isotope
species can also be expressed in terms of mole fractions m = N/(N + N;) and m; =
N;/(N + N;j). The standard mean ocean water (short SMOW) that has been defined
by the International Atomic Energy Agency (IAEA) in Vienna as a common standard
for expressing isotope ratios (the so-called Vienna SMOW or V-SMOW) has isotopic
abundance ratios of (Baertschi, 1976; Hageman et al., 1970):

R = IS—O = 2005.2 + 0.45*10~°
180/160 = 16 = . .
O VSMOW

2H * —6
Rpjir = | 10 = 155.76 £ 0.05*10
H VSMOW
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Figure 3.1 Range of isotopes in the water cycle (Kéniger, 2003 based on Clark and Fritz, 1997).
Most common values are marked as black bars.

In general, the isotopic abundance ratio of a sample Rgmple is given with respect
to the internationally accepted standard V-SMOW with the isotopic abundance
ratio Ruandard-

Rsample — Rsandard

S = (3.3)

R standard

For water samples and many environmental isotopes it is convenient and common
to multiply the %0 or §°H values by a factor of 1000 as %o difference from the
standard being used. In § notation, positive values indicate an enrichment of '*O or
2H compared to the standard being used whereas negative values signify a depletion of
heavier isotopes in the sample. By definition, the ocean has a §’40 value of ~0%. The
8180 of water in the hydrologic cycle ranges from about —50 and —25% in ice samples
from cold, arctic regions to +10%o in desiccating water bodies and terminal lakes in
arid regions (Figure 3.1).

The precision of stable isotope measurements depends on the analytical technique,
sampling and sample preparation. For §%0 determined with double inlet mass
spectrometry the error corresponds to about £0.1%o, for deuterium +1.0 to 1.5%.
The uncertainty is an important limit for the application of isotope techniques, which
needs to be considered in mixing calculations and in origin assignments based on
environmental isotopes. Tunable diode laser spectroscopy, an emerging technique for
the measurement of stable isotopes, has a precision of about 0.3%0 for 8’0 and of
about 1.0%o for deuterium.

In order to express differences between isotopic ratios in § notation simply, regard-
less of a genetic or thermodynamic link, the isotopic difference Aa.p is also used,
defined as Ap,g = 84 — 8p.
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3.2.2 Fractionation

The isotopic composition changes due to fractionation processes. Fractionation occurs
if —as a result of a physical or chemical process — the isotopic abundance ratio changes.
Phase changes, evaporation, condensation, freezing, sublimation, melting and some
chemical reactions are associated with an isotopic fractionation. In order to describe
fractionation, a fractionation factor « is used, that is defined by:

dR AN, N;
= (W)/ (N) =« 3.4)

According to a model suggested by Urey (1947), equilibrium fractionation arises
from the exchange of isotopes between different phases (i.e. water and vapour) or
chemical species at equilibrium conditions. For a specific reaction at full equilibrium,
the degree of fractionation is then expressed by:

R4

Opep = . (3.5)
B

where R4 and Rg represent the isotopic ratios of the two phases A (water) and B

(vapour). In %o notation also the enrichment factor e4..p is used. The enrichment
factor is defined as:

R
Erop = (R—A - 1) *1000 = (a4p — 1) *1000 (3.6)
B

The approximate relation between the enrichment factor €4 ., g and the fractionation
factor a5 in the form g4,p &~ 10° In 4 . 3 only holds for small enrichment factors,
because of the approximation In @ ~ 1 — o when o ~ 1.

For the stable isotopes of water, ice <> water <> vapour phase transitions are of special
importance. Fractionation between different phases of water results from differences
in the physical properties of water molecules containing different isotopic species of
oxygen and hydrogen. As an example, the water vapour pressures of the species 'H,'°O
and 'H,'80 differ by about 1% at 20 °C (Szapiro and Steckel, 1967, Figure 3.2). This
difference in physical properties causes a higher diffusion of 'H,'¢O into the ambient air
as compared to ' H,'80 during the evaporation process. Hence, there results a depletion
of the heavier molecules of 'H,'#O in the gaseous phase.

Figure 3.2 Differences in the vapour pressure for the two isotope species 'H,®0 and 'H,0
during equilibrium exchange with water vapour.
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For O afractionation factor of &'® Oyyarercs vapour = 1.0093 was measured for equilib-
rium phase transitions between water and vapour at 25 °C. The fractionation factor for
2H during the same equilibrium phase transition is as high as o/ Hyateresvapour = 1.076
(Majoube, 1971).

Isotope equilibrium fractionation is also a function of temperature. Szapiro and
Steckel (1967) and Majoube (1971) found that the fractionation factor a4 ., g generally
follows an equation of the type:

10*Inogep = 10°a/T> + 10°b/ T+ ¢ (3.7)

where T is the ambient water temperature in K and a, b, ¢ are coefficients. Tabulated
values for a, b and ¢ for the most common thermodynamic reactions in hydrogeological
systems are given in Clark and Fritz (1997). They also give data on their homepage at
www.science.uottawa.ca/eih. More than 1100 fractionation equations are described
at the site of the Department of Geology of the University Laval/Quebec in Canada
(http://www.ggl.ulaval.ca/cgi-bin/isotope/generisotope.cgi).

For water <> vapour equilibrium exchange, the fractionation is higher at low than
at high temperatures. The equilibrium fractionation as a function of temperature is
shown in Figure 3.3. This dependence is the dominant process in many hydrological
systems and contributes — together with other processes — to a series of macroscale
effects described below such as the latitude effect, the altitude effect, the continental
effect, the amount effect and the seasonal effect.

Often, the assumption of isotopic equilibrium is not met and so-called kinetic
fractionation processes take place. This may be caused by rapid temperature changes
or the removal or addition of the product or reactant during the reaction. Major
nonequilibrium processes in hydrological systems are diffusive fractionation’ and
‘Rayleigh distillation’.

Diffusive fractionation is the fractionation of isotopes caused by diffusion pro-
cesses. In hydrological systems diffusive fractionation occurs, for example during the

Figure 3.3 Temperature dependence of equilibrium fractionation, at 0°C the equilibrium is
established for the ice-water phase assemblage (dashed line), causing a step in the temperature-
equilibrium function (data are from Majoube, 1971).
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evaporation process when water vapour diffuses into air. Diffusive fractionation results
from the different molecular velocities of different isotopes. The molecular velocity
depends on temperature (usually given in Kelvin) and on the mass of the atom or
molecule according to statistical particle mechanics:

VY= ,/k*T/(Z *r%m) [m/s] (3.8)

with the Boltzmann constant k = 1.3806504-10722 J/K, the absolute temperature T in
Kelvin, and the molar mass m in kg. As the unit of Joule corresponds to [kg*m?*1/s]
with m = metres and s = seconds in SI units the resulting unit is [m/s]. From this
equation, the diffusion of two isotopes of different masses in vacuum can be derived.
From the molecular velocity of isotopes it can be shown that the diffusion rates for an
ideal gas in a vacuum are just inversely proportional to the square root of the mass of
its particles — the other constants and also temperature cancel out:

mp
A diffusion (A—B) = m_ (39)
A

where m, and mp are the respective molecular weights of different substances. If this
principle, known as Graham’s Law of Effusion, is applied to dry air, the molecular mass
of dry air needs to be taken into account. The molecular mass of dry air can be derived
from the average gas composition and the molecular weights of its constituents and
corresponds to about 28.8 g/mol (see also Clark and Fritz, 1997):

mp*(my + 28.8)
Q diffusion air (A—B) = \/m (310)

The resulting fractionation factors can be derived and transformed into an isotope
difference using Equation (3.6). The kinetic effect by diffusion 4,5 = (0asp — 1) is
32.3%o for H,'"*O/H, !0 and 16.6%0 for 2H,0/'H,0. Hence, the fractionation by dif-
fusion is stronger for oxygen isotopes than for deuterium isotopes. The above equation
holds for dry air with a humidity of 0% only.

As we deal with real hydrological systems we need to include the effect of atmospheric
humidity and turbulence. In a series of laboratory and field experiments the process of
evaporation from an open water surface into an atmosphere with a relative humidity h
in % has been studied. Gat (1970), Merlivat (1978) and Vogt (1976) report empirical
values between 13 and 28.5% for H,'8O/H,'¢O. In general isotopic differences resulting
from kinetic fractionation in natural and turbulent systems are much smaller compared
to diffusive fractionation only. Empirical values reported by Gonfiantini (1986) are
commonly used stating that the kinetic fractionation factor given in %y is in proportion
to (1 — h) with h = relative humidity:

Ag1s0 = 14.2*(1 — h)|[%o] (3.11)
A82H = 125*(1 — I’l) [%0]
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For deuterium also the theoretical approach yields a kinetic fractionation that is
higher than for diffusion (16.6 to 12.5%0). Apparently for real and turbulent systems
the ratio of diffusion coefficients scales to (D4 /Dpg)" with a turbulence parameter n
for which 0 > n < 1. Many experimental data fit with n = 0.5 corresponding to the

square-root of the diffusion coefficients ,/ D4 / Dg.

As evaporation in real hydrologic systems differs from a pure diffusion process, it
makes sense to define a kinetic fractionation by turbulent diffusion. While a water-
vapour assemblage in a closed system would simply equilibrate according to Equation
(3.11), in open systems there is an additional kinetic fractionation. For this process,
resistance is in inverse proportion to the diffusion coefficients D, and D or7w; ~ 1/D;.
Based on the concept of resistance controlling the flux of isotopes, it is stated that:

Pi
Ekinetic (water - vapour) = (1 - h)* <; - 1> (312)

It follows that the slope of an evaporation line depends on the humidity during
evaporation. At high humidity (>85%) the slope is steeper approaching that of the
meteoric water line and at low humidity the slope is dropping. In arid regions slopes of
less than five can be observed.

The processes above are simplified and idealized representations of processes occur-
ring in nature. Craig, Gordon and Horibe (1963) introduced the concept that evapo-
ration results from a combination of several interconnected processes as summarized
in Figure 3.4.

They propose that above an open water surface equilibrium fractionation takes place
in a thin liquid-vapour interface layer that is vapour-saturated. The isotopic compo-
sition in this interface layer depends initially on temperature dependent equilibrium
fractionation and on the initial isotopic composition of the liquid phase. In a second
step vapour diffuses from this saturated interface layer. This process can be approxi-
mated by molecular diffusion, as described above. The diffusion process depends on
the humidity in the diffusion layer and on the mass ratio of isotopes. The vapour finally
enters the turbulent mixing zone of the atmospheric boundary layer and is mixed with
the advected vapour of a given isotopic composition. In the turbulent boundary layer

Figure 3.4 The concept of water-atmosphere exchange as a process in four steps: equilibrium-
diffusion-mixing and re-equilibration.
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Figure 3.5 The exchange of isotope concentrations between two reservoirs by gas diffusion in a
closed system.

no fractionation is assumed to take place. The mixed vapour then partially re-enters
the diffusion layer and may re-precipitate at the surface of the liquid layer causing a
molecular exchange. This equilibration may even result in an isotopic exchange between
two fluid reservoirs that are connected with a common atmosphere in a closed system
(Ingraham and Criss, 1993, Figure 3.5).

The advantage of this concept is that it allows a step-wise description of processes —
the disadvantage is that the resulting integration of these processes is becoming quite
complex:

Cair

1
E = (Cliquia — cai,)*; with h = relative humidity

Cliquid (3 13)

= Cliquid*(l - h)*

D~
D~

E = (Cliquid - h*cliquid)*

where E is evaporation, h is the relative humdity and cjigiq the absolute moisture or
vapour pressure above the open water surface, c,;, the absolute moisture or vapour
pressure in the atmospheric boundary layer and p the resistance coefficient for the flux
of moisture. This equation is similar to turbulent diffusion equations widely used in
meteorology for boundary layer physics. At this stage the isotopic ratios R, Rjjzuiq and
R ,;r can be introduced:

R 1
E= Cliquid>‘< (; - h*Rair) — (3.14)

i

with p; the specific resistant coefficient for an isotope. Gonfiantini (1986) discusses
different aspects of this equation, notably the case in which the isotopic composition
in the water column is not homogeneous. In a stratified lake cjiguig corresponds to
the epilimnion. In the case of the uppermost part of the water column the isotopic
composition is different. An additional resistance term needs to be specified because of
incomplete mixing — however, in general this is not considered necessary.

Another important kinetic fractionation process is the Rayleigh distillation. It can
be used to describe systems where the reactant is continuously being removed by, for
example, rain-out from clouds or evaporation. The distillation equation states that the
isotopic ratio R is a function of the initial ratio R,, the fraction of water remaining in
the reservoir f and the fractionation factor:

R=R, fV (3.15)
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For Rayleigh distillation processes, the fractionation increases strongly when the
residual water fraction approaches small values. The Rayleigh formula was developed
for distillation processes. It is obtained from the differential equation relating the frac-
tionation factor to the mass change. However, it is only valid if the fractionation factor
is constant or can be approximated by a constant value. For condensation processes
that cause altitude effects, the differential equation should be used and integrated with
a variable temperature.

3.2.3 The global distribution in rainfall

A review of time series from a global survey of stable isotopes in rainfall (Rozan-
ski, Araguds-Araguds and Gonfiantini, 1993) reveals patterns in their seasonal and
geographic distribution. These patterns are the result of the fractionation processes
described above that take place in the hydrologic cycle. The so called ‘isotope effects’
are the basis for the interpretation of isotope data in hydrogeological studies. Craig
(1961) found that, at a global scale, 8180 and &%H in surface waters are characterized
by the correlation §°H = 85'¥0O + 10%o (this equation was established for the SMOW
reference, Standard Mean Ocean Water). The equation defines the global meteoric water
line. The isotopic composition of precipitation in humid regions corresponds to this
relationship for most continental stations (Figure 3.6).

At a regional scale deviations from this global correlation exist and specific regional
meteoric water lines have been introduced, for example for the Mediterranean or
some coastal regions. Meanwhile, a slightly modified relationship based on the data
of the IAEA global network of isotopes in precipitation (GNIP) has been proposed
by Rozanski, Araguds-Araguds and Gonfiantini (1993). This revised regression has a
slope 0f8.17 & 0.07%o and an intercept of 11.27 £ 0.65%eo. It takes into account rainfall
data from the IAEA only and is based on the VSMOW standard. In some cases, it is
necessary to use other regional meteoric water lines or to define a local meteoric water
line. However, this should be done only based on a regional analysis as local meteoric

Figure 3.6 Isotopes in rainfall as such (open circles) and weighted with rainfall amount
(full circles) for the Dreisam catchment, Germany (1998-2008).
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water lines might be influenced by deficiencies of the sampling network or procedures
and be therefore more misleading than an advantage. Especially in islands, coastal areas
or tropical mountain areas, rainfall might deviate from the global meteoric water line.

3.2.3.1 Temperature effect

Fractionation factors depend on temperature. During water <> vapour phase transitions
fractionation is more pronounced at low temperatures. As a result, the isotopic composi-
tion of rainfall in cold environments is more depleted compared to warm environments.

In Figure 3.7 the dependence between mean § 8O values and mean annual tem-
perature has been plotted for different regions. These dependencies exist for '*O and
for ?H. Combining both, a general thermometer can be developed. The stable iso-
tope thermometer reflects the ambient temperature of different sites (see the examples
of Alaska, Switzerland, Greece, Namibia and Argentina). It can be used directly to
estimate the temperature from stable isotope values. Dansgaard (1964) derived tem-
perature effects of precipitation based on a theoretical treatment of cooling processes

Figure 3.7 Upper graph: different observed regional temperature effects. Lower graph: The influ-
ence of mean annual temperature on the isotopic composition of 80 and 2H, Dansgaard (1961,
2004). Crosses mark values at —5, 0, 10 and 15 °C mean annual temperature.
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at different boundary conditions (isobaric, isothermal). Based on measurements an
isotope thermometer of about:

880 = —0.69 t, — 13.6 %o (3.16)

is given, where #, is the mean annual air temperature in °C. For temperatures below
0 °C the temperature effect increases to about 0.95%0/°C at —20 °C. A major part of the
temperature effect can be derived from the dependence of the fractionation factor on
temperature and from the fractional distillation of water by cooling processes.

3.2.3.2 Seasonal effect

Often a seasonal fluctuation of stable isotope ratios is observed as a result of temperature
effects, different trajectories of air masses and varying fractionation processes in the
source area of atmospheric moisture.

The seasonal effect can be used and is important for input functions to the hydrolog-
ical system. In general, the seasonal isotope effect of continental stations closely follows
the temperature regime. In coastal areas, the seasonal effect is less pronounced. This
is shown in Figure 3.8 (top) for the station Cuxhaven. Based on known principles of

Figure 3.8 Box plots of seasonal effects - data isotopes in rainfall of Germany (Cuxhaven (top) -
Garmisch (bottom): 1978-2002; Temperature in °C: 1984-2002).
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fractionation and a conceptual model of the hydrological cycle there are several factors
producing a seasonal effect:

e the temperature in the source region of atmospheric moisture will change the frac-
tionation during evaporation,

e circulation of air masses and transport processes will cause advection of moisture
from different origins and modify the original isotopic composition of moisture,

e and finally, the conditions during rainout (ambient temperature, absolute moisture
and phases (snow, rain) will change.

If the seasonal variation of isotopes in precipitation is known, observations at differ-
ent soil depths, in runoff and in groundwater time series can reveal the travel time and
mean residence time of the system (see below).

3.2.3.3 Altitude effect

In general, precipitation is depleted increasingly at higher altitude. This is the combined
result of temperature effect and moisture depletion by adiabatic cooling. Equilibrium
fractionation increases with lower temperatures, making fractionation more efficient
at higher altitudes. Repeated rainout during uplift of air masses causes a Rayleigh-type
distillation process.

Altitude effects are often given only for annual mean rainfall. It also exists within
different seasons (see Figure 3.9). The example of Cyprus shows that the variability of
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Figure 3.9 Altitude effect of winter (grey) and summer (black) precipitation (data from Cyprus).
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rainfall is higher close to the coast, with increasing distance from the coast and therefore
increasing altitude specific altitude effects develop in summer and in winter time.

A number of observed altitude effects exist. For § 30 the range of observed altitude
effects is between —0.1%0 and —0.36%0/ 100 m. Dansgard (1964) presents a theoretical
calculation of altitude effects and demonstrated that the altitude effect can be derived
from the adiabatic cooling rate of air temperature in a straightforward way: the theoret-
ical gradient is about —0.36%¢ 100 m for § '80. As Gat, Mook and Meijer (2000) point
out, the altitude effect differs from the latitudinal effect because the decreasing pressure
requires a higher temperature decrease to reach saturated water vapour pressure. As
a result the change in moisture per change in temperature (°C) is smaller than for
isobaric condensation.

In some cases other factors also affect the composition of precipitation at different
altitudes: different precipitation generation processes or mixing of air masses with
different trajectories. Therefore, altitude effects need to be verified in each region in
order to take into account these additional effects.

In remote areas especially the altitude effect is a key to hydrological studies. Recharge
altitude, origin of water and conceptual models can be validated based on known
altitude effects. The problem is that often data on local altitude effects are not available.
Data from the IAEA GNIP network can be retrieved and used for a regional analysis
with similar atmospheric circulation patterns. However, in many parts of the world, the
network is not dense enough. Experimental isotope networks can be set up to provide
such data. But these require at least a few years of measurement campaigns. There are
two principle approaches to overcoming such problems. In principle, the altitude effect
can be derived from a physical model of condensation and rainfall generation.

If the physics of water condensation and fractionation are taken into account, the
relationship above between adiabatic cooling rate and isotopic composition can be
derived. The adiabatic cooling rate can be retrieved from climatological network data.
However, this estimate may be biased by specific local conditions and should be verified
by an experimental approach.
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Figure 3.10 Altitude effect for different adiabatic cooling gradients.
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A field method for verifying altitude effects consists of sampling shallow groundwater
from very small watersheds with sufficiently long mean residence times to provide an
average value of mean annual rainfall (>2 years) and sufficiently short flow distance
from the recharge area to represent the conditions at the altitude of sampling. This
practical approach uses the hydrological system as a natural integrator of rainfall
samples. Based on a terrain analysis small catchments can be selected that represent
an altitude range. Close to the watershed groundwater can be sampled from springs or
shallow groundwater boreholes. These samples can be used to reconstruct the altitude
effect. This altitude effect does not correspond to the weighted rainfall — it represents
the weighted groundwater recharge. This, however, can be exactly what is needed
for an origin assignment of groundwater recharge. Vogel, Lerman and Mook (1975)
have adopted this approach to characterize the altitude effect of the Andes mountains.
Together with modern GIS techniques this approach can be used to preselect sampling
locations based on terrain analysis and an available borehole database.

It is interesting to note that the altitude effect and the analytic precision determine
the accuracy of any determination of recharge altitude. In general, we assume +0.1%o
for § 80 and +1.0%o for § *H. Therefore it is unrealistic to resolve the recharge altitude
within less than the isotope altitude gradient divided by at least two times the analytical
precision. Best results are obtained in mountain areas with distinct differences in
recharge altitude well exceeding this uncertainty.

3.2.3.4 Continental effect

For large trajectories of air masses precipitation becomes more depleted with increasing
distance from the coast. Since the vapour is mainly derived from oceans, water in clouds
will become depleted in heavier isotopes with each rainfall event along the trajectory.
This phenomenon is termed continental effect. Continental effects are relevant for
characterizing the isotopic composition at continental or global scale.

The continental effect is caused by the gradual depletion of air masses by precipitation
as they cross continents or move towards the interior of continents. Each condensation
and precipitation event at a given temperature causes a fractionation. The accumulation
of these effects leads finally to an isotopic depletion of air masses as they move from
their source areas. This effect is reduced by transpiration and re-evaporation on the
continent. As such the process can be modelled and quantified. Holtkamp (2008)
developed a hydrological model of continental isotope effects:

Q. — [(P(v)dt+ [E(7) dt
Q.

R=R,f@ YV with f= (3.17)

with R and R, isotope ratios, f remaining fraction of water and « a temperature
dependent fractionation factor. The fraction f is derived from a hydrological balance
involving the inflow of moisture from the ocean Q, and the hydrological balance
P(t) — E(7) that are here given as a function of trajectory length 7.



28 CH 3 ENVIRONMENTAL TRACERS

Figure 3.11 Continental effect for Europe modelled with a hydrological Rayleigh process.

The hydrological model of continental effects can be used to describe continental
effects based on rainfall, evaporation (rainfall recycling), wind speed and moisture
content (determining Q,). It can be shown that the continental effect increases with
rainfall amount and decreases with recycling of air masses by evaporation. Increased
moisture flux (higher wind speed, absolute moisture) will reduce continental effects.
Continental effects can be modelled as a result of these factors for different climatic
conditions.

Different attempts have been made to integrate all atmospheric isotope effects into
a general model. Dansgaard (1964) developed a conceptual model for isotopes in
precipitation based on the assumption that the vapour mass moves from the oceanic
origin to the condensation site without further mixing. Thus the isotopic composition
of vapour and rain depends mainly on equilibrium fractionation and the fraction of
vapour lost by the rainout process due to the temperature gradient between the source
region and the precipitation site. This can be modelled by the Rayleigh distillation
equation, which has been improved by incorporating the kinetic fractionation during
evaporation from the ocean (Merlivat and Jouzel, 1979) or during the formation of
ice crystals (Jouzel and Merlivat, 1984). Although these models predict high-latitude
isotope — temperature dependence realistically, they are not able to describe the mixing
of different air masses, the influence of evapotranspiration over continental surfaces or
convective cloud processes (Sturm et al., 2005).

While the isothermal Rayleigh fractionation formula is often used, adiabativ cooling
in fact represents a nonisothermal process. This can be described by applying the
differential form:

dR R
=y @D-D (3.18)

where R is the isotopic ratio of the stable isotope species, N the total mass and «(T)
a temperature dependent fractionation factor. The difference between the integrated



3.2 STABLE ISOTOPES OF WATER 29

Figure 3.12 Isothermal and nonisothermal Rayleigh fractionation and resulting isotopic compo-
sition of vapour and rain.

and the differential equation is shown in Figure 3.12. For higher temperatures and
fractions f > 0.5 the difference is small. For low temperatures and small fractions the
difference increases and becomes relevant.

3.2.3.5 Regionalization of isotopes in rainfall

Regionalization of isotopes in rainfall is being used to define input functions for tem-
poral and spatial distributions. Regional maps are very useful for origin assignment of
water and for macroscale modelling of hydrological response by isotopes. Yurtsever and
Gat (1981) found regional relationships between mean isotopic composition of precip-
itation and geographical and climatological parameters by performing multiple linear
regression analyses on the GNIP database. Beginning the regressions with the parame-
ters precipitation, latitude, altitude and temperature and then eliminating them one by
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one, they found out that the use of precipitation, latitude and altitude besides temper-
ature did not lead to a considerably better correlation between observed and predicted
monthly mean 30 values (for simple and for amount-weighted means). Temperature
is the main parameter of importance. In a joint IAEA — University of Waterloo project
Birks et al. (2002) re-evaluated and reconstructed GNIP station-based data to produce
global and regional maps of the amount-weighted annual and monthly mean #0 and
H values of precipitation. Bowen and Wilkinson (2002) empirically modelled relation-
ships between amount-weighted annual mean 'O values of modern precipitation and
latitude and altitude using the third release of the GNIP database (IAEA/WMO, 2006).
As the isotopic composition of precipitation is controlled by Rayleigh distillation, which
in turn mainly depends on temperature, Bowen and Wilkinson (2002) argue that one
has to include the geographic parameters that control temperature, that is latitude and
altitude.

Looking at the spatial distribution of the residuals between observed and calculated
values Bowen and Wilkinson (2002) concluded that the 8O values of precipitation
depend primarily on latitude and altitude dependent temperature variations. An ex-
ample of regionalization of isotopes in rainfall is given in Figure 3.13 for Germany (see
also colour plate section, Plate 1). The scale represents light (white) and heavy (dark)
signature changing with time and in space. The precision of the map is 4-0.4%o.

3.2.3.6 Evaporation

Evaporation from surface water causes an enrichment in the remaining water with a
slope that is smaller than the slope of the meteoric water line in the §'*O-§*H diagram.
Typically, evaporation slopes are between 4 and 5.5.

Fractionation by evaporation from open surface water is obviously a key process
in the generation of atmospheric moisture above the oceans. It is also known to
characterize the isotopic composition of lakes and of temporary ponding of water in
small surface depressions (Dody et al., 1995).

For evaporation from open surface water, the slope depends on the atmospheric
conditions during evaporation (Gonfiantini, 1986). In general, the slope of values in
a §'®*0-8’H diagram increases with increasing humidity and decreases with lower hu-
midity. Figure 3.14 shows evaporated water samples deviating from the global meteoric
water line. While isotope data from different aquifers are often diffuse (top), samples
characterized by similar meteorological conditions and stemming from the same source
of water provide a characteristic evaporation line (Figure 3.14, bottom).

A characteristic evaporative enrichment of groundwater below dunes was found in
arid and semiarid climate (Dinger, al-Mugrin and Zimmermann, 1974; Allison, Stone
and Hughes, 1985). The observed enrichment, with a small slope of about two in a
8180-82H diagram, is seen as a result of vapour diffusion from soil moisture prior to
recharge. Evaporation can remove moisture from a soil column by diffusion. Diffusive
evaporation from a soil column results in a low-slope evaporation line in a §'*O-§°H
diagram (Dinger, al-Mugrin and Zimmermann, 1974; Allison, Stone and Hughes,
1985; Gat, 1995).
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Figure 3.13 Map of the mean monthly composition of stable isotopes in rainfall in Germany (§2H
V-SMOW in %) derived by regression from monthly data of 17 IAEA stations (Global Network of
Isotopes in Precipitation), showing latitude, seasonal and altitude effects (modified after Schlotter,
2007). See also colour plate section, Plate 1.
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Figure 3.14 §®0-82H diagrams of groundwater samples from the Kalahari. The continuous line
represents the Global Meteoric Water Line, the dashed line the evaporation line fitted by linear
regression. The arrow indicates the original isotopic composition of rainfall without evaporation.

A correction of §'80 for evaporative enrichment according to Geyh and Ploethner
(1997) can be applied. Corrected values indicate the isotopic composition without
enrichment by evaporation. As the corrected value marks the intersection of the evap-
oration line with the Global Meteoric Water Line, it is defined by:

52H — %310 —d
318 Ocoﬂect&i _ measured 83_ - measured ( 3.1 9)

where e corresponds to the slope of the evaporation line determined, for example, as
4.5, and d is the deuterium excess of global precipitation, with d = +10%o. Once the
8180 has been corrected for evaporation, the corresponding deuterium value can be
obtained by solving the equation for the global meteoric water line. This method is
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extremely useful in studying flow paths of surface and groundwater that have been
affected by evaporation. Once the evaporation effect has been corrected for, it can be
analysed whether the original water type is prevailing or whether mixing with another
source of water (resulting in different §'80 values) takes place.

It is important to note that only conditions where (a) kinetic fractionation takes
place and where (b) a reservoir is partially depleted result in evaporation effects. If a
high number of small depressions are completely evaporated, no isotope effect results.
Therefore complete evaporation from interception storage (leaves) leaves hardly any
isotope signal. However, if small storages evaporate partially, significant isotope effects
result. Detailed sequential sampling of rainstorms in the arid Negev Desert, Israel,
revealed strong isotopic variations (—2%q to —9%o §'80) between different rain spells
within hours. Interestingly, a rain spell with low intensity but long duration was more
depleted than preceding and following short, intensive spells (Dody et al., 1995; Adar
et al., 1998). These data indicate, that partial depletion of water in surface depressions
and subsequent flushing may result in high evaporative enrichment because this is a
Rayleigh type process.

The evaporation of water from lakes can be estimated from water and isotope mass
balances. Water and isotope mass balances have been used based on tritium data (Gat,
1970) and recently for water balances of large river systems (Koniger et al., 2008). The
water balance of a lake is:

av
E = Qin +P — Qout —E (320)

where V is the volume of the lake, Q;, and Q,,; are in- and outflow, P precipitation
and E evaporation. The general water and isotope balance approach is given by the
equation below. Additional terms can be added for different types of inflow (surface,
groundwater). The balance equation writes:

d(V*sy)

dt = Qin*aQin + P*SP - Qout*SQm - E*SE (321)

where §, represent the respective isotopic composition of the hydrological component
identified by the subscript i. Difficulties arise from the fact, that the lake volume is not
fully mixed. The isotopic composition of the lake can be determined by adequate sam-
pling. The isotopic composition of rainfall, inflow and outflow need to be determined
in the field. The major difficulty is the determina