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ABSTRACT

Groundwater and soil moisture movement can be
studied with the help of nuclear, physical and
Cchemical methods. This state-of-the-art report
introduces the reader to the application of
environmental isotopes, gravimetric, neutron and
gamma-ray methods, the use of simulation models, and
to the application of chemical tracers.



PREFACE

Although the total amount of water on Earth is generally assumed to have
remained virtually constant during recorded history, periods of flood and
drought have challenged the intellect of man to have the capacity to control
the water resources available to him. Currently, the rapid growth of
population, together with the extension of irrigated agriculture and
industrial development, are stressing the quantity and quality aspects of the
natural system. Because of the increasing problems, man has begun to realize
that he can no lon7er follow a 'use and discard' philosophy =~ either with
water resources or any other natural resource. As a result, the need for a
consistent policy of rational management of water resources has become
evident.

Rational water management, however, should be founded upon a thorough
understanding of water availability and movement. Thus, as a contribution to
the solution of the world's water problems, Unesco, in 1965, began the first
worldwide programme of studies of the hydrological cycle ~-- the International
Hydrological Decade (IHD). The research programme was complemented by a
major effort in the field of hydrological education and training. The
activities undertaken during the Decade proved to be of great interest and
value to MHember States. By the end of that period a majority of Unesco's
Member States had formed IHD National Committees to carry out the relevant
national activities and to participate in regional and international
co-operation within the IHD programme. The knowledge of the world's water
resources as an independent professional option and facilities for the
training of hydrologists had been developed.

Conscious of the need to expand upon the efforts initiated during the
International Hydrological Decade, and, following the recommendations of
Hember States, Unesco, in 1975, launched a new 1long-term intergovernmental
programme, the International Hydrological Programme (IHP), to follow the
Decade.

Although the IHP is basically a scientific and educational programme, Unesco
has been aware from the beginning of a need to direct its activities towara
the practical solutions of the world's very real water resources problems.
Accordingly, and in line with the recommendations of the 1977 United Nations
Water Conference, the objectives of the International Hydrological Programme
have been gradually expanded in order to cover not only hydrological
processes considered in interrelationship with the environment and human
activities, Dbut also the scientific aspects of multi-purpose utilization and
conservation of water resources tov meet the needs of economic and social
development. Thus, while maintaining 1IHP's scientific concept, the
objectives have shifted perceptibly towards a multi- disciplinary approach to
the assessment, planning, and rational management of water resources.

As part of Unesco's contribution to the objectives of the IHP, two
publication series are ‘issued: 'Studies and Reports 4in Hydrology' and
'Tochnical Papers in Hydrology'. In addition to these publications, and in
order to expédite exchange of information, some works are issued-in the form
of Technical Documents.



FOREWORD

Project A.1.6 of the second phase of the International Hvdrological
Programme resulted in the compilation’ of a state-of-the-art report on the
application of nuclear, physical and chemical (tracer) methods for the study
of groundwater and soil moisture movement. The report is not intended as an
exhaustive treatise but intends to provide an overview of the methods
available and applicable. For more intensive studies, the reader is referred
to the Bibliography.

For the execution of this IHP project the following experts agreed to
write the present paper and Unesco is much indebted to the authors.

Professors H. Moser and W. Rauert from the Institute for Radiohydrometry
(Neuherberg/Mlinchen, Federal Republic of Germany, W. Morgenschweis of the
Ruhrtalsperrenverein, Essen, Federal Republic of Germany, and H, Zojer,
Unesco-sponsored Course on Groundwater Tracing Techniques, University of
Technology, Graz, Austria.
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1: Homogenization and decrease of tracer concentration by molecular
diffusion In the unsaturated zone (diffusion coefficient about 1.5
10-6 em2|s (sccording to Munnich, 1977). It is assumed that the
tracer (e.g. tritisted watsr) is Injected at three points into the
unsaturated zone.

2: Field experiment Bammental ~ecar Heldelberg (Federal Republic of

Germany. Measured 3H coicent (hatched) and soil moisture content
{vol-%) for different sampling dates t2, t1 is the date of 3H
Injection (according to Jakubick, 1972)

3: Field experiment Bammental near Heidelbeg (Federal Republic of
Germany): Measured 3H content (.} and soll moisture content (o)
profiles and an estimate due to the multibox HETP model (solid
lines), as calculasted from daily data of precipitation, air
temperature} and saturation deficit in atmospheric moisture (Thoma
et al. 1979).

4: Environmental 3H response of gress covered Iysimeters of
Limmburgerhof (1 m of sand) near Ludwigshafen and of Sindorff (1.6
m of loess loam) near Cologne (Federal Republic of Germany):
Cifclex = measured 3H contents of monthly percolate samples, thin
line histograms= 3H content of local precipitation, thick line
histograms = HETP-model estimate of lysimeter 3H response based on
a mean soil water content of F = 14 vol-% for Limburgerhof and 32
vol-% for Sindorf, respectively (according to Thoma et al., 1979).

&: Soil moisture, 3H, 2H and 180 proflles in the Dahna sand dune
(Saudi Arabla), 1972 and 1978 (Sonntag et al. 1980).

6: Dating ranges of environmental isotope techniques alresdy [In use
( ) and under development (----), the exact range depending on
the interpretation model used.

7: Seasonal variations of the 2H content of slngle precipltation
events In a mountainous catchment area of 19 km2 (Upper Bavarla,
Federal Repuvblic of Germany). [In addition, the weighted monthly
means of e deuterlum contents are Indicated as step functions
(Hermann & Stichler, 1982).

8: 18 0 contents of groundwater from the unconfined and confined area
of a Trlassic non-marlne sandstone aquifer in esstern England, In
relation to the geochemicaily corrected 14C age (sccording to Bath
et al. 1979)

9: Monthly means of 3H content of precipitation In the catchment area
of the river Rhine (according to Welss & Rosther, 1876) from data
collected since 1974 in Upper Bavarla

10: Annual means of atmospherlc 85Kr concentrations between 40 and
60 northern |Istitude (Salvamoser, 1982); mMol and ml refer to
krypton (STP).

11: 3H and 85Kr contents of groundwater for different mean resldence

12: Trecerprobe and principle for measuring filtration veloclty and
flow direction of groundwater (Drost, 1983).
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INTRODUCTION

Application of nuclear techniques for the purpose of hydrological
investigations is based mainly on the following facts:

a) Water naturally contains stable and often also radioactive isotopes
by means of which it is labelled. Moreovel, for some decades artificially
radioactive isotopes such as waste products of military and industrial
techniques enter the hydrological cycle as a result of which the water is
marked unintentionally. These isotopic 1labels are covered by the term
"environmental isotope". Table 1 outlines the main properties of the
environmental isotopes routinely used today or potentially usable as
hydrological tracers.

Table 1: Environmental isotopes used or potentially
usable as hydrological tracers
(MOSER & RAUERT 1983)

[A)] 2 (3] ) {5} (3] 17 8}

Isotope Half-1ife Chem.cozposition Pro- Isotope ratio Max.decay rate (dpa} Detectior liajtd!
in natural wvater duction abundance in per ot water
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2, stable 24'wo " 190-1700-10°% 2us'y - 0.2 50 sl H,0
.
M 12,43 a Yu'uo N.A 2 10718 Yy 106 B! 0.2 1.5 1 8,0
R )
Ve 5130 8 'co,, w'%o” ".A 1.2010702 Vgi2e =100 ¥ 0.8 (50-350 ﬁ)o,
lL stable "% N (sse-2010 1078 Yos'% - 0.,0) $ a1 u,0
b)
n c) n -16 32 1 $0-300 ¢ Si
£ 1) 108 a sxo, ] «2-10 $1/51 '<°.2_°“ 1 t1-10 m) K;0)
", 269 4 dissolved qus " v 107" Mpe/nr 0.0 ‘ 15 :'A;,on
e)
$'er  2.1010%a  Stasolved qas n 6107" Mye/pe s-107¢ ? wis s :;o:
e 10.76a  dissolved gas A 610712 8¢ xe 2.8 ) A :;o;
¥y 3-10%a ¥er- n.A 21071 i1 0.2% 0.1 0% ::o)
A} 2 6 criterion for tre medsured fsotope ratio in & wvater visple H « natural. A = man sade;
bt} influenced by nuclear vespon tests a v yssrs; dpm = disintegrstions per minute
€] published values vary betvesn 101 a and 701 a
d) vsing sccelerator seasurapant 10 ag € s

e) using resonance foAlsation spectroscopyr 10" ml Kr (a1 1 H}Ol

b) Groundwater and surface water can be marked by the intentional
addition of radioactive or activable substances ("tracers"). Table 2 lists
the most commonly used hydrological tracers.
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Table 2: Possible radioactive tracers for groundwater
field experiments (IAEA 1983b)

(1) (2) (3)

Isotope Half-life Chem. compound
3u 12.4 a H20

46gc 84 4 EDTA-complex
Sley 27.7 4 EDTA-complex

57/58/60¢o 270 d/70.8 a/5.27 a  Co(CN) 3~
EDTA-complex

82p, 35.34 h Br~
1ll4ynm 50 4 EDTA-complex
125/131y 60/8.04 4 I

c) Where an interaction occurs between the radiation of a radioactive
substance and the aguifer, the extent of that interaction may characterize
parameters of the aquifer concerned, in particular density and water content.
The development of density and moisture probes based on this principle was,
to a large extent, completed by the early seventies (see, e.g., IAEA 1970,
1971, 1983a).

The progress made in the course of the last few years in the application
of nuclear techniques has been described in detail by Moser & Reuert (1980)
as well as in the Guidebook on Nuclear Techniques in Hydrology (IAEA 1983a).
In the present report an attempt is made to give a brief survey of the main
results; for details reference is made to the literature quoted.

1. INVESTIGATIONS IN THE UNSATURATED Z20NE

Apart from the use of density and moisture probes mentioned above the
application of nuclear techniques in the unsaturated zone is limited mainly
to investigations using tracers such as SH, 2H and 18y,

1.1 Methnodology

The tracer distribution in the water of the unsaturated zone measured at
a specified time first depends on the distribution in time and space of the
tracer 4input from precipitation and the water vapour of the air or from some
intentional tracer input. In the surface #oil layers the tracers
distribution may then undergo variations as a result of evaporation and
evapotranspiration.

1.1.1 Tracer Input

In ueing 3H, 2u and 180 as environmental isotopes the distribution
in time and space of the isotope content in the precipitation forms the input
function for infiltration into the unsaturated zone. Depending on climatic
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conditicns, type of soil a2nd vegetation, part of the water derived fron
precipitation 1is returned to the atmospnere. This normally seasonal effect
changes the mean isotope content of the infiltrated water, particular 2y and
189 (see, e.g., Mannich et al. 1967, 1980 and Minnich 1983). These
variations depend on the area under investigation and must therefore be taken
into consideration in each individual case.

Tracing precipitation by means of 3H mainly originates from the
concentration peak of the years 1962-1963. Since 1970 the 34 content of
precipitation no longer shows significant variations (see Fig. 9) and can,
for that reason, be used only to a limited extent, as a "natural”™ tracing of
seepage waters infiltrating at present. For thie reason, today soil water is
intentionally marked in order to be able to follow the water movement in the
unsaturated 2zone. When applying this method, a tracer solution of water
containing 3H, is injected by means of a special device into the s80il at
points in 1linear or areal order at a distance of about 10-20 cm from one
another at a depth of 0.1-1 m (see, e.g., Monnich 1983). 1In using 3H about
2x103 Bq 3u in the form of tritiated water is used per injection. In this
case overall activity in the area under investigation normally does not exceed
104 - 105 Bq and therefore avoids any problems of radiation protection.

1.1.2 Tracer Detectlon

The method of measurement of the tracer distribution in the vertical
profile of the unsaturated zone depends on the tracer used. It is undertaken
either in the laboratory by means of soil or water vapour samples which are
collected at specified times in the course of the tracer experiment or
directly in the field in boreholes drilled at the beginning of the
axperiment. Should a soil moisture profile be required for evaluation, this
may bhe obtained either by neutron moisture test probes (see, e.g., IAEA 1970)
or by gravity methods using soil samples.

1.1.3 Tracer Dispersion of Seepage Water

The water marked by a tracer is normally distributed in the nnsaturated
zone in horizontal layers which move in a vertical direction ("piston-flow").
The fact that the povement of the seepage water occursg in layers in spite of
natural inhomogeneities (root channels, holes) has been proved to exist by
means of tracer experiments (e.g. Matthess et all. 1979) is due to the
generally relatively low seepage velocity of water 4in the range of 1-10
m/year as compared to the lateral velocity of molecular diffusion (Minnich,
e.g., 1977, 1983): taking a diffusion constant of about 1.5 x 10"5 cmz/s and
overall porosity of 20% as a basis, eacensive homogenisation of the tracer
concentration over 20 cm already takes place after four weeks (Fig. - 1).
This diffusion effect is intensified by the fact that the water movement in
the unsaturated zone preferably follows the narrow channals of the grain
structure binding the water rather than large openings owing to capillary
forces. The. resultant "diffusion effect™ is larger by at least two orders of
magnitude than that of molecular diffusion. The result is that wvater is
absorbed from a root pipe into the surrounding unsaturated zone in less than
a minute.
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Figure 1: Homogeni/zation and decrease of tracer concentration by molecular
diffusion iIn the unsaturated zone (diffuslon coefficient about 1.5
10-5 cm2ls (according to Munnich, 1977). It is assumed tht the
tracer (e.g. tritiated water) Is Injected at three points Into the
unsaturated zone.

The horizontally stratified scepage movement is interrupted only where
the differences between individual seepage paths exceed diffusion length. 1In
these cases local distortions of the flow field occur which may lead to
hydrodynamic dispersion processes. Such effects occur in the case of 1local,
e.qg. morphology-dependent, variatione of the infiltration rate ana
substantial inhomogeneities in the horizontal profile of the rock.

Iateral diffusion in general entails only a relatively 'slight lateral
extension of the 1labelled water in the course of the infiltration movement
(some am) which, however, renders sampling difficult in the case of 1linear
tracer injection. On the other hand, a substantial decrease of downward
permeability (via clay lenses) can have a backwater effect which may entail
considerable lateral movement of the labelled water.

The molecular diffusion which ia effective also in a vertical direction
increases the thickness of the labelled water layer in the course of
infiltration. If inhomogeneities of the infiltration movement entail
hydrodynamic dispersion, the tracer peak is, as a consequence, additionally
flattened and enlarged.



21
1.1.4 Determination of Groundwater Recharge

Measurements of the variation in time of the vertical distribution of a
marked water layer in the unsaturated zone supply not only knowledge about
the movement of water (e.g. with a view to the dispersion of pollutants) but
make it, moreover, possible to determine groundwater recharge directly. 1In
this context, it is not necessary to know the percentage of evaporation which
normally is required for balances and which 1is difficult to determine;
however, it is necessary to determine the water content profile of the
unsaturated zone (see Section 1.1.2).

If the "peak method" is applied, the water content W (mm) is determined
in that part of the vertical profile of the unsaturated zone which is above
the marked water layer in the course of the period under investigation. In
this case the peak, or better the centre of gravity of the tracer
distribution in the vertical profile should be used as the site pavrameter.
The groundwater recharge rate r, i.e., the share of the precipitation P (mm)
contribution to groundwater recharge may than be computed for the period
under investigation from r = W/P., For infiltration velocities of about 1
m/year, which are typica) for field capacities of about 20 vol-% and
precipitation quantities of more than 200 mm/year, r may be determined with
an accuracy of I 10%x.

In the case of the "total ¢tritium method" a balance 1is established
between the total 3H quantity 4in the precipitation and of the “H share
infiltrating into the unsaturated zone and on this basis r is computed. 7This
method is accordingly restricted to the evaluation of the measurements of the
environmental 3H content. The uncertainty of the 3n input function governs
accuracy.

1.2 Heasu,ing Examples

Examples of measurements of the water movement in the unsaturated =zone
and the derived value for groundwater recharge have been summarized by MHoser
& Rauert (1980) and IAEA (1983a). For the mathematical models underlying
these values reference must be made to the literature.

1.2.1 Investigations with the Aid of Added Tracers

The use of intentiunally added water with 34 tracer for the
investigation of infiltration processes in the unsaturated zone was for the
first time proposed by Zimmermann et al. (1966) and realized on several test
fields 1in the Federal Republic of Germany. In the meantime the method was
applied in particular in 1India for the purpose of determining regional
groundwater recharge. In this case, 6 Co Wwas also used as a tracer (e.g.
Gupta & Sharma 1979, RAO 1983). Fig. 2 shows as an example the vertical
profile of the 31 content and of the water content determined by weighing
for a field experiment with loess loam near Heidelberg (Federal Republic of
Germany) from which the process of groundwater recharge could be ascertained
(Jakubick 1972). Relying on such measured 3} profiles the concepts
descripted in Section 1.1.3 about seepage water movement and tracer diffusion
could be confirmed with the aid of a simple multibox model taken from
chromotography. Simultaneously, the rates of groundwater recharge determined
by comparison with daily climate observations and the resultant precipitation
- evaporation relationship were verified (Thoma et al. 1979). The tracer
distributions determined on the basis of these computation models agree well
with the H profiles measured (see, e.g., Fig. 3).
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Figure 3: Fleld experiment Bammental near Heldelbeg (Federal Republic of
Germany): Measured 3H content fs) and soll molsture content (o)
profiles and an estimate due to the multibox HETP model (solid
lines), as calculated from dally data of precipliation, alr
temporalure; and saturatfon deficit In atmospheric moisture (Thoma
et al. 1979).

1.2.2 Investigations with Environmental |sotopes

The field experiments, e.g. summarized in Moser & Rauert 198G, vere
carried out mostly 4in 1lcose rocks and under humid or semi-arid climatic
conditions. A comparison of the two time curves of the 3H input from
precipitation and of tile 3“ content of two lysimeter outflows (lysimeter
Sindorf: 40 cm loess on 110 cm loam and 150 c¢m gravel; _ lysimeter
Limburgerhof: 100 cm fine sand on a gravel layer) shows that the °“H peaks
of the 4input appear in the outflow of the sand lysimeter with a five-month
lag (corresponding to a seepage velocity of 2.4 m/year) whereas they are not
identified 4in the outflow of the loess loam lysimeter. Here, merely a broad
maximum with a 2.5-year 'ag as compared to the 3H input peak of 1963 can be
registered. The application of the chromotopographic model mentioned in
Section 1.2.1 confirmed these processes on the basis of the field capacities
F (Thoma et al. 1979) indicated in Fig. 4. But Fig. 4 also shows that the
tracer marking of the seepage water with the “H peak in 1963 can now be
found only in areas with little groundwater recharge, i.e., in seepage water
at depths greater than 20 m. Thus, for instance, a downward movement of the

3u peak between 1972 and 1978 (Fig. 5) could be found in the course of
investigations in the Ad Dahna sand dunes (Saudi Arabia) and, on that basis,
a groundwater recharge of 23 mm/year was calculated which appears realistic
and in agreement with a simple infiltration - evaporation model using
precipitation and 3y input data (Sonntag et al. 1980). MNeasurements of the
3H and 180 contents (Fig. 5) supplied additional insights into the
relationship bDetween evaporation and infiltration which were confirmed by
laboratory expariments (Munnich et al. 1980).
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vo/-% for Sindorf, respectively (according to Thoma et al., 1979).
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INVESTIGATIONS IN THE SATURATED ZONE

The parameters of the groundwater movement determinable with the aid of

environmental isotopes and intenionally add:d tracers are provided by timo
differentiation as well as by means of direct neasurement of the filtration
and distance velocities and the flow direction of the groundwater.
2.1 petermination of Parameters of Groundwater Movement from

Heasurements of the Environmental Isotope Content.

The 2y, 180, 34 and 140 contents (together with 13 of
groundwater have, in the 1last few vyears, been extensively used for the

investigation of water movement.
for instance, 89gr, 39Ar, 3231’
technologically prepared,and pract

li(r and 3

The use of other isotope contents (such as,

Cl
ically applied in individual cases.

have been discussed,

2.1.1. 7Time Differentiation of Groundwaters

Fig. 6 shows sthematically the dating periods of groundwaters for
individual environmental isotopes. From such mzasurements, distance,
velocity, moisture ratios of groundwater bodie as well as their

interconnections and relation to surface water may he deduced with the aid of

hydraulic models.
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Figure 6: Dating ranges of environmental isotope techniques already in use

(——) and under development (----), the exact range depending on
the interpretation model used.

In the case of stable isotopes 2H and 180l time differentiation is basedq

on differences in concentraticn as shown in Table 1 which are mainly due to
temperature-dependent isotope fracturation in the water cycle (e.g. IAEA
198l1a) and consequently characterize the groundwater with respect to time
and space and the climate during input. Fig. 7 shows the Zh contents of
individual precipitation events for an Alpine catchment area, the

corresponding monthly means and the resultant seasonal variations. The
extent to which such time-dependent variations of the 2H and 180 contents
of the precipitation can be used to determine the residence time of the
groundwater -depends on the amplitude of the input function and, as in the
case of all such interpretations, on hydraulic model assumptions. Thus,

under humid climatic conditions, mean residence times of days to some years
can be found.

Since isotope fractionation depends on temperature and air moisture, 2H
ana 180 contents of precipitation also reflects climatic variations. Fig. 8
shows that in eastern England, groundwater ages of more than 10 000 years
with decreased 180 contents as compared to recent waters are correlated. It
may thus be possible to distinguish pleistocene from holocene waters (for

further examples see, for instance, Moser and Rauert, 1980; Eichinger et al,
1984).
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Figure 7: Seasonal variations of the 2H content of single precipitation
events in a8 moumainous catchment area of 19 km2 (Upper Bavaria,
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means of the deuterium contents are indicated as step functions
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Filgure 8: 18 0 contents of groundwater from the unconflned and confined ares
of a Trlsssic non-marine sandstone aquifer in eastern England, In
relation to the geochemically corrected 14C age (according to Bath
et al. 1979)

The radioactive 1sotopes3l{ and 8510‘ are largely of anthropogenic
origin: 3y originated from the nuclear bomb tests between 1952 and 1962
which injected tracer into the stratosphere. Since then it has Dbeen
transported to the atmosphere with a seasonal periodicity and rained out
since 1963 with from year to Yyear decreasing, and later on with 1little
changing annual mean concentrations (Fig. 9). The knowledge of this input
function is provided on a global scale by the IAEA/WNO sampling network (IAEA
1981b and 1983c) and in addition by many national activities.

85Kr is released from nuclear plants into the air and becomes distributed
uniformly in the atmosphere. In contrast to 3 H, the 83 Kr concentration in
the air and therefore also in the precipitation, increases monotonously
without seasonal variations (Fig. 10).

34 ana 85Kr contents of groundwaters are, according to the form of their
input function, suited for a differentiation of residence timex up to about
100 years, depending on the hydraulic model used folr interpretation. Fig. 1l
shows, in the case of the exponential model, the 3H ana 85Kr contents of

roundwaters with different mean residence times calculated from known 3H ana

sxr input functions (Fig.9 and 10) . The measurement of ﬁgixr content needs
much more expenditure than that of 3H. However, single Kr analyses can be
used successfully for clearing up ambiguities and uncertainties in the
determination of residence times caused by the form of 3H input function
(e.g. Salvamoser, 1982). In other respects, a sufficiently long time series
of measurements of 3H (and/or 85Kr) contents from a single groundwater
sampling point can be useful for evaluating the validity or the applied model
as well as the error of the calculated residence time.
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The radioactive isotope 14c is produced in the atmosphere by cosmic-ray

interaction. According to the model of Munnich (e.g., 1968) it enters the
soil air and soil water mainly via the decomposition of plants and forms

calcium Dbicarbonate and CO in the groundwater. Using the law of
radiocactive decay, the 14 ¢ model age of a sample from (deep) groundwater is
calculated from the ratio of the initial C content Co of the groundwater

at the time of recharge and the l4c content of the groundwater under
investigation. c, often lies between about 60 and 100% modern. This
uncertainty of Co is due to, among other effects, the

geochemistry of the recharge area, the possible C content of soil
carbonates, the dissolution of limestone by humic acids, and carbon isotope
exchange Dbetween the soil gas and water. Furthermore, 1 C can be lost from
the groundwater through isotopic exchange with the carbonate in the aquifer,
or the l4¢ content can be diminished by a mixture of CO2 of fossil biogenic
or magmatic (volcanic) origin. The various methods for isotopic and
geochemical corrections of 140 dates have been reviewed, for example, Dby
Fontes and Garnier (1979) and by Eichinger (1981). Major parameters of these
models are the concentrations of the dissolved inorganic carbon (HCO3 : COo2 )
and the ratios of the stable carbon isotopes, 13¢/ 12C, in the soil gas,

carbonate rocks and groundwater. Additional complications in C dating of
groundwater which exist also in dating with other cosmogenic radionuclides,
are possible diffusion and/or convective transport of C through

low-permeable layers which separate horzons of groundwater with strongly
distinct 1l4c contents and/or hydraulic heads (Klitzsch et al., 1976; Geyh &
Backhaus, 1979). Despite all these problems at the present time the 140
method is the only means for providing hydrogeologists with
order-of-magnitude estimates of groundwater ages between about one thousand
years and a few tens of thousands of years.

The radioactive isotopes 3281 and 39Ar, having half-lives intermediate
between those of 3H and 1 C, could be important for dating groundwater with
the hydrologically significant age range between 100 and 1000 years. Many
questions exist concerning 3253 including the exact value of half-life, the
contribution of 32si produced by cosmic radiation in the soil and by nuclear
bomb tests, and the complex silica geochemistry. Until now, dating with
325{ is at most, useful for establishing relative ages of water in a single
aquifer (cf. Davis & Bentley, 1982).

Though the rare gas argon dissolved in groundwater does not react with
the so0lid aquifer matrix, 39Ar ages measured so far proved to be often much
younger than the pertinent 14¢ model ages. This discrepancy could be due,
inter alia, to subsurface production of 39Ar according to the reaction
39K(n,p) 3%Ar (loosli & schger, 1979). On the other hand, one also has to
consider whether the 1 C model ages evaluated are tno high., Indeed, exam-
ples snow that the reduction of 14C model ages by geochemical corrections
brought the pairs of 14¢ and 3%r ages into the range of possible admixture
models (Eichinger, 1981; Forster et al., 1984).

The radioactive isotopes 81Kr and 3601 are used for dating of very
0ld groundwaters within a time scale of 105 to 106 years. 18 ¥r has the
advantages of being inert and of originating probably only in the atmosphere
and shallow so0il horizon induced by cosmic radiation. As natural 18 kr
concentrations in groundwater are very small, gas samples extracted from
water volumes of 103 m3 were considered to be required for radioactivity
counting (Oeschger, 1978). Most recently a new detection techniques, the
resonance ionization spectroscopy, Wwhich combines laser technique and mass
spectrometry, seems to allow the sample size to be reduced to a few liters of
water. The first measurements using this technique can be expected in the
near future. (Loosli, personal communication).
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The development of mass-spectrometric techniques for nuclide
identification using accolergtors, has provided an excellent means for the
measurement of natural 3 Cl concentrations 4in a few liters of water.
Problems of geochemical interpretation are considered to be 1less than with
1@C,because chloride in groundwater is neither derived normally from, nor
reacts with, the solid matrix of the aquifer (Davis & %?ntley, 1982).  Airy
et al. (1984) showed the applicability of such 3 Cl measurements in an
extended study of the Great Artesian Basin, Australia, which 1led to
hydrologically reasonable groundwater ages up to 106 years. However,
extensive studies combined with measurements of other radionuclides are still
necessary to prove the 36c1 dating method as a useful tool in hydrological
investigations.

Additional information on groundwater age differentiation could be
provided by other isotope methods, the results of which are even more
difficult to interpret than the before mentioned isotopes. The accumulation
of radioactive decay products in water may be a measure of the transit time,
and the measurement will become even easier the older the water is. There
were attempts to use the accumulation of4He, originating from the decay of U
and Th in the rock for groundwater dating but almost all 4He model ages
obtained 8o far turned out to be distinctly older than corresponding l4c
model ages (e.g. Bath et al, 1979). This might be due, inter alia, to the
admixture of helium which seeps upwards from deep geological sources. It
should also be mentioned that the other He isotope, 3He, which is the decay
product of 3H, might be useful for dating young groundwater. cConcerning old
groundwater, only qualitative dating up to about 1.5%x106 years seems to be
possible by measuring the 234u/ 238y activity ratio and considering the
disequilibrium of these radionuclides in circulating groundwater. For
details of this method as well as for the potential utilization of chemical
disequilibria (e.g. amino acid racemization) and of anthropogenic chemicals
like halocarbons (e.g. Freon) in groundwater dating, we have to refer to
literature (e.g. Davis & Bentley, 1982).

In the last few years measurements of environmental isotope contents
were increasingly resorted to in the case of all practical problems,the
solution of which presupposes knowledge about groundwater flow. Such
problems are, for instance, groundwater development and balances in
regionally extended aquifers, in particular in arid areas but also in other
climates with high water requirements; in karst areas, in particular with
view to the frequently and necessarily simultaneous problem of drinking water
supply and waste water discharge, &nd in thermal and mineral water aquifers
in particular with a view to their use and protection. Investigations of the
communication of surface water and groundwater, in particular of bank
filtration of rivers, saltwater intrusion in coastal areas and of groundwater
movement 4in the vicinity of disposal sites fnr radioactive or other wastes
assist in the protection of groundwater and environment.

Inxzthis connection, in addition to a combined application of
measurements of dAifferent environmental isotope contents, correlations with
hydrochemical, hydrogeological and hydraulic parameters are increasingly used
for the solution of problems. For details of numerous case studies of that
xind, reference is made ¢to the afore-mentioned monographs (Moser & Rauert,
19680; IAEA, 1983a 1983b) as well as to the Proceedings of the Symposia on
isotope hydrology regularly held by IABA (e.g. 1974, 1979, 1984). The
outcome of that work shows, however, that work is still required to further
develop the measuring techniques, to study the input concentrations and, in
the case of radionuclides, possible underground production of the
environmental tracers used. A principal problem still to be solved is the
development of comprehensive models for data interpretation which account’ for
the geochemistry of tracer behaviour and water-rock interaction as well as
diffusion or dispersion processes and the hydrodynamics of groundwater flow
including mixing prccesses in natural flow systems.
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2.2 petermination of Groundwater Piltration Velocity and Plow
Direction hv Means of Single-Well Techniques

Single-well techniques invclve the injection of a radioactive tracer
into a Dborehole and detection of this tracer within the borehkole during
infiltration of the tracer into the aquifer. 8ingle-well techniques have the
advantage of using only small amounts of tracer. The distortion of the flow
field around the borehole must be borne in mind and a correction applied when
interpreting the results of single~well tests in terms of the aquifer system.

The borehole dilution techniques (e.g. Moser & Rauert 1980; IAEA, 1983a
1983b; Drost, 1983 1984) involve the instantaneous injection of a tracer
(such as Br~, 13 I17) inta_ a sealed@ section of the borehole and the
monitoring of the “decrease 4in tracer concentration with time due to
groundwater flow through the borehole (Fig. 12). 1In the case of a porous
aquifer, the measurements proviée an estimation of groundwater filtration
velocity. By use of a collimated revolving detector, the direction of
groundwater flow can also be deternined. Fig. 12 shows a combined probe for
the determination of filtration velocity and direction of groundwater flow.
Both methods give valuable results- in porous media only if no vertical
streams dominate in the borehole and if the borehole stands 4in a
hydrogeologically representative profile of the aquifer. The range of
filtration velocity measurable by the dilution method is between some mm/day
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and some hundreds of m/day. 1In fractured rock this method may be used to
obtain information on flow in specific fractures but é&etailed interpretation
will depend on the geometry of the 4intersection of the fissure with the
borehole. Vertical streams within the borehole can be investigated by
releasing a tracer (guch as 92pr~,1311~) i, the borehole and observing the
movement of this tracer up or down the rehole e.g. by logging (e.d. Kiotz
et al, 1979; IAEBA, 1983a; Drost, 1983). This technique allows identification
of 2zones of water inflow and outflow the burehole profile and quantitative
determination of discharge of these flows. All single-borehole techniques
have heen widely applied for local hydrological problems such as groundwater
resources studies, environmental and dgroundwater protection, and civil
engineering (e.g. Moser & Rauert, 1980; Xlotz et al, 1979; IABEA, 1983a;
Drost, 1983 1984).

2.3 Determination of the ¥Yelocity of Groundwater and the Dispersion of the
Groundwater Agquifer. Dv HMeans of Nultivle-Well Techniques by APPIving
Radicactive or Activable Tracers

Multi-well tracer techniques involve introducing a tracer solution into
the aquifer in one or more boreholes and observing the concentration time
distribution of the tracer groundwater down-gradient from the injection
location. As a result of this process in the non-pumped aquifer the
distance velocity and hydrodynamic dispersion and in the pumped aquifer
effective porosity can be determined (see, e.g., IABA 19834, Moser & Rauert
1980). In the case of karst-hydrologic investigations such measurements
supply knowledge about water paths, flow and residence times as well as about
catchment areas of a karst water system. For reasons of radiation protection
the use of radioactive tracers in the case of such investigations can be
allowed only where advantages as compared to traditional hydrological tracers
(dye tracers, salt) can be expected. This applies in cases in which, e.g.,
water marked with 3H is used as largely adsorption-free ("ideal”) reference
tracer or in the. case of a multi-tracer experiment (e.q., karst
investigations) in which the wide range of available tracer substances can be
enlarged by the addition of radionuclide tracers (e.g., Bauer et al, 1976;
Zojer, 1983). 1Inactive tracer substances with subsequent activation have, in
practice, been applied only in a few cases because Of the relatively high
expenditure required (e.g., Batsche et al, 1970; Behrens et al., 1976).

3. CONCLUSIONS

Development in the field of the application of nuclear techniques for
the investigation of water movement in tha unsaturated and saturated zones
over a period of about 25 years shows that these methods today take an
established position next to hydrogeologic, hydrochemical and hydraulic
methods in hydrology. In many cases these methods provide evidence, Wwhich
neither wholly nor in part can be obtained by means of conventional methods,
at least not directly. This is particularly true for the time
differentiation of groundwaters. Application of nuclear techniques combined
with conventional methods tend to eliminate erroneous conclusions as may
often result when considering a natural system unilaterally. Objections to
nuclear methods for reasons of expenditure do not hold good in most cases,
since analyses of environmental isotopes ( 2H, 180, 3H, 13¢, l4¢) nave
become routine and therefore, in general, require no higher expenditure than
complete water chemical analyses; the use of intentionally added radioactive
tracers corresponds in terms of expenditure, in the case of single-well
techniquest, to other conventional borehole-procedures and also in the case of
multiple-well techniques approximately to the expenditure to be incurred for
tracing experiments with conventional tracers. It 1is therefore to be
expected that nuclear techniques will be increasingly applied in hydrology.
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INTRODUCTION

Water in the unsaturated zone, which extends from the soil surface down
to the groundwater table, is generally referred to as soil moisture. It
forms a connecting 1link between atmospheric, surface ana subsurface
components of the hydrolocgical cycle with all possible interrelations. Thus
snil water affects such important hydrological processes as:

- Infiltration and percolation and the resulting groundwater recharge
- Surface detention including interception and overland runoff

- Capillary rise, evaporation and transpiration as well as water
consumption by plante and the formation of runoff in catchment areas.

Significant qualitative processes take place between soil and water or
water constituents and substratum. Since so0il water determines the
fundamental behaviour of both soil and water, it is not surprising that many
methods have been developed in the last few decades in, for example forestry,
agriculture, environmental sciences, engineering and industry in order to
measure soil moisture. The basic information obtained using these methods is
the water-content distribution with respect to depth and time at a 1location
as shown in the centre of Fig, 1, taken from Greacen et al. (1981).

Figure 1: Schematic dlagram of the applictions of soil-water . measurement
values. Central to this flgure Is the water content-depth- time
relationship (Greacen et al., 1981)

Furthermore, this diagram summarizes the applications of s8oil moisture
data ranging from water balance studies in catchment hydrology over
soil-plant water relations and the determination of soil hydraulic properties
needed for soil water movement studies to groundwater studies with emphasis
on capillary rise and groundwater recharge.
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But soil water content as a function of time and depth is normally not
sufficient to yield information on soil-moisture movement, since soil
moisture moves - due to the principles of unsaturated flow - in response to a
number of forces such as gravity, soil suction, vapour pressure and
tenperature, gradient. This means that for the determination of soil-water
movement soil moisture data are needed in iconjunction with estimates of soil
hydraulic properties such as soil suction, conductivity and diffusivity. On
the theory of soil moisture movement cf. to the fundamental works of e.qg.
Buckingham (1907), Richards (1931), Childs & Collis-George (1950), Klute
(1952), Philip (1954, 1955), summarized in Philip (1969).

On the other hand, for a better interpretation of these complex
relationships, simulation models for water transport have been developed and
applied to a greater extent in recent times, particularly in the field of
hydropedology and hydrology (cf.section 3.3).

l. SOIL-WATER CYCLE

For a better understanding of the complex relations, the soil-water
cycle is shown schematically 4in Fig., 2. Using the same symbols, the
short-term soil- water balance of a place site, neglecting lateral subsurface
inflow and outflow, is cited (for symbols see Fig. 2).

(1) QI + QK - QET - QP = a8

Where QI = infiltration, QK = capillary rise, QET = evapotranspiration,
QP = deep percolation and AS = change in soil-water storage.

When incorporated into:
(2) R = QF + QI
A

Where R means rainfall and QF overland runotff, we obtain

(3) R=QF + QET - QK + QP + A4S
R ET
[ 4 A 1'
E lc T
“ )
i &
“’__()F J vegetation
Ql soil surface
ss ¢ ' solum
<—— QINT 'QK sediment
&
1
]
Qu SG groundwater aquifer
7
R = ralnfan QF - overand runolt RF  « sudace detention
QINT = interflow Qu = subsurtace runotl Ss  « profile storage
$6 ¢ groundaater storage E + nponation [ = lnlerception
T * traaspiation EYT - avipotransplration A = afliation
QP = parcolation QX+ capillary rse

Flgure 2: Soll-water cycle
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Viewing the relationship between input and output of water over an
interval of several years, in the humid clim2te of Europe the AS-ternm is
neglected in many cases because it is assumed to equal O.

QI, OF, QET and QP are flow rates per time interval at the upper or
lower boundary of the unsaturated zone; in this way the flow through the
soil surface represents infiltration anad soil evaporation resp.
evapotranspiration if vegetation is included, and the flow at the 1lowest
boundary (the groundwater surface) indicates the groundwater recharge and the
capillary rise at sites with near-surface groundwater tables.

In addition to problems of water-supply of the plant-root zone the term
8 is of interest because of its importance in determining QP and QET. Data
for A S alone, however, are not sufficient for its determination. Short
period variations in the water content during the growth period have a
considerable effect on ten-day and monthly balances.

2, MEASUREMENT METHODS

All components of the soil-water cycle in equ. (3) and the corresponding
processes of soil moisture movement are dependent on soil moisture content
and its variation in depth and time. Hence suitable field data on soil
moisture are needed. Consequently, the next section deal with nethods of
soil-moisture measurement.

2.1 pSoil-moisture measurement
Currently the most frequently used techniques in the field are
2.1.1. Thermogravimetric method:

With the help of a soil auger volume-known soil samples are taken at
various depths in the field; in the laboratory the actual water content is
then determined gravimetrically by weighing, drying and - reweighing. The
result is the volumetric soil-water content.

This direct method is simple and economical for short-term investigation
programmes and is still the standard for the calibration of all other
methods. When a mid-term or 1long-term study is performed, however, the
frequent augering destroys the measurement site and disturbs the natural
environment (Reynolds, 1970a, 1970b, 19070c).

Only weighable lysimeters allow the continuous measurement of the change
in soil moisture with time by recording changes in the weight of a soil
blcck. Beside some methodological problems (oasis-effect, boundry problem at
the gaurrounding walls, disturhed soil-suction profiles at the bottom of the
lysime:er), the method involves considerable technical and financial efort
and, <this 1is why it is not 4in general use. Aspect of this method are
discussed in detail in DVWK (1979).

2.1.2 Neutron diffusion method:

The neutron method 4is nowadays the most frequently used indirect
technigiue o¢f measuring soil-water content; for this reason, it will be
discussed in ihe following in more detail.

It 4is a non-destructive field method based on the slowing-down,
thermalization and diffusionof fast neutrons emitted from a source by elastic
scattering with hydrngen nuclei in the soil. Since the hydrogen nuclei of
the soil are approximately proportional to the water content, the flux of
slowed-down neutrons near the detector is a measure of soil moisture.
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The measurement is normally performed by lowering a probe (see Fig. 3),
which consists of a radioactive source and a detector to the required
depth in an access tube into the dground. Soil water content 4is then
calculated from the count-rate of the slowed neutrons and a calibration
curve, which should be specific to the particular measurement profile or
site. (For more details on the principle of the neutron moisture probe is
referred to IAEA (1970), Couchat (1974), Neue (1980), Greacen et al (1981),
Morgenschweis (1983).

The main advantages of the radiometric method compared to gravimetric
sampling are those of fast assessment values without destroying the
measurement profile as well as of precision and cost, especially if used in a
long-term and 1large investigation progran. The advantages of this
physically-based measurement system can be reduced to a minimum by two main
inmperfections:

1. Poor installation of access tubes and

2. Calibration procedures and curves vwhich do not meet the physical anad

physico-chemical requirements of the instrument and the medium
measured.

concerning point 1) reference is made to the publication of Eeles
(1969), Bell (1976), Morgenschweis & Luft (1981), Greacen et al (1981) where
the different possible bore techniques an/4 the intruments needed to install
access tubes are described in detail.

Depth indicator
Cable clamp — 130 Ratemeler
Lock —& l = —[— Ni-Cd storage battery

Cable
X
Radistion shield A 2 _ Top of ihe tbé
7WW§ W Soil surface

|—— Access tude

= Neutron detector
. Neutron source

Flg. 3 Schematic dlagram of a neutron molsture probe

The most serious source of bias in the neutron method derives from
unadequate callbration procedures (point 2). this is why, a practicable
calibration concept is presented here in detail:
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The calibration is complicated by the fact that so0il elements with a
high neutron absorption probability as B, Cl, Li, Ca, Fe, K and organic
matter, clayey minerals, silt and especially the bulk density of the porous
medium influence the process of neutron diffusion.

Thus Olgaard (1965) and Couchat (1967) used for their model calculations
of their fundamental studies more than 30 soil and instrument parameters that
influence neutron gauge readings, but soil density proved to be the most
important one. (cf. for example, Lorch (1963), Eeles (1969), Hanus et al.
(1972), vVauchad et al. (1977). As a result of the calibration function for a
neutron probe is

e = f(N,f)

(4) with
© = volumetric soil water content (vols$ "20)
N = countrate of the neutron probe (Imp-s'l)
7 = dry bulk density (g-cm'a).

To the question which method for calibration is to be chosen (as field
and laboratory calibration, calibration using theoretical methods), the
statistical treatment of the calibration data seenms the crucial point.

In principle, equ. (4) can be approximated either with 1linear or
non-linear multiple regression analysis using the polynomial approach (e.g.
Hanus et al. 1972, Greacen et al. 1981), or with parameter estimation
procedures. Couchat (1974) and vachaud et al. (1977) derived from
neutron-physical measurements an empirical function of the neutron diffusion
dependent on moisture and density; their simplified reverse function stood
the test as the basic equation of a neutron-probe calibration function.

(5) OI(N_g.r-d)/(a-rlb)

The soil-physical parameters a, b, 4 and g can be approximated using an
optimizing estimation procedure (Hartley, 1961). The main advantage of the
parameter estimation procedure is that it needs only relatively small random
samples (10 -2 20 samples). )

In Fig. 4, the calibration function for a loessian measurement site in
Southern Baden for a Wallingford neutron probe type IH II is presented
{Morgenschweis, 1983). It was derived from a total of 180 volume-known
scores from 30 to 300 cm depth (at least 5 parallels at each depth) which
were averaged to random sample of 29 mean values (cf. table 1).

With the help of an optimizing procedure (a modified GAUSS-NEWTON
iteration) the calibration function was determined with a standard error of
the model s = 1.0 vOl% H20 taking into consideration dry bulk density in a
range between 1.2 and 1.8 g.cm3-,

In the meantime, this concept has been used in several research
programmes in West Germany with different types of neutron probes and has
provided satisfactory results with relatively 1little field and 1laboratory
work.,

Worth noting in this context is the remark by Greacen (1981), that,
whatever calibration procedure is chosen, sound practice in the volumetric
sampling of so0il is the sine qua non for sound neutron meter calibration.
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Figure 4: Molisture calibration curves of the neutron moisture probe
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A disadvantage of the neutron method is its poor vertical resolution and
therefore its inability to detect discontinuities and sharp changes in water
content as a function of depth. This is true, for example, of measurements
near the water table and in the uppermost 20 cm below the soil surface, where
neutrons escape to the atmosphere when the neutron meter extends above the
surface of the soil.

To overcome this disadvantage separate calibrations for the surface
layers (Greacen et al., 1981), correction functions to increase the reduced
countrate ratio (Morgenschweis, 1983), extension trays (Sharme & Tunny, 1972)
are suggested. After all, the assessment of top soil moisture by using a
neutron probe remains a problem.

Furthermore a once determined calibration function should be checked and
maintained using adequate procedures. The instruments should be adjusted
regularly to remove any bias due to electronic instabilities of the probe,
for example by using control standards (e.g. a water drum (Bell, 1976) or
polyethylene cylinders (Luft, 1981) and reference curves or the "relative
countrate" principle(cf. Bell, 1976). For other possibilities see Greacen et
al (1981) and Wendling (1985).

Following all the recommendations for installation and calibration, the
neutron moisture probe is able to estimate the moisture content of the soil
with an overall accuracy of lower than 2 vol% uzo.

2.1.3 Gamma-ray transmission method:

Another radiometric technique is the gamma~ray transmission method (van
Bavel, 1959; Lorch, 1967, 1971). The attenuation of gamma-rays is a
density-dependent phenomenon and changes in density are proportional to
changes in water content provided that the pore system is rigid (non-swelling
or non-shrinking). . The method can detect vertical changes of the order of
only a few centimetres. In soils with varying bulk density (non-rigid pore
systems), measurement can be carried out by using two sources, either a
neutron and gamma source or two gamma sources with different energy 1levels
(Corey et al. 1971).
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There are other methods of s0il moisture assessment such as

- electrical resistance units (Bouyoucous et al, 1940),

- heat. conductivity instruments (Schulte im Walde, 1975),
- tensiometers (cf. chpt. 2.2),

- ultrasonic and

- electromagnetic method (Topp et al., 1980).

Common to all these methods is the fact, that they either do not fulfill
the requirements in precision and handling, or are still being developed, soO
that it is too early to recommend them for practical use (cf. Schmugge et al.
1980).

To summarize this review of the direct and indict methods of
soil-moisture measurement: there are, in the opinion of the author, two
essential methods; on the one hand, gravimetric sampling as a standard for
the calibration of other methods and as the most simple and economic method
for short-term studies and, on the other hand, the radiometric technique
(neutron and gamma-ray) which satisfies almost ideally the requirements of
hydrologists as regaids the physical determination of soil moisture.

2.2 Soil-moisture tension

As stated above, the movement of water in the zone of aeration cannot be
explained by changes in soil-water content alone, since, in contrast to the
saturated zone, gravity is not the dominant force but rather soil suction or
s0i1l tension (which are synonymous terms) by which ~ater is held in
comparatively moist soils.

This means that under normal circumstances and temporarily ignoring the
effects of gravity, there will be a movement of soil moisture from moist soil
to dry soil, or in terms of soil tension, from an area of low suction to an
area of high suction. Thus, it is necessary to measure the change of
moisture content and of suction with depth and time.

2.2.1 Tensiometer:

Tensiometers have been used to indicate soil moisture tension since the
early 20°'s (Gardner, 1922, Richards, 1949). With the help of porous-clay
cells, which are filled with water and connected to a pressure measurement
system, e.g. a mercury manometer, this suction force of the soil is measured
in situ and its variations can be recorded continuously. Tensiometers
operate, however, only up to about 0.85 atm tension because dissolved air and
the impurities in the soil water reduce the water's tensile strength (Don
Kirkham, 1964). This means that tensiometers measure only the capillary
component of soil moisture suction and that it cannot be used in dry soils or
in top soil 1layers which show a wide range of water content variation with
time.

To obtain information on soil tension higher than about pF 2.9 (pF is
the logarithm of soil moisture suction, as defined by Schoffield (1935)), it
is necessary to make laboratory use of porous plates or pressure menbrane
apparatus as described by Richards (1947). Another method is the use of an
osmotic tensiometer ("Osmometer™) as developed by Peck & Rabbidge (1969),
which is filled with as osmotic solution instead of water and which makes the
measurement of soil-moisture suction possible up to pF 4.2 (wilting point).

New developed pressure transducer tensiometers allows digital recording
and its application is not restricted to frost-free periods (Strebel et al.,
1970, 1973). Rut the above-mentioned physically based restrictions remain
the same.

In controlled plot studies tensiometers are nowadays a successfully used
measurement technique. (For nore details sae Richards (1949), Benecke (1982).
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Figure 5: Schematic disgram of a pressure transducer tensiometer (Strebel 2t
al., 1973).

2.2.2 Soll-Moisture Characteristic Curve

Under field conditions in a saturated soil, the hydrostatic potential
and the tension are zero. As suction is increased, water is drawn out of the
s0il because pores of a certain diameter cannot retain soil water against the
suction applied and will empty. Thus, increasing suction is associated with
a decreasing soil-moisture content. The amount of water remaining 4in the
s80il at an equilibrium is a function of the pore size and volume and hence a
function of the matric suction (cf. Fig. 6). This function 4is nhormally
measured experimentally with soil scores using e€.9. Richards' method with
desorption. 1Its graphical presentation is termed, according to Childs (1940)
ngoil-moisture characteristic® or often soil-moisture - tension relationship.
Examples of moisture characteristics for sand, loam and clay are shown in
Fig. 6. I1f this function 4s known, 80il tension can be estimated from
measured soil moisture values.
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Flgure 6: Soll-molsture charscteristiics of a sandy soll (S),e loamy soll (L)
ond o clayey soll (T) (adapted from Scheffer & Schachtschabel,

1581)
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This function, however, is not generally a unique and single-valued one,
because of the hysteresis phenomena, meaning that equilibrium so0il water
content at a given suction is greater in drying (desorption) than in wetting
(sorption) a soil. Fig. 7 1illustrates the hysteresis effect. For more
details on hytsteresis and its causes cf., Poulovassilis (1962), Philip
(1964), Hillel (1971).

The combined use oOf simultaneous measured soil moisture and soil tension
data for determining soil moisture movement will be discussed in Section 3.
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Figure 7: Hystssls phenomena of the suction-water content curves in sorption

and desorption (HlIllel, 1971) 2.3 Unsaturated conductlvity and
diftusivity

2.3 Unsaturated conductivity and diffucivity

To solve the basic equations of unsuturated flow as used in the
simulation models discussed in section 3.2, knowledge of the unsaturated
hydraulic conductivity and the diffusivity in dependance of suction or water
content are generally required.

In principle, this information can be obtained from either 1

a) experimental measurements in the laboratory, e.g. using the falling
head or constant head method or the hot air method (cf. Klute, 1965)
Gardner, 1956 van den 3erg et al., 1986) or

b) enperimental measurements in the f£ield, e.g. using dinfiltration
experiments (cf. Hillel & Gardner, 1970) or

c) using empirical functions as first approximation (cf. Childs &
Collis-George }; 1950), Philip, 19557 Bruce & Klute, 1956). Tha
distributed simulation model presented in section 3.2.2 uses such an
empirical function for the estimation of the x(8) and D(6) function.
I1ts graphical presentation is shown in Fig. 10.

Following Hillel (1971) it should be stated that until now there is no
reliable way to predict these functions. Thus it i8 not surprising, that the
above publications show very differing, even contradictory graphs.
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3, DETERMINATION METHODS OF SOIL-MOISTURE MOVEMENT

Using soil-moisture content and tension as basic data and taking
different boundary conditions into account, more or less complex computation
methods have to Dbe used to determine the components of soil-moisture
movement, such as infiltration and deep percolation (downward direction),
capillary rise and evaporation or evapotranspiration (upward direction).

3.1 Zero-flux plane method

During the growing season under not too humid climatic conditions, a
plane of 2zero-flux (where the hydraulic gradient = 0) occurs below the root
zone. If soil water and s80il suction are sinmultaneously measured as a
function of time between the s0il surface and the groundwater table, an
accurate determination of QP and QE is possible under these conditions.
Using the zero-flux plane, and the groundwater table as a boundary layer, the
wvater content variations can be integrated with time and give directly the
deep percolation flux QP.

The integration between the zero-flux plane and soil so0il surface
results in the evaporation QE, or evapotranspiration QET when calculated with
vegetation.

For periods without a zero-flux plane, the capillary water flow at a
distinct depth below the root zone has to be determined by Darcy's law and
this depth is used then as a boundary for integrating the water content
variations. The relation between hydraulic conductivity and soil-water
suction of the different so0il 1layers needed for this approach can be
deternined by field measurements during periods without vegetation cover
‘(Hillel et al., 1972) or on undisturbed soil cores in the laboratory using
different methods (Renger et al., 1974; van der Berg et al., 1986).

Capillary rise QC from the groundwater table can be determined
analogously (after a report of Strebel, 1985).

3.2 Deterministic simulation models

To quantify soil-water movement and its components. deterninistic
mathematical models have proved to be extremely successful. A great number
of such physically-based models have been developed and published within the
last 2 decades (e.g. Freeze, 1971; van der Ploeg et al., 1974; Wind & van
Doorne, 1975 ; Hillel, 1977; Feddes et al., 1978; Duynisveld et al., 1983;
Norgenschweiss, 1984). Hence, as it is imposible to present even in outline
the most J4important developments, it seems more appropriate to outline the
principles and different philosophies of soil-moisture movement modelling by
taking two contradictory types as examples, a lumped two-soil zone model and
a distributed analytical based model.

3.2.1 Two-soll zone lumped model

The approach adopted here is that described by Fleming (1975. 152 ff).
Lumped parameter models of soil-moisture movement are based on the solution
of the continuity equation of flow into and out of a soil moisture profile.
Fig. 8 shows the general concept of such a lumped model, where a small unit
of area within a catchment is taken and a soil column of it 4is considered,
which can be subdivided into Bseveral zones. On the left of Fig. 8 the
hydrological processes taking place within the soil profile are shown in a
simplified mannet.
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Flgure 8: General concert of a Ilumped model of soil-moisture movement
(Fieming, 187&)

Within the well-known "Stanford Watershed MHodel IV" (Crawford & Linsley,
1966) soil-moisture movement is modelled as a two so0il-zones system: The
upper so0il 2zone (from a few centimeters or to decimeters) of soil which
reacts immediately to rainfall and which controls the formation of overlanad
flow- and infiltrationy and the 1lower soil zone which represents the soil
moisture storage capacity, frum just below the surface down to the capillary
fringe. Both the upper and the lower zones are assigned parameters which
represent nominal values of storage capacity. These are assigned based on
parameter estimation. Rainfall is divided between surface detention and
gross infiltration, The gross infiltation includes infiltrated water
assigned to the lower zone and that assigned to interflow. Some fraction of
the water asslgned to surface detention enters the upper zone soil storage,
This fraction 4is computed based on the ratio of actual soil moisture in the
upper 2zone to the nominal soil-moisture storage. Percolation takes place
from the upper zone to the lower and groundwater zones based on the function
in equ. (6)

) LIFA] LZS]
D, =01 X1 -
0.1 X anUZSN[U ~ 79N

(6) where D, = drainage from the upper soil zone
Inf = an infiltration rate parameter.
UZS = actual upper zone soil-moisture storage
UZSN = normal upper zone goil-moisture storage
= actual lower zone soil-moisture storage

LZ8N = normal lower zone soil-molsture storage
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A fraction of the water accumulating in the 1lower 2zone from direct
infiltration and percolation from the upper zone enters the groundwater Zzone.
This percentage is based on the functions in equ. (7) to (9).

y =1 g_s_( 1.0 )'fr—l.’-ziu
(7) LZSN \1.0 + = LZSN
(8) o= 100 {10 - (55 )f rorgggg >
) r =15 {12 - 1.0] + 1.0
where P, = percentage of moisture entering groundwater storage

from the lower zone

The above treatment of soil moisture is a simplification of what 1in
reality 4is a highly complex phenomenon. In distributed catchment models,
however, the lumped approach is often to be found, as i.e. in the above cited
Stanford Watershed Nodel, the USDAHL-model, the EGHO-model (Dyck, 1981) or in
agricultural hydrology (Renger & Strebel, 1982).

3.2.2 Distributed simulation model

In contrast to the above lumped approach the distributed models divide
the soil profile into a number of compartments (depth increments) (cf. Fig.
9) and solve the basic partial differential equations of flow in the
unsaturated or saturated 2zone for each compartment continuously using a
suitable time interval.

Morgenschweis (1984) gives among others an examples of a distributed
simulation model describing the one-dimensional vertical unsaturated soil-
water water movement through heterogeneous soils. The model solves the
. basic differential equation that is based on a diffusion analogy (Remson et al.,
1971):

? dk\ 00
w  B-LpE (BT )
where 6 = total measured water content (vol$ HZG),
z = vertical rectangular coordinate,
k = k(6) = standardized unsaturated hydraulic
conductivity (cm's"l),

D = D(O®) = golil-moisture diffusivity (cm% 9-1

)o
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dimensional soll-moisture model with boundary and Initlal
conditions Morgenschwels, 1984)

It is solved numerically with the help of finite dJdifferences according
to the Liebmann scheme with backward difference approximation. The procedure
proved to be rapidly convergent and showed a good stability behaviour.

The model results in flow rates per time interval (hour, day, etc.) at
the upper and lower boundaries, first for each compartment and later for the
total balanced so0il profile. 1In this way the flow through the compartment at
the soil surface represents infiltration and soil evaporation, and the flow
at the lowest boundary indicates the groundwater recharge.

For a better understanding of the results compiled in the following
tables, it should be explained that the model assigns negative values to soil
evaporation (-) and capillary rise (~) while giving positive values to
infiltration (+) and percolation (+).

A detailed explanation of the model used, including detailed information
on boundary and initial conditions for the numerical solution, and on mrodel
refinements, is given in Morgenschweis (1981).

To give an idea of the data needed for the model, the input data are
listed:
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- time-variant data

a) soil-moisture values per depth increments of 20 cm
(e.g. 10 m deep access tubes)
uged method: neutron moisture and gamma-ray density
probe, once per week.

b) precipitation

used method: rain recorder digitally punched on papertape
aevery 5 min.

- time-invariant input data

measured values or functions::

a) grain-size distribution of each 20 ¢m increment

b) total pore space volume

¢c) wet/dry bulk density

d) saturated hydraulic conductivity

e) desorption curves of the s0il moisture - tension relation

estimated values or functions:

f) unsaturated hydraulic conductivity k(®), evaluated for
each incremental depth by an emperical power function
according to Averjanov (1950, cited in Luckner & Schesta-
kow, 1975) and later successfully tested by Mualem
(1978), (cf. Fig. 10).

g) soil-moisture difussivity values u(©) for each horizon
wore estimated accordiny to

D = D(h¥.0) = — h(OXd¥/d0) (11)

whereby; the soil tension is differentiated with respect
{o saturation €& and with hydraulic conductivity k as a
parameter (cof. Fig. 10).

Fig. 10 depicts 8041 moisture-tension, unsaturated
conductivity and aiffusivity for different horizons.

hydraulic
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The multi-layered model was used to analyze soil-moisture movement in a
small loessian catchment area in Southern Germany near Freiburg, which is
well-xnown from long-term experimental studies (Luft et al., 1983),

Taking as an example the simulation results of a high terrace site (30 m
thick loess terrace) the influence of a specific rainfall event on the
soil-water movement will be discussed. During the period July 27 - August 16,
1973, a storm deposited 35 mm of rainfall with a maximum intensity of 22 mm
hr ~1. To simulte this event, the model needed to distinguish between the
measured precipitation and the water which actually infiltrated (i.e.
overland flow and surface detention had to be considered). The effect of
this rainfall on the soil-moisture distribution in the depth profile had to
be simulated using precipitation data per 5 min. The resulting hourly
soil-water distribution over a period of one day is plotted in Fig. 11l.

15 20 25 30 35 40 45 50 o [Vol_% HZO]

o I N Y S I
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/

30 7

50 / 2.8, 1973
0: 12 0'clock
1:13 ¢
2: 14

7 316 “

10 4: 16 *
6: 17 “
6: 18 "
7: 19

90 3.8.1973
12: 0Qo'clock
18:. 6 "

5

3

o

v

Figure 11: Water-content profiles during Infiltratlonafter storm ralnfall
at a lovsslan site (Morgenschwelss, 1984).
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Furthermore daily soil-water balances and distributions of tensions andq
fluxes of different representative sites were simulated. For details see
Morgenschweis (1981, 1984).

simulation results of Jansson (1980)
The simulation was performed continuously

In addition, Fig, 12 shows the
using a similar distributed model.
for two summer half-years.
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Flgure 12: Simulated and messured water-content of two summer half-yesrs In
solls at Jadreas/|Sweden (Jansson, 1980).
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Most of the soil-moisture simulation models solve the basic differential
equation numerically using the finite difference procedure, only a few
authors try to use finite -elements; most of them are one-dimensional
conception. Two-dimensional models, as described in Hornung et al. (1980)
theoretically are very rare or are being developed. On the other hand, the
combined and simultaneous modelling of the unsaturated and the saturated flow
have been developed in the last decades.

4. VARIABILITY WITH SPACE

As well as the above-mentioned measurement as the determination methods
yield results for soil-water components on a point or small plot scale under
specific soil, plant and groundwater conditions. For larger areas, complete
landscapes or catchment areas, additional data (preferably presented on
detailed or semi~detailed maps) about the soil, groundwater depth, vegetation
cover and climate conditions are to be considered. Especially important in
soil maps are the hydraulic characteristics of the mapped soil units or at
least data on soil-texture and texture 1layering from which approximate
hydraulic parameters can be derived (Sharma & Luxmoore, 1979). On the other
hand soils vary significantly, both horizontally and vertically, and it is
extremely difficult to collect information on areal soil-moisture movement.

To determine the variation of soil moisture and soil hydraulic
properties in space great efforts are being made on world-wide scale by means
of remote sensing. According to Schmugge et al., (1981), Meier (1981),
Schultz (1986) the application of the microwave method seems to be the most
effective investigation trace of the future. Nevertheless all indirect
measurement methods need a calibration with point measured values. Hence,
suitable field data are required.

On how to transform point measured values into areal values (e.g. mean
basin s0il moisture) and the necessary networks installation, reference is
made to Toebes & Ouryvaev (1970), Greacen et al (1981).
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INTRODUCTION

An important part of the water cycle is represented by the movement of
water in the underground, whether as soil moisture in the unsaturated zone or
as groundwater in water saturated rocks. Tracer technology is the most
appropriate method of following water movement. Tracing techniques have been
developed with the last 5 years Dby the progress of hydrochemistry, and
chemistry and isotope physics in particular.

On the one hand, tracers are used artificially; they are injected into
the water cycle by man. On the other hand, the natural components within the
water cycle, e.g. dissolved chemical solids or environmental isotopes, can
be applied. Between these two main groups of tracers can be placed a class
of tracing constituents (e.g.tritium,waste water) although their infiltration
into the wunderground is not intended for hydrogeological purposes 1In
addition, it can be stated that a number of environmental or natural tracers
can also be injected artificially, such as radioactive isotopes and dissolved
solids.

The history of tracer hydrology has been influenced decisively by the
"International Working Group for the Application of Tracer Methods in
Hydrology", and especially by the synoptical development of artificial
tracing with isotope techniques. Routine investigations carried out by
scientists from different countries were reported and discussed in several
"Tracer Symposia™: 1966 in Graz (Austria); 1972 in Freiburg i.Br. (Federal
Republic of Germany); 1976 in Bled (Yugoslavia) and 1981 in  Bern
(Switzerland). The S5th Symposium is being organized in Athens (Greece) 1986.
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1, NATURAL CHEMICAL TRACERS IN THE WATER CYCLE

Groundwater quality greatly depends on the large variety of rock-water
interactions, which eventually can be reflected in equilibrium models.,

The process of dissolution is determined by a series of criteria which
must be considered as a whole. One is the time of contact between the moving
water and the rock and, furthermore, the face of the contacted solid or
unconsolidated rock. The rock-water interactions are also influenced by the
dissolving ability of the water and vice versa by the readiness of the rock
to release particles, i.e. to be dissolved. 1In carbonate rocks,C02 and its
partial pressure are important requirements for increased chemical reactions.

Dissolved solids can be used in this way as natural tracers due to the
rock geochemistry in the recharge areas of springs and wells. So parameters
like calcium, magnesium sulfate and other ions as well as the varying
relationships between them, can indicate the location of recharge areas and
can help to conceive hydrodynamic models. Special emphasis is given to this
by E. Eriksson (1981).

2. METHODOLOGY OF ARTIFICIAL CHEMICAL TRACERS

There are a certain number of requisites for the artificially injected
chemical tracers:

- The tracers should not, or minimally, appear naturally in the
investigated groundwater system.

- The tracers must be soluble in water.

- The tracers must be harmless Wwith regard to hygienic-medical
considerations, so that the water may still be used

- The tracer stability concerning physical, chemical, photochemical or
biological interference should be assured.

- The tracers must not influence the natural hydraulic properties of the
sub-surface water.

~ When underground, the tracer should not be retained by absorption,
chemical reaction with rocks, ion exchange or sedimentation.

~ The tracers must be easily detected.

2.1 Inorganic chemical tracers (sali tracers)

2.1.1 Types of sslt tracers

Inorganic salts, 1like NaCl (sodium chloride) and KCl (potassium
chloride), have been used for underground water tracing for a long time.
These tracers have been successfully applied in the Alpine karst by G. Kyrle
(1928), and in the fifties by V.Maurin & J. 26tl (1959). The greatest
progress in the utilization of salt tracers has been made in the large scale
experiments in the central Styrian Karst (Austria (H. Batsche et al., 1970),
in the classical Istrian karst (H. 2Zupan & H. Behrens, 1976) and 4in the
Swiss Jura (X. Miller & W. Kass, 1980).

Other inorganic chemical tracers have also been used successfully in the
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past. As an example, the underground flow of the Vipava river and the Timavo
(Istria) was detected in 1907 by lithium, cezium and stronthium chlorides
(G.Timeus, 1911).

The salt tracers are generally well soluble. It has to be presupposed
that for quantitative tracing experiments, it is necessary to analyze the
salt before dissolution in order to obtain information on the distribution of
the ions (e.g. Na+, K+, Li+, Cl-). It can then be seen that the percentage
of anion chloride, when used with sodium or potassium, is slightly higher
than 50%. On the other hand with an LiCl solution, the percentage of the
anion rises to more than 80%.

Other inorganic chemical tracers not combined with chloride are nitrate
ana nitrate cofplexes, but high background concentrations and health
considerations in connection with waster water disposal sometimes prevent the
utilization of these tracers. In saturated zones, in a few cases, Borax -~
injected as HBOy - is used. The solubility is poor and the local high
background due to sewage disturbs the transit of the injected tracer. (T.
Harum & Ch. Leibundgut, 1981).

The application of salt tracers is naturally limited. They cannot be
injected in the vicinity of salt mines or salinary wastes or coastal areas,
where sea water intrusions could effect brakish springs or could raise the
salinity of the groundwater in general. 1 Furthermore, using NaCl or KCl,
large quantities of salt have to be dissolved to prove the underground water
circulation. Even in very small areas, some hundred kilogrammes of the salt
tracer have to be injected. For KCl, a smaller amount of tracer needs to be
injected due to the lower background of potassium in natural waters compared
with sodium. Large scale experiments would require enormous quantities, like
in 1969, when 50 t of NaCl were injected into a Danube sinkhole near the town
of Tuttlingen (Federal Republic of Germany). It is clear that with such a
large amount of tracer, the 1limit of application possibility is nearly
reached. In summary, the problems appear to be exXclusively in connection
with the injection. A successful test can be carried out when the transport
facilities, as well as sufficient water for the dissolution of the salt ana
the injection, are guaranteed.

2.1.2 Detection of Salt Tracers

The determination of the ions, sodium potassium and lithium in the
laboratory will be carried out by flame photometer or atomic absorption,
whereas chloride is detected volumetrically or by ion chromatrography.

When using NaCl or KCl for a tracing experiment, the dissolved solids,
of chloride, sodium and potassium have to be analyzed. In opposition to
this, when using LiCl as a tracer, only lithium needs to be detected bscause
of the smaller arount of injection material, causing only a slight increase
of Cl-, which i8 not significant.

The seasonal variations of the natural background have to be taken into
account when calculating or estimating the quantity of material to be
injected. For other artificial tracers not usually included 4in the water
cycle (e.g. fluorescent dyes) such considerations can be neglected.

One of the greatest advantages of salt tracers is their direct or
indirect detection 4in the field by :

-conductivity measurements, or by
-using ionselective electrodes.

Knowledge of tracer concentrations directly in the field permits, |if

necessary, immediate changes in sampling intervals at the conclusion of the
expariment.
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Figure 1: Traclng experiment using NeCl: Passage curve of sodium
recorded by ionsensitive electrode
(I.Mliller & W.K#ss, 1980).

2.1.3 Catlon exchange phenomena

Résponsible for ion exchange within rock-water interactions are organic
substances and different mineral components, especially clay minerals, which
are sedimented generally in very small fractions. The first group is located
as residues in the weathering zone become acid in character; the latter,
described by H. Leaitzky (1978), shows that in particular Vermiculite and
Montmorillonite have a high exchange capacity (expressed in mval/l0 g solid).
The primary mineral is glimmer, later on converted to clay minerals.

Under such conditions, water with a high content of the 4ions sodium,
potassium or 1lithium will be altered in 80 far as these cations are partly
replaced by calcium and/or magnesium. These facts have to be taken into
account when using salt tracers, when the liquid comes into contact with clay
minerals. Therefore Ca and MXg also have to be detected in order to get a
quantitative control of the input - output relationship. Such experiments
were deacribed by C.Job (1972), W.Kollmann (1979) and H. Leditzky (1981)
(Fig. 2).

The ion exchange process appearing in salt tracing experiments, which is
a reversible reaction, can be stated as follows (F.Schwille, 1954):
€2 p 42 Nac =2 Neh + 201,
Mg Mg

A = exchange capacity

The chloride and nitrate ions show only 1little aptitude for 4on
exchange. For this reason the chloride ion is a good trace substance for the
movement of water in the underground.
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Figure 2 lon concentrations of a tracing experirsent injecting NaCl
(H.Ledtzky, 1981].

2.1.4 Requisite Praperties for use of Salt Tracers

2.2

- good solubility

- large amount of tracer (NaCl, KCl) is necessary

- large gquantity of water for daissolution of the tracer and the
subsurfice transport is essential; therefore restrictions will
originate in karst areas with lack of water

- the background is usually relatively low but fluctuating

- chemically resistant

- changes of hydraulic characteristics could occur in the saturated
zone of unconsolidated rocks; under such conditions, a retention
of the tracer can also be expected, which is negligeable in
non-saturated karstic zones

~- the detection of salinity in the field can be carried out very
easily by conductivity measurements

- restrictions are given due to ion exchange, for LiCl in
particular, because of the compratively low amount of tracer to
be injected this means that the ion, replacing the lithium is
hardly detectable.

Fluorescent dye tracers

The first successful tracing experiments were carried out using salt and
dye tracers after negative tests with oil products and floating substances.

At the Dbeginning of dye tracing, materials such as "fuchsine®,
nxongored®, "safranine® or "anil-:.red" were applied, but mostly with negative
results., Later on sodium fluorescein (uranine) became the most appropriate
dye tracer. An important point in the development of dye tracing experiments
was the year 1877, when for the first time the connection between the
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sinkholes of the Danube near Immendigen and the Aach-spring was proved by the
supply of uranine,

The progress of dye tracing technology is based on a more accurate
detection of the tracers and an enrichment of the smallest dye tracers by
special treatment. Whereas previously investigations were directed more or
less to the discovery of underground connections of water, nowadays the
evaluation of tracing experiments also has to include the quantitative
results concerning underground storage capacity and transient time of the
fluid.

2.2.1 Spectral properties

Fluorescent dyes have the property of being able to absorb 1light of
certain wavelengths (excitation of absorption spectrum) and to emit at the
same time light with higher wavelengths (emission of fluorescence spectrum)
according to the law of STOKE, a part of the quantum physics. The excitation
as well as the emission spectra are characteristic for each fluorescent dye,
and furthermore, they are constant. Therefore they can be identified by
means of their spectral properties.

R.Benischke (1983) compiled the spectral data of the main fluorescent
dyes comparing different experiences of authors:

EXcitation Emission
maximum maximum
(nm) (nm)

Uranine 484 - 493 512 - 516
Eosine 515 - 517 535 - 540
Amidorhodamine G 530 - 536 552 - 557
Rhodamine B 544 - 555 575 - 578
Tinopal CBS-X abcut 350 about 430

The excitation and emission of uranine, amidorhodamine G and rhodamine B
is shown in Figure 3.

Finally, scatter effects have to be considered, especially the RAMAN
scattering. A part of the absorbed light is transformed in a scattering
energy, which appears in a constant distance higher than the excitation
wavelength, independent from the wavelength of emission. Avoidance of
RAMAN's overlapping and emission can be created by varying the uxcitation
wavelength or by simultaneous scanning. The RAMAN-effect only appears at
very low detection limits.

Generally fluorescence spectra will be excited at a fixed wavelength, at
which the tracer has a high absorption of 1light, If the excitation is
selected at the maximum wavelength of excitation and emission,one has to take
into account, that together with a decrease of tracer concentration the
fluorescence peak will disappear in the scattering light of the background
until it cannot be detected definitely. To exclude such effects it could be
moved with the excitation to shorter wavelengths, although RAHAN scattering
could effect sacondary peaks and could appear as a fluorescent dye which
anyhow has to be neglected.

As H.Behrens (1983) summarized, tracer properties are also based on the
structure of the widely occurring elements carbon,hydrogen, oxygen, nitrogen
and sulfur. They could be altered and their application lost, when, for any
reason, this structure of dye molecules is disturbed.
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Figure 3 Excltatlon (A) and emlssion spectra (E] of some
fluorescent dyes (H.Behrens, 1971).

2.2.2 Subsurface behaviour

To characterize the fluorescent dye tracers as an jdeal tool to follow
up underground water ways, some requirements concerning temperature and
chemical stability, pH-dependence, photochemical degradation, biological
influences and health hazards should be considered

The fluorescent dye tracers appear as most resistant in respect to
chemical deccrnposition, as all of tnem are from organic origin (H.Behrens,
1983). On the other hand, fluorescent dye tracers are subjected to different
gorption phenomena due to their chemical composition. In this connection the
main influence originates from the absorption, defined as sorptive amount of
retading tracer depending ion rock-water interactions in the underground.
The reason:for such phenomena is given by the fact that molecules of
fluorescent dyes are directed to soiid aquifer material by polarization
effects, Taking into account that all dye molecules are ions, uranine .and
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eosine,in neutral and alkaline aqueous solutions exist as anions. They
cannot be absorbed by minerals, uranine 4in particular. With increasing
aciaity, e.9. clay, absorption processes increase without reaching
reasonable figures. The rhodamine dyes, on the other hand, generally show a
strong retardation in an acid environment, even in the case of amidorhodamine
G, although it is of anionic character. The absorption of rhodamine B by
clay minerals is extraordinarily high, so that this tracer cannot.be used in
the underground in such an environment.

The absorption behaviour of different fluorescent dyes has also been
tested in the laboratory (Ch.Leibundgut, 1981) using uranine and the optic
brightener tinopal (as anionic composition ABP and as cationic MSP) in a
clean sandy granular medium (no clay minerals) and in soil, enriched with
clay minerals and organic substances. The retardation of uranine in the sand
is nearly zero, comparing with tinopal ABP which is a 1little higher. The
cationic tinopal HSP on the other hand shows an output of less than 2%
related to the input quantity. Similar results are given for tinopal MSP
when carrying out the expriments in soil. In this matter the absorption rate
of uranine also rises to nearly 50%. Investigations by I.Laidlaw & P.Smarc
(1982) of absorption from fluorescent dyes from different supplying
manufacturers show that the red dyes (acid red, rhodamines) are retained in

sandstone up to 25%, in peat up to 80% without great Aifferences within the
group of products.

Concerning stability with regard to temperature variations, uranine can
also be considered as the most constant fluorescent tracer. Compared with
rhodamine B, the fluorescence intensity decreases 1less than 4% when the
temperature of aquatic fluid is increased by 10 C, whereas the loss of
intensity for rhodamine B can be more than 30% within the same temperature
range. The highest numbers of destabilization caused by temperature effects
are characteristic for the optic brighteners, thus preventing their
application as tracers on some occasions.

variations of the pH-value in aqueous fluids cause reversible changes of
dye molecule structures, the extent is different for various dye tracers.
The pH-dependence of uranine is very significant. Below pH 9 the uranine
intensity decreases and pH drops to below 6} uranine intensity will alter
until it 4is no 1longer detectable at usual excitation and enission
wavelengths. Under such conditions excitation maximum at 490 nm disappears
even in slightly acid solutions (Figure 4).

100 tI\BSQRPT T0N

%0
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Flgure 4: Varistions of the excltation spectrum of an urenine solution
perallel with chenges of pMH (H.Behrens, 1871).
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Compared with wuranine, the pH-dependence of eosine is not very
significant. As shown in FPigure 5, pH higher than 6 Ao not cause auny changes
of the eosine intensity at the given excitation - emission adjustment
(515/537 nm). Even at pH 4, intensity of fluorescence is s8till in the
magnitude of 70%,. I.Laidlaw & P.Smart (1982) investigated the relation
between pH and fluorescence intensity of different rhodamine dyes In general
the sulphuric substituted dyes (e.g. amidorhodamine G) are nearly stable
downwards to a pH of approximately 3, rhodamine B and especially rhodamine WT
show a slight loss of intensity at pH lower than 5.5.

URANIN 438 /513 nm

Fluorescence-Intensity

PH
0o 2 L 6 8 10 12 1

Figure 6: Dependence of the fluorescence intensity of uranine and
eosine on pH; the wuranine was exclted at two
differant wavliengths (H.Behrens,1982).

Another problem which could arise with fluorescent tracers 4is the
photocecomposition by irradiation with natural and artificial daylight
induced Dby ultraviolet radiation. The most photosensitive tracer is eosine,
followed by uranine, amidorhodamine G and rhodamine B in that order (Figures
6 ana 7).

Investigations by H.Behrens and G.Teichmann (1982) -show that
photochemical degradation is not dependent on the intensity and the duration
of 1light effects: the photosensitivity is effected by more complex reactions
in the aquatic environment for a part of the fluorescent treacers. On the one
hand, the dyes pyranine, tinopal uranine and eosine show a linear degracation
in a semilogarithmic scale of concentration and time of radiation due to a
constant velocity &éf photochemical decomposition. The different rhodamine
fluorescent dyes (rhodamine WT, sulforhodamine B, rhodamine B, amidorhodamine
G) on the other hand,are subjected to an increasing velocity of degradation
versus the time of light exposure. It ssems that different dissolved solids
within the fluid could at least influance this phenomenon. Boyond that,
additional effects, e.¢g. suspended material and changes of light in relation
to aifferent depths of water could be of some importance.
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Figure 6: Relative decay of fluorescence intensity of uranins and eosine

solutions exposed tv daylight; T1l2 = halflife related to the
eosine solution at pH = 9 (H.Behrens, 1982).
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Flgure 7: Decay of fluorescence Intensity of equeous solutions of

sulfo-rhodamine B (1), rhodamlne B (2], amiorhodamine G (3)
brillant-sulfoflavine FF (4) and rhodamine 6G (5) exposed to

artificial daylight (H.Behrens & G.Tlechmann,

1982).
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In addition, tracer stability can be influenced by biochemical
decomposition of the dyes. HK.Zupan (1982) has investigated the effects of
bacteriologfical and chemical pollution on the decomposition of fluorescent
dyes, especially in combination with phenol and nitrogen substances.
Practical results show some observations on losses of fluorescent dye tracers
in polluted karst water caused by microbiological activites (H. Behrens &
M.Zupan, 1976). These empirical results have to be transferred to the
knowledge of cause-effect-relationship.

No health hazards have been reported so0 far in connection with the
application of fluorescent dyes in the water cycle, but rhodamine B, a
cationic dye, shows very high toxic effects. Also, concerning mutagenicitiy
(P.Smart, 1982) rhodamine gives conflicting results when investigated in very
high concentrations and under extended exposure.

2.2.3 Detection of dyes

In the early beginnings of dye tracing, the concentrations were detected
by the naked eye using comparable solutions, which is only possible when the
concentrations are higher than 10 ppb in clear water. Later, the content was
determined by wultraviolet lamp half-quantitatively in connection with
relative standards. Problems arise when the water samples are polluted with
suspended material. Filtering procedures are then necessary.

Nowadays there are many different instruments available by which adye
tracers can be detected very precisely. The progress of accurate
measurements started with the developnent of filter fluorometer. The
excitation of the fluorescence will occur at that wavelength at which the dye
will be mostly absorbed. The adjustment of the wavelength 1is fixed during
the whole measuring procedure. As this is different for each particular dye,
gspecial changeable interference filters are used for the selection of the
excitation. The instrument can be adjusted by certain screen openings which
should be constant during the measurements. In this way, the tracer content
of single water samples can be detected by means of a stream cell, The
latter permits automatic recording of the concentration related to the time.
The accuracy of measurement could be hindered by suspended material in the
water, S8uch disturbances can be elimated in the laboratory by appropriate
treatments (e.g. filtering).

Apart from simple fluorometric methods with measurements at fixed
wavelengths, the special fluorometry allows a parallel control of detectable
tracers. A precise description was carried out by H. Benrens (1973). The
excitation and emission wavelength at its maximum usually has a more or less
constant distance of 20 - 25 nm within the spectrum. Thus it should be
possible to measure all fluorescent tracers in one operation only by parallel
and simultaneous application of the excitation and emission monochromator
moved in 25 nm intervals. So only one sample is necessary for the detection
of all tracers contained in the water. The advantage of identifying
fluorescent tracers simultaneously by spectral scanning is emphasized by the
fact that one can also practically ignore the 1light scattering of the
background at low concentrations. So the RAMAN scattering appears almost
non-existant in synchronous scanning.

Selective detection of individual fluorescent dye tracers in one sampled
mixture according to combined tracing experiments is limited by the overlap
of the particular spectra (H.Behrens, 1982, W.Kadss, 1982). The problems in
this case occurs in 4identifying the dye components separately and
quantitatively 4in the fluid, taking 4into account that they appear in
different concentrations (Figure 8). Tracers situated at some distance from
each other with the spectrum, e.g, uranine and rhodamine B, can be detected
by easily without any correlative interference. PFor dyes which are closer
together within the spectrum (e.g. amidorhodamine G and rhodamine B) there
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is generally some overlapping and corrections should be calculated(H.Behrens,
1982; Figure 9). If the tracers are very close neighbours (uranine - eosine}

eosine - amidorhodamine G) they cannot be identified satisfactorily without
additional separation methods.

§ REL. FLUORESCENCE EWISSION

a) Uranine A 0.5 ppb b} Uranine A 0.5 ppb c) Uranine A 0.5 ppb
Rhodanine F8 4 ppdb Midorhodamine G 1 ppbd .Eosine 4 ppd
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) Rhodamine F8 4 ggb ) Rhodanine F8 4 ppb Midorhodanine G 1 ppd
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Flgure 8: Fluorescence spectra of different fluorescent dye mixtures
17 aqueous solutlons; teken off at simultaneous
displacement of excltation and emlsslon wavelengths In

constant distance of 26 nm (H.Behrens, M.Supan &
M. Zupan, 1976)
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Figure 9: Correction procedure for the determination of
concentrations of single components from the fluorescence
spectrum of an amldorhodamine G and rhodamine B mixture

(H.Behrens, 1982).

Some such treatments are based on artificial changes of PpH, s8ince the
fluorescence intensity of uranine particularly, is very much effected by this
parameter. If the sample is acidified, the uranine intensity more or less
disappears . For eosine similar effects are considered at a low pH. Thus,
eosine reacts to acidification at pH lower than 5 in opposition to uranine,
which loses fluorescence intensity even at neutral pH. All these processes
are reversible.

Besides pH, undesirable differences in absorption behaviour can be used
for selective determinations. Laboratory tests (H.Behrens, 1982) show good
results regarding absorption phenomena of rhodamine dyes applying glimmer
sand. This procedure is suitable especially for the separation of eosine and
amidorhodamine G.

In & similar way, photodecomposition can also be utilized for the
separation of tracers, as this phenomenon is affected differently by various
dayes.,

Another possibility for tracer separation is the method of "Thin layer
chromatography™ (F.B.Bub & H.Hdtzl, 1979; G.Ackermann,F.B.Bub & H.Hbtzl,
1982). The principle of this method is the different effects of an
absorbance and an eluens layer - deposited on a glass plate - on the
fluorescent dyes. The measurements will be carried out by a specially
adapted fluorometer. The ¢tracers will be identified by the different
distances (Rf-value) which the dyes cover in the absorbent body.
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LIMITS OF DETECTION

These very much depend on the method applied and also on the instruments
used. R.Benischke (1983) gives som? data based on the synchronous scan
method:

Uranine 0.001 - 0.025 ppb
Eosine 0.05 - 0.5
Amidorhodamine G 0.001 - 0.05
Rhodamine B 0.01 - 0.5
Tinopal around 0.4

The data of the thin layer chromatography are derived from F.B.Bub &
H.Zotl (1979):

Uranine 0.12 ppb
Eosine 1.0
amidorhodamine G 0.05
Rhodamine B 0.02
Tinopal 2.5

2.2.4 Use of charcoal Indicstors

This method is based on the ability of activated charcoal to absorb
fluorescent dyes in liquids and was first described by F.Bauer (1967). For
this purpose 4 - § g of activated charcoal are put in small bags (size 10 X 3
cm) of nylon gauze with a mesh width of 0.67 mm. Before f£filling the bags
with charcoal, the material has to be sorted and washed until only grain
slzes with a diameter of about 1.5 mm remain. Charcoal dust has to be
eliminated because of the risk of contamination by leaving the bag in the
nylon net during the laboratory procedures to prepare and measure ¢the
charcoal sample.

The main characteristics are as follows:

- The concentration of the eluates from activated charcoals can be up to
1.000 times higher than the maximum concentration of water samples measured
from the same site and period. From this fact it can be concluded that dye
tracers can be identified with the help of charcoal at a concentration 1level
which is distinctly below the detection limit for water samples. This effect
can be explained by the fact that the water sample is being collected during
a brief moment while the charcoal bag is exposed for a longer period in the
water and can therefore sum up dye tracer substances.

- The qualitative clarification of subsurface drainage is possible with
a very 1low personnel expenditure. In remote areas or springs difficult to
reach (e.g. in caves, gorges), where a systematical direct water sampling is
not feasible this method is applicable with much success.

- In some cases the only qualitative data ob:ained can De
disadvantageous. The results cannot be related to the amcutut of tracer input
and output to calculate storage capacities. Finally, it is useful to combine
both the direct measurenents of water samples and charcoal indicators.

After filling the charcoal bags they are exposed in the water current,
where a rapid flow through the bag has to be guaranteed, as well as a large
contact area between the surface of the charcoal and the water

After sampling the bags, the charcoal has to be dried and later
extracted by mixtures of fluids (R.Benischke, 1983):



89

- for uranine: a solution of ethylalcohol (96% vol.) and KOH (15%) in a
l: 1 ratio

- for multifluorescent dAyes (uranine, eosine, amidorhodamine G,
rhodamine B, tinopal): a solution N-N dimethylformamid (DMF) and Aistilled
water in a 4 ¢ 1 ratio., It is sometimes necessary to increase the pH. The
maximum emission can be s8lightly shifted to a higher wavelength.

LIMITS OF DETECTION

R.Benischke (1983) compiled the data using DMF as extraction liquid:

Uranine 0.1 ppb (pH 7)
Eosine 0.1
Amidorhodamine G 0.1

Rhodamine B 0.1

Tinopal 10

3. STRUCTURE OF THE TRACING EXrERIMENT

To carry out an experiment applying chemical tracers one has to divide
the work into three parts: preparation, realization and evaluation.

3.1 Preparation
3 1.1 Selection of Injection polnts

To carry out a tracing experiment without problems 4in any case, an
essential prerequisite must be a systematic hydrogeological mapping (general
geology, springs, wells, boreholes, karstic phenomena). As the tracers
should be injected into active sinkholes (natural inflow of water e.g.
caves), dolines, shafts, joints, fissures or boreholes, the selection of the
input sites depends on various criterias

- The extent of the investigation areap
- Por the case of a combined tracing experiment: the areal distribution
of injection points and their availability;
- The seasons because water is essential for injection (in
mountainous areas: melting time; in arid zones: rainy season);
- The transport of tracers (especially in remote areas)}
The objective of the tracing experiment (formulation of the
hydrogeological problem)

3.1.2 Selection of tracers

This question is relevant not only to chemical, but also to all
artificial tracers. The following aspects should be taken into
congideration:

- the geological features: estimation of rock permeability

- the lithology: absorption, ion exchange

- the water chemistry: ion exchange,pH environment, influence of mines
and of sgea water intrusion

- the locality of injection pointa: trangsport problems for salt tracers
in particular, availability of water for injection
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- the availability of tracers, e.g. could be problematic in developing
countries

- the collection of samples: points to be selected dAue to the 1location
of injection sites

- the expected duration of the experiment: change of the season during
long~terms tests

- the laboratory facilities: instrumentation (possibly transferable into
the field)

- the cost of the tracers: should be as low as possible

- the quantities of tracers expressed as estimated relationships under
equal conditions (assumed):

NaCl, KCl - dye tracers (except tinopal) 100 : 1 to S00 : 1
Tinopal - other fluorescent dye tracers 10 : 1

Tinopal - LiCl 1:1tol s 2

3.1.3 Organization of tracing tests

After the selection of the tracer and input points, some work has to be
carried out before injection:

-preparation of injection points: e.g. preflushing the dry sinkholes by
water from a conduit or by rainwater or melting of snow;

-for a test in shallow aquifers using boreholes: cleaning of the pipes
and screens by pumping;

~-insertion of charcoal bags in observation springs, boreholes, wells;

-working out a plan for sampling (could be changed during the
experiment);

~-collection of pre-experiment water samples for the Xknowledge of
background concentrations of tracers to be injected (should be taken several
times).

3.2 Realization

- Injection of tracer(s): In order to avoid contamination, persons
concerned with injection material must be excluded from other duties during
the experiment (sampling, laboratory work).

- Collection of samples: Using different sized bottles (according to
the measuring facilities). They should be glass or plastic with a
smooth surface. The schedule of sampling (direct water samples, charcoal)
should be variable due to changes in field conditions and the progress of the
experiment.

- Pield measurementst
{(a) for NaCl and KCl: by conductivitymeter
(b) for fluorescent dyes: by transportable field fluorometer
(with a fixed adjustment of the wave length)
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(c) discharge measurements at springs and streams for the

quantitative evaluation

- Laboratory measurementss

(a) for salts: by flame photometer, atomic absorption,

titration, ionic chromatography

(b) for Adyes: by fluorometer (different types see chapter

2.2-3) .

3.3 Evaluation

- Qualitative evaluation

(a)

(p)

In the unsaturated zone: proof of subsurface connection of
water ways (e.g. in kxarst or basalt areas), depending on the
geological structure rock permeability, difference in
elevation between input and output and their lateral distance.

In the saturated 2zone: proof of flow velocity and flow
direction (e.g. in combination with the determination of
protected areas for public water supply).

- Quantitative evaluation:

Besides the knowledge of subsurface connections for
investigations of the water balance and drainage systems, it
is absolutely necessary to calculate underground storage
capacities applying the input-output mass balance carried out
by the tracing experiment (Figure 10).

0 K*
Jm’/s mg/Cr

Figure 10: Passage of potassium (K+) at a trecing experiment

in the Swiss Jura - Areuse spring in MaylJune 1979;
Q = discharge of spring; semicolons = hypothetic
background of natural K+. (W.K&ss and [.Milller, 1980).
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4. CASE STUDIES

The object of some case studies is not only to present the results of a
tracing experiment, but also to describe synoptical investigations of both
natural and chemical tracers.

CASE STUDY 1t Unsaturated zone (qualitatively)

Region :  Petzen massif (Austrian-Yugosl/avian border)
Geology : Triassic Iimestones and dolomites
Objective :  Knowledge of recharge areas of springs as well as of

subsurface water connactions with a mine
Results

Hydrochemical and isotopical data were compared.
The results obtained by the application of natural and
artificial tracers concur:

(a) The natural tracers add to the knowledge of the general
subsurface drainage of the Petzen massif, but they cannot
separate the areas of infiltration, which are connected
with the different springs.

(b) 1t has been shown by the combined tracing exXperiment that
the two springs with the lowest deuterium content have quite
different recharge areas. This would indicate that the whole
massif is divided into two blocks with their own particular
hydrogeological drainage. From the higher elevated areas in
the centre of the massif the subterranean water movement in
the unsaturated 2zone of the karst°body is directed mainly to
the east (springs on the Yugoslavian side of the border and a
lead~zinc mine, which is located 300m below the surface valley
drainage system), but also radially ‘to the north and the
south. Springs 4in the northern part with the highest
deuterium content were not touched by the artificially
injected tracers. Their recharge areas are situated very
locally.

(c) The results of this tracing experiment show that the
application of salt tracers is very limited because of lack of
available water during the injection. This fact *did not
affect the success of the experiment, Dbecause two different
tracers were injected in one input site.

REFERENCES

ZOJER,H. 1983. Groundwater flow in karstic aquifers.
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CASE STUDY 2: Unsaturated Zons (quantitatively)

Reglon : Central Styrian karst (Austrial
Geology ;s Pesleozoic Ilmestones

Objective : Knowledge of subsurface drainage
Results

This investigation area, located some 20 Xm north of Graz,
comprises the basin of Semriach and the limestone Tanneben
plateau reaching westwards to the Mur valley near Peggau
(Figure 11). The water disappearing east of the paleozoic
limestone area in the Lurbach sinkhole traverses the karst
massif of Tanneben and re-emerges in the springs of the Lur
cave system - the final brook is united by the Schmelzbach -
and in the Hammerbach spring at the bottom of the Peggau face.
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Flgure 11: Central Styrlan Karst; hydrogeological features;
1 = Qusternary deposits, 2 = Devonlan dolomites
In general, 3 = Devonlan |imestones, 4 = Devonlan
shale series, & = Important feults and overthrusts,

6 = Important caves, 7 = dlrection of subsurface flow
(H.Zo]er; J.26t]. 1974.)
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A number of tracing experiments have been conducted in the Lur
system between Semriach and Peggau. Three points of view have
to Dbe considered when 3judging these tests: the first
experimeats, until 1959, nearly exclusively focussed on
proving an interconnection between the springs in the Mur
valley and the higher 1level waters in the east. With this
fragmentary knowledge, it was later tried to use new tracers
jointly with well-known materials in order to test their
practicability for karst water investigations in general.
Finally, it had Dbecome possible through such comparison to
give quantitative proof, i.e. t0 gain access to the active
storage area by means of discharge of the springs and passage
time of the tracers, and to make input-output comparisons of
various tracers.

The tracing test of September 1983 can be considered as a
quantitative experiment and as an example for a dry weather
period. Since low water conditions prevaileqd, the
re-~appearance of the traciny material injected in the Lurbach
sinks could be observed only in the Hammerbach spring, the
samples collected at the Schmelzbach remained negative. The
calculation of the total output of the tracers at Hammerbach
spring upto 15 September 1983, 12H00, resulted as follows:

Input Output

kg xg % of input
Sodium 226 125 55
Potassium 309 105 34
Chloride 641 390 61
Uranine 3.00 2.13 70

The peak of the conceihtration time-curve .of. the tracers
sodium, potassium, chloride and uranine could bec registered
between 66 to 69 hours after injection. The different
output rates of the &galt tracers can be explained by ion
exchange processes especially of potassium, maybe also of
sodium to a lesser degree. This caused an increase of calcium
and also slightly of magnesium) during the experiment,
although these cations were not injected artificially.

Quite different results were obtained hy a tracing experiment
in 1975. The injection material was the same as above. The
months of August and September of this year had thunderstorms
with intensive rainfall and floods. The area of Semriach
suffered a heavy flood during which the tourist installations
for the cave were totally destroyed.The first traces of uranine
in the Hammerbach spring appeared about twelve hours after
the injection, the maximum of the uranine output was measured
gixteen hours after injection, the total output of uranine was
1799,5 g. i.e. 60% of the injected quantity. In the
Schmelzbach spring the first traces of uranine appeared about
sixteen hours after injection. The total output of uranine
in the Schmelzbach spring was 601.3 g. which was 20% of the
quantity injected. The sum of the total output of uranine
reached 80% of the injected quantity, thus representing a very
high percentage.
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CASE STUDY 3: Unsaturated Zone (Quantitatively)

Region : Kibwezl (Kenya, East Africa)

Geology : Crystalline basement, covered partly by cifferent
basalt generations (Figure 12)

Objective : Educational demonstration, knowledge of

underground storage
Results

In Eastern Africa young (Tertiary and Quaternary) basalt
flows are to be found everywhere. 'They usually follow shallow
valleys of the crystalline base rock and thus also contain
groundwater flows which, depending on the thickness and
irregularity of the basalt flow, also appear on the surface as
scum-covered jungle pools. Not infrequently, the jungle ends
where the flow leaves off, and the emerging groundwater formgs
the source of a perennial superficial riverlet. Villagers
often consider this to be a superior living area.
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Figure 12 Generalized geological mep of Kenys (P. Hacker, H. Zo]er
& J.G.Z&!, 1983).
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In one such flow in the vicinity of the locality of Kibwezi,
400 kg sodium chloride, 5 kg blue dyed lycopodium spores and 2
kg uranine (sodium fluorescein) were injected into a sinkhole
of a jungle poo), and the water outlets of the source area at
the end of the basalt flow observed.

The point of 4input and the course outlets observed were
relatively close together (350m in a straight 1ine), but the
seepage of the last surface pool was chosen deliberately ¢to
show the flow speed of the groundwater in the basalt flow.
Intermediate pools slow the flow to a greater or lesser
degree, depending on their size.

The results of this test, performed in January 1980, &how a
surprisingly high flow speed in the noncontinuous uvnderground
course of the basalt flow, as well as evidence of lack of a
filter effect of the fissures and Jjoints in the basalt.
Haximal flow speeds around 350 m per hour and an average
passage of 30 m per hour leave no doubt that the water is in
no way protected from pollution of any sort, which paves the
way for the spread of bilharziasis.

The marking experiment may also be viewed as a complete
technical success, as emergence of 62~ 72% of the injected
tracer could be demonstrated, the storage capacity was
calculated as approximately 800 to 1.200 m3.

REFERENCES:
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CASE STUDY 4% Saturated Zone

Reglon : Shallow squlfer (South of Grez, Austris)

Geology : Quarternary grsevels

Objective : Educstions! denwonstration, flow direction and flow
velocity of groundwater

Results :

In comparison with results obtained by a radiocactive tracer
(99 Tc), a tracing experiment with a fluorescent dye was
caried out on 8 September 1983. A quiantity of 40 g uranine
was injected into a central filter tube at a depth of
approximately 3 m and the samples from 8 wells 1located in &
semicircle were taken for the analysis of the dye. The
rejults of the tracing expsriment indicated the flow
direction to be 145 from the -..rth which is in fair agreement
with the result of the single dilution test. The distance
valocity referred to the ratio of distance to the time of
maximnum concentration and was computed to be about 15.6 m/d.

These tests and their comparison show that there 4is an
additional need for parametrers referring to a larger scale,
espacially related to single borehole techniques. Tracing
tests and pumping tests are therefore of a complementary
character and necessary to obtain optimum information on the
aquifer behaviour.
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CASE 5TUDY 5: Eaturated Zone

Region : Interslpine valley near Viliach (Austria)

Geology : Quarternary (diluvial] sands

Qbjective : Localization of the protection area for weter supply
Results

The town of Villach is situated at the confluence of two
interalpine valleys. Ita public water supply is provided by a
well in a shallow granular aquifer and also from karst
springs. As the utilization of this groundwater field was
extended, it became necessary to reconsider the protection of
the groundwater against waste water and refuse deposits.

A combined tracing experiment was carried out in July 1983
injecting uranine, amidorhodamine G and LiCl in observation
boreholes located at different distances from a central well,
where groundwater had been pumped out during the test up to
100 1/s. From this investigation a maximum flow velocity of
the groundwater in the area of the hydraulic depression vas
calculated with 7.5 m/d4, from which data the protected area
could be plotted. In this 2zone disposal and construction
activities are now prohibited.
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