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1. Application of Artificial Tracers in Comparative Tracer
Experiments (H. BeHrENs, H. HOTZL, W. KAss)

1.1. Objectives

The term “comparative tracer experime
with groundwater studies. In senso stricto
two or more tracers at one site under the s
In this case, there are the tracers which are
and transport behaviour during the unde
used for “combined” or “multitracer” ex
H. BaTscHE et al., 1970, H. HOTZL & A. W

at the same time or it is applied to repeated
ferent time and probably different hydro-
there are not the tracers but the discharge
ifferent sites or respectively the hydrologic

(H. BEHRENS et al., 1992, W. KAss, 1998).
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Nowadays, the aims of purposefully injected artificial tracers are mainly:
Proof of existence or non-existence of hydraulic connection between points of tracer
yjection and observation.
Determination of hydraulic parameters such as flow (residence) time, flow rate, dis-
persivity, water yield.

- Assessment of contaminant transport and retardation.

— Application of the tracer information in the fields of water exploration, protection
of drinking water resources, investigation of contaminant immissions and other wa-
ter management tasks.

Generally in connection with a single question the application of just one suitable
tracer appears as sufficient. In this case it needs to be guaranteed that the tracer pro-
perties meet the requirements of the experiment. In most cases the needed property is
an identical propagation behaviour compared with the movement of water itself (“ideal
tracer” or “conservative tracer”). There are many reasons to propose the simultan-
eous injection of several tracers in an aquifer system:

A special case of such an application is the investigation of the transport behaviour
of contaminants. ,

— The use of different tracers which per se display different transport behaviour due
to special properties of the aquifer may help to obtain additional information on hy-
draulic or other parameters of the investigated system.

1.2. Performance of Comparative Tracer Experiments

1.2.1. Recommendation for Test Areas

For groundwater studies, the main objectives of comparative tracer experiments are
the direct comparison of tracers or the comparison of a new tracer with a well known
reference tracer. For this purpose it is important to find out the differences of tracer
properties under equal test conditions. A requirement for the interpretation and
assessment of tracer differences is that the experimental conditions are well known.
For special investigations sometimes the comparison is done under clearly defined
laboratory assembly, e.g. diffusion cells or test columns are used for the determination
of diffusion or sorption coefficients of tracers for special rock materials. The disadvantage
of laboratory tests is that they can’t reproduce generally the natural variability of an
aquifer environment. Therefore additional in situ tests under aquifer conditions are
requested.
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Natural test sites should be selected and ¢

of the precondition is the detailed knowledg

1967, H. BATSCHE et al., 1970, H. HOTZL & B.

is chosen for such experiments, where travel t1

expected. The distance should be representative |

fer. For tests along single fissures (Fig. 1.1) or karst conduit flow distances of few hours

might be the right time (T. HIMMELSBACH et al., 1992). But the flow behaviour would be
mtacts of the tracers to the matrix. In order
wcer interaction with the porous, fissured or
distance of several and more days might be
H. HOTZL & B. REICHERT, 1996).

distance through the unsaturated zone is inc
water table. In case of a diffuse distributio
infiltration (partly also due to artificial irrigation) the percolation or migration through

107



Sometimes comparative tracing experiments are carried out in a yet hydraulically
unknown area. This happens when a regular tracer experiment is planned for the solution
of a regional question and a new tracer is injected in parallel for comparison. In this
case the known tracer, which serves as the reference standard, should be a conserva-
tive tracer with low detection limits.

Another problem may arise in test areas with fast and slow flow components in the
relevant aquifer system (H. MOSER & W. RAUERT, 1980, Y. YURTSEVER & L. ARAGUAS,
1993). The reasons are different hydraulic conditions, depending either on deep aqui-
ters or aquifers with high heterogeneity of the permeability distribution or aquifers
with double porosity effects. The retardation which is caused by the slow flow com-
ponent can amount up to several years and more, whereby the shares of the fast and
slow flow components can vary with the hydrologic conditions. In general the obser-
vation of breakthrough curves of tracers record only the fast flow. For the slow flow
the observation time is normally too short and on the other hand the tracer concen-

the chemical and biological milieu conditions.
Summarizing the arguments for the selection of certain test areas in connection with
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das Ergebnis eines vergleichenden Markierungsversuchs mit Pyranin (PY), Naphtionat (NA
und Lithium (LI) (B. REICHERT, 1991).
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1.2.2. Preferential Reference Tracers

Principles of Tracers

Water tracers are used to study processes which are connected with the movement
of water. In the first place this concerns the movement of water itself. In the second
place it concerns the movement of substances which are transported by the moving
water. Water tracers are substances or signals which are contamned in or added to the
water and are suited to observe the movement of a discrete body of water within a
hydrologic system. As far it concerns the water movement itself, the tracer should exhibit
an identical motion with the water. Of course, this requirement seems best be realizable
if the tracer would be incorporated in the water molecules, e.g. in form of deuterium
ﬁr tritium atoms. However, for several reasons this is not a generally applicable option

ccause:

— The radioactive tritium can only be used under strict regulation and permission, and
it requires qualified personal and special equipment. Its extensive use could disturb
the possibilities of hydrological investigation of the low-level environmental trittum.
Further, because of the general lack of public acceptance it is nowadays almost im-
possible to obtain permission to release radioactive materials into the environment
even if the application would be safe.

— For the stable deuterium the danger to jeopardize the possibilities of the environ-
mental isotope hydrology is almost the same. Furthermore, given the fluctuating
natural background of deuterium, already for relatively small water systems, large
amounts of deuterated water had to be used.

So far these isotope tracers can only be used in small systems, mainly on the labo-
ratory level. It will also be shown that these seemingly perfect tracers are not always
like that. Consequently, other materials which are added to the water have to be used
as tracers. This had in fact already begun before the modern isotopic tools were available.
To be useful, the tracer must have a number of properties:

— The tracer must have properties that make it detectable also in very high dilution.
The detection should not be disturbed by any other substance. That includes that
the tracer should not or only on a tolerable level be abundant in the aquatic envi-
ronment.

— 'The tracer must be non-toxic and in no way harmful to life or any other environ-
mental belonging and its use should also be economic.

The development of modern water tracing has brought out a number of different
tracers, also with the desire for more than one tracer for so-called multitracer experi-
ments, that means simultaneous application of several tracers in a study area, either
to have more complex information under the same hydrological condition or also just
to make investigations more economic. There is evidence that most of the tracers used
so far have some disadvantages and the search for “new”, that means better or just
more tracers, is still going on. One has always been thinking of an “ideal” tracer, which
would meet all the above requirements in a perfect way. However, the following example
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Tracer Concentration (arbitrary units)

40 50

Elution Volume (ml)

Fig. 13: Tracer breakthrough in a comparing tracing test with bromide and tritiated water in a
laboratory column (after H. BEHRENS, 1986).
Tracerdurchgang in einem vergleichenden Markierungsversuch mit Bromid und tritiiertem
Wasser in ciner Versuchssiule (nach H, BEHRENS, 1986).

tracer” for testing other tracers.

Classification of Tracers and Some Important Properties

According to their very different nature, the common tracers are divided into different
groups. These reflect on the one hand their physical and chemical nature, on the other,
however, their detection method. These groups are:
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by the nature of the sorbing material (minerals) and by the pH of the traced water.
A slight disadvantage of the fluorescent dyes can be seen 1n their relatively wide-
shaped spectral peaks which are all in the visible range and by overlapping cause some
difficulties in the resolution of tracer mixtures.

Other fluorescent materials: The idea of using also spectral regions other than the
visible led to the use of UVluorescing chemical naphthionate (H. R. WERNLI, 1986),
which also shows good transport behaviour, and to the use of optical brighteners,
which until now have not proven very effective due to problems of poor solubility;
both tracers suffer from interference by the fluorescence of organic substances.

under the microscope.
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of the particles is obviously the higher, the longer they have resided. This behaviour
results in an apparently enhanced transport velocity of the particles.

— Salts and other chemical tracers: Since the beginning of modern water tracing, so-
dium chloride and some time later potassium chloride have been used as tracers, which
can be detected by chemical analysis or flame emission spectroscopy. Later, lithium
and also strontium were introduced; while lithium is relatively well suited thanks to
moderate sorption and low background, strontium is impaired by much stronger sorp-
tion due to its nature as a divalent cation. The sorption is a negative effect on all ca-
tions, mainly by ion exchange at minerals which much less acts on anions. Salts con-

anion owing to its low sorption, its stability, and relatively low background values
has gained particular importance as a reference tracer.

Tracer Selection for Comparative Tests
The selection of tracers for multitracer tests depends on the aim and strategy of
the respective experiment, with the two extremes (see also chap. 1.1.), either
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— simultaneous injection of the tracers individually into different sites within one research
area, mainly with the aim of evaluating different flow paths simultancously;

— injection of all tracers under investigation together into the same injection site (real
condition for tracer comparison).

It is evident that also a mixture of these two cases can be arranged in combined ex-
periments: injection of two or more tracers into one or several of the injection sites for
either comparison of the tracers or confirmation of the result by the comparison.

In the first case the distribution of the tracers onto the single sites can be determined
by different aspects: tracers with high detection sensitivity are preferably to be used
on longer flow paths or where high dilution is expected.

Tracers whose detection bases on the same principle, and could disturb each other
(e.g. fluorescent dyes) should be positioned in such a distribution that their breakthroughs
overlap as little as possible; on the other hand tracers with quite different detection modes
can be preferably combined without such problems. Tracers which could be lost by
filtration through fine pores should be kept off from flow paths where such effects are
suspected.

In the second case such considerations are inapplicable. For a correct comparison,
the tracers should be injected from one mixture (solution). Especially when the tracers
are injected into wells, they could take different ways when injected separately and/or
at different times, for example caused by different densities (salt solutions).

Selection of Reference Tracers
The two main parameters in the assessment of a tracer’s behaviour are transport
velocity and recovery. It seems easy to find out how well a certain tracer to be tested
is able to be representative for these flow parameters, if it is compared to a reference
tracer which is sufficiently perfect in this respect. The problem is the availability of such
a reference tracer and how its own properties can be validated.
systems which are hydraulically very well
courses (somewhat similar to the calibra-
ydraulic laboratory). This can be done for
ed in such a manner that all the water from
uction well. If at least for one tracer a 100 %
field may be suited for the determination of the
wanted sorption parameter. However, it seems almost impossible to obtain precise data
on flow velocities in natural flow fields other than by tracers.
For that the other approach, the involvement of laboratory test could be helpful.
Tests with columns which must be sufficiently large and espec
data on the relation between water and tt

omide anion seems to be the best candidate
:d water tracers, and for research on tracer
ive experiments whenever possible. Tracing
) could serve as a reference tracer which in-
. If there are differences in the breakthrough
this difference can give information about
iter to the moving water.
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Uranine and other dyes which were long time regarded as the most conservative
tracers, cannot hold this position. In contrast to experiences which have been made
in karst systems with their relatively low sorption capacity, in porous media aquifers
retention factors of uranine between 1.3 and 2 have been reported (D. KLoTZ, 1982,
A. DE CARVALHO DILL et al,, 1992).

1.3. Evaluation of Comparative Tracer Experiments

The time and space depending spreading of tracers in the underground is control-
led by the temporal changes in the concentration at certain observation points. The
observed breakthrough curves are the expression of the hydrodynamic and - in case
of reactive tracers — the physico-chemical and biological processes to which the tracers
are subjected along their underground transport path (J. BEAR, 1972, A. LENDA &
A. ZUBER, 1970, D. M. MACKAY et al., 1986, H. D. ScHuLZ, 1998) To compare the
properties and the behaviour of tracers in groundwater, avery detailed breakthrough
curve is requested. As it was mentioned in the previous subchapter either a continu-
ous measurement of the tracer concentration over the breakthrough time or a very
dense sampling programme is necessary to reproduce the concentration changes with
all requested details.

The breakthrough curve forms the base for the analysis of the tracer behaviour as
well as of their comparison. The results of measured concentration are drawn in form
of the time depending tracer concentration curve and so far discharge rates are available
also in form of the time depending cumulative tracer recovery curve (Fig. 1.4). For the
comparison of tracers it is important to normalize the concentration as fraction of the
injected amount of tracers. Different normalization procedures are in use. Some refer
to the fraction of initial concentration which is applied preferentially in connection with
step 1nput injections:

Ctnorm = C¢ * Cin_l [_ ] (11)

In the case of instantaneous (DIRAC) injection the normalization refers generally
to the injected amount of tracers (M;, = mass, numbers etc.):

Ctnorm = C¢ NIin_1 [m_3]- <12)

In order not to obtain too small numbers for the normalized concentrations, it has
become practical to refer the normalization to certain fractions of the injected amounts
of tracers. E.g., in the Lurbach experiments (H. BEHRENS et al., 1992) a factor of f = 10°
was chosen, whereby such factors do not result from a conversion of physical units,
but express the overall degree of dilution attained in the respective traced system, ta-
king, within one experiment, the same value for all used tracers, independent of their
amounts:

Ctnorm = €t * NIinwl -f [m_3]- (13)

For comparing the recovery of different tracers, it is recommended to give the re-
covery rate either in shares of the unit =1 or as percentage of the injected tracer amount.

The comparison of the tracer behaviour with one another or with that of a refe-
rence tracer focuses primarily on the travel time and the shape of the breakthrough
curve. For this purpose four characteristic flow velocities can be defined:
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Vimax = maximal effective flow velocity determined by the time of first detection of

the tracer (begin of breakthrough, tp.,),

Vdom = dominant effective flow velocity determmed by the time of the maximal tra-

cer concentration (tgom),

Viean = mean effective flow velocity determined by the time of the center of gravity

of the area below the breakthrough curve (tean),
tmean = f ot de/ J cdt, (1.4)

Viin = minimal effective flow ve1001ty determmed by the end of measurable tracer

C/M [1/m?]

Fig.
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14: Breakthrough curve of uranine and cumulative recovery curve from a short distance tracer
experiment along a [racture system at the test site “Lindan” (comp. fig. 1.1). Triangle and
squares represent the measured values, the through-going line gives the best fit calculated
with the single fissured dispersion model (SFDM) (T. HIMMELSBACH et al., 1992).
Durchgangskurve von Uranin und Wiedererhaliskurve eines kleinrdumigen Markierungs-
versuches entlang eines Kluftsystems im Testfeld ,Lindan“ (vgl. Fig. 11). Dreiecke und
Quadrate stellen die gemessenen Werte dar. Die durchgezogenen Linien zeigen die jeweils
beste Anpassung berechnet mit dem Einzelkluftdispersionsmodell (SFDM) (T. HIMMELSBACH
et al., 1992).



(reversible) sorption processes, matrix diffusion or special injection conditions (restricting
an immediate inclusion of the whole tracer mass in the groundwater flow). In any case,
the interpretation of retardation effects needs a comprehensive evaluation of all hydro-
geologic, hydraulic, hydrochemical, and biochemical factors of influence.

Beside the breakthrough curves, the (cumulative) recovery curves also give infor-
mation for comparing the behaviour of tracers along the transport path; especially, by
comparing the yield over different flow distances, information on the applicability of
a tracer for long-distance experiments can be obtained.

For an improved evaluation and better quantification of tracing results, appropri-
ate models (usually providing “analytical”, that means closed-form solutions) are used
(Fig. 1.4). The measured tracer concentrations may show more or less strong devia-
tions from theoretical curves. The parameters occurring in the analytical solutions may
be determined by best-fit methods. As a theoretical background to analytical solutions,
different model assumptions exist. Advection-dispersion models describe only the phy- -
sical transport conditions; for reactive processes, pertinent model assumptions have to
he inclnded in the theoretical anproaches. For more details the reader is referred to the
comprehensive literature on this topic, e.g. ]. BEAR (1972), G. E. GRISACK & J. F. PICKENS
(1980), T. LEGE et al. (1996), P. MALOSZEWSKI & A. ZUBER (1993) and P. MALOSZEWSKI
(2000).

2. Review of Earlier Comparative Experiments of the ATH Group
(H. BEHRENS)

2.1. Lurbach and Buchkogel Systems, 1966

In 1966 several institutes from Austria, Germany and Slovenia which were active in
the field of water tracing joined together in Graz (Austria) to present and exchange ex-
periences on a Symposium (V. MAURIN & J. ZOTL, 1967) and in order to perform joint
tracing experiments in the study areas Lurbach system and Buchkogel, both karst sy-
stems, which are located close to Graz.

Radioactive tracers (tritiated water, chromium-51-EDTA-complex, iodine-131),
activable tracers (manganese-EDTA-salt, bromide), fluorescent dyes (uranine = disodium-
fluorescein), sulforhodamine G, rhodamine B), sodium and potassium salts, lycopodium
spores, and a foaming agent (alkylbenzenesulfonate) were injected for comparison of
their suitability and testing the detection techniques.

While most of the tracers worked in these systems in a satisfactory manner, also

> tracer (earlier appearance than the dissol-
rough conduit of the Buchkogel, enhanced
v dead waters) suggested that “substantial
could reflect essential hydrogeologic charac-

10n work on water tracing with periodical

ded as the foundation of the later ATH.
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2.2. Danube Infiltration and Riegelenge Tracing Experiments 1967-1969

2.3. Underground Water Tracing in Slovenia 1975

The next common experiments of the ATH took place in the Karst area between Ljubl-
jana and Postojna, the catchment basin of the Ljubljanica. This field work developed as
one of the largest combined tracing events made until, comprising an area of more than
500 kn?. Again the sequence, first doing the field work and then presenting the results
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ymposium (1976 in Bled) was followed. This

ally complex system, since the scientific re-

nin the 19 century. However, it was now

stigation with simultaneous tracings could

hydrological system. Likewise, the experi-

he further development of the tracing tech-
niques and an opportunity for scientific exchange between experts. After extensive me-
teorological, hydrological, speleological, hydrochemical, environmental-isotopic and
microbiologic prestudies, begun in 1972, the actual tracing experiments were performed
during spring and summer 1975. Besides this karst investigation, tracing experiments were
made in Quaternary sediments in the Savinja valley during 1973. All this work and the
results are described in a special report (R. GOSPODRIC & P. HABIC,1976).

Fourteen different tracers were mjected almost simultaneously on the same day (May

applied five days later. The tracing was made
“the different tracers on the individual ponors
ivity (high sensitive tracer at expected high
could interfere in the detection, the injection
ast overlap in the observation stations was
anticipated.

Four fluorescent dyes (uranine, eosin, sulforhodamine G, rhodamine B), one opti-
cal brightener (Tinopal CBS-X), four different coloured spores, lithium and potassium
salts, one detergent (Marlon 375), indium-EDTA-complex as activable and chromium-
51-EDTA-complex as a radioactive tracer were chosen for the experiment.

The selection of the injection points and of the numerous observation points was
made on the basis of detailed preinvestigations. Only two ponors were endowed with
two tracers, one with the indium and the lithium salt, and the other with two spore

after tracer injection.
>on as possible. Especially in the case of the
alt and spores a field laboratory was instal-
es, e.g. the activable and radioactive tracers,
laboratories in Munich and Ljubljana; char-

venian group and the other by GSE/Municl
observation, which without this comparisor
and eventually would have misled the inter
for most of the registered dye tracer breakt
ween the two laboratories was seen, espe
matic differences appeared, which could n
(Fig. 2.1). Repeated measurements of these
crease of uranine concentrations, which fins
just the decay of the uranine was stated and
springs was considered as involved in the phe
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T URANINE CONGENTRATION (ppb) T URANINE CONCENTRATION (ppb)

Measurements at field lab,
May/June 1975
Measurements at GSF lab
June 1975

Measurements at GSF lab,
June 1975 Measurements at GSF lab,

November1975

Measurements at GSF lab,
January 1976

2675
DATE OF SAMPLING

I'g. 2.1: Comparison of the measured uranine concentrations by two laboratories on samples from
spring 113 (Underground Water Tracing in Slovenia 1975) which had been taken identically
n duplicate (left picture) and repetition of the measurements by the GSF-laboratory (right
picture) after some intervals (after H. BEHRENS et al,, 1976).
Vergleich der im Markierungsversuch 1975 in Slowenien in Proben der Messstelle 1.13 von
zwet Laboratorien ermittelten Uraninkonzentrationen (linkes Bild) und spatere Nachmes-
sungen des GSF-Labors (rechtes Bild); die Proben wurden in zwei Serien fiir die beiden La-
boratorien identisch entnommen (nach H. BEHRENS et al., 1976 ).

ecay can be assumed as a cause for this ef-

optimal. The optical brightener Tinopal C
tions behause of low solubility in the naturs
values, however, in the observed concentra
tained. The lycopodium spores yielded very
the whole study area which can not be list
and the brown spores which had been injec
coveries. This was attributed to differences
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ferences in residence times and relative tracer concentration on account of some dif-
ferences in the injection mode and change of the hydrometeorological situation bet-
ween the two days of tracer mjection.

2.4. Muota Valley (Alpine Karst, 1979-1980), Neuenbur%Jurassic (Folded
Karst, 1979) and Langeten Valley (Unconsolidated Rock, 1979-1980)

After the experiments in Slovenia, study areas in Switzerland were included in the
research work of the ATH. These were an alpine karst in the Muota valley (around
the famous Holloch cavern) and a Quaternary unconsolidated aquifer in the Lange-
ten valley, which was subject of hydrological research of the University of Bern. In
addition by the University of Neuchitel another karst area, the Neuenburg Jurassic,
was proposed.

In the Muota valley karst system the investigations were done unter two aspects:

Four well known fluorescent dyes were used as tracers. Furthermore another op-
tical brightener was included in the tests: after unfavourable experiences in previous
experiments with the tinopal CBS-X, a powdery substance which was found to be scar-
cely soluble in calcarous water, now another optical brightener, the tinopal ABP was
tested, which is traded as a 50 % solution. The salts lithum chloride and sodium chlo-
ride were involved, and four types of coloured spores, amoung these for the first time
a fluorescing spore (dyed with acridine orange). Finally an alkylbenzene sulfonate de-
tergent was applied.

In respect to tracer analytics, emphasis was laid on the resolution of dye tracer mix-
tures. The direct determination of the tracers in water samples was tried to improve

oved solvents for extracting charcoal bags were

aration was especially tested for the resolution

Towever, while there was satisfactory discri-

f water samples, the investigation of charcoal

:e by unknown water ingredients, among these
probably humic substances.

From the new tested tracer materials, th

solved tracers was limited because, due to t!
no direct comparison could be made. Interesting was that the particulate spores tra-
velled also on flow connections which beforehand were expected to have low perme-
ability. The experiments are detailed by A. BOGLI & 'T. HARUM (1981).

In'the experiments in the Neuenburg Jurassic the scale of the applied tracers was
almost the same as in the Muota valley, with the difference that not lithium but po-
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tassium chloride was used. Also the experiences on tracer efficiency and analytical pro-
blems were comparable. The sodium and potassium salts however gave better results,
mainly due to the fact that they could be applied on the basis of earlier tracing expe-
riences in this system in injection points which matched their suitability (I. MOLLER &
1. G. ZO&T1, 1980).

Most of the comparative studies of und
karst and to a lesser extent also in fissurec
solid phase surface on the tracer transport (
limited. However, much more serious proble
aquifers with a much larger ratio betweer
Because the application of water tracing h
such media (e.g. for demarcation of water
nants), there is strong demand for knowle

‘a downstream outlet in springs.
ed in three pairs: 20 kg of eosin and 100 kg
g of borax, and 205 g of indium-EDTA to-
e were injected on April 28, 1979 into three
out 3,000 m to the downstream spring area.
Sampling from wells and springs was don
be followed over the whole extension of tt
most close observation well with a roughly
ever half the relative maximum concentrati
springs was about 5 %. The eosin could be
centrations as the uranine. There is some conjecture that not all wells were in positions
to be reached by the main body of the tracer clouds, a problem that generally occures
in porous media tracings as a result of mainly small transversal dispersion. The tinopal
could not be detected at all. The low concentrations of eosin indicated a possible maximum
concentration of tinopal below its detection limit; furthermore the tinopal detection
was impaired by variable background fluorescence. Finally, the indium was detected
also only in two wells in the upper region of the aquifer at low concentrations, while
the sodium chloride also was not detected (F. BAUER et al., 1981).
The results of the investigations are also reported in the symposium proceedings
(HyDrOL. KOM. SCHWEIZ. NATURF. GES., 1982).

2.5. Combined Tracing Experiments in the Peloponnesus (1984-1985)

The next joint tracing action of ATH was organized by the IGH (Institut fiir Geo-
thermie und Hydrogeologie, Graz) and IGME (Institute of Geology and Mineral Ex-
ploration, Athens, Greece). The experiments were performed in the eastern part of the
Peloponnesus. There were mainly two aims in the experiments:

— to determine residence times and flow velocities of the karst water and the distri-
bution of the water from individual sinkholes over the different springs as well as
study of the recharge and storage processes in this complex system,

~ todo comparative studies of suitability and behaviour of the established and the “new”
tracers on the different flow paths, especially over the long flow distances given here.
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The experiment started with the injections on March 30, 1984 at the end of the snow
melt, which is an important contribution to the karst water recharge; the Ziria was
still snow covered down to about 1,600 m a.s.L.

Seventeen different tracers were applied in the combined experiment (the numbers
(K*) indicate the injection points in fig. 2.3):

$17R

s17L[a] -
° [e]ss
KLITORIA OSTIMFALIA
LEVIDI ©
TRIPOLIS © S n
OMEGALOPOLIS
TRACER INJECTION
K2 Pyranine K12
Sodium chloride K19
K4 Uranine K26
K5 Rhodamine
K6 Red spores K43
K8 Naphtionate
Fluorescent spores
(Acridinorange) K44
K9 Eosin
Potassium chloride

$

0123456789 10km

LEGEND
[®] SAMPLING SITE
INJECTION POINT

TEST 1984

-------- WATERSHED LINE
Phagus H5
Coliphage “f,
Chromium-51
Coliphage “G" and 'f,’
Tinopal
Fluorescent spores (Tinopal)
Lithium chloride
Blue spores

Fig. 2.3: Underground water connections between karst poljes (katavothre) and springs in the investi-
gation area of the Peloponnesus, found by tracing tests with artificial tracers (from A. MORFIS &

H. ZOJER, 1986).

Im Markierungsversuch 1984 im Peloponnes zwischen Poljen und Quellen mit kiinstlichen
Markierungen nachgewiesene Flieflwege (aus A. MORFIS & H. ZOJER, 1986).
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— the six fluorescent tracers uranine (K 4), eosin (K 9), rhodamine B(K 5), tinopal CBS-X
(K 43), pyranine (K 2) and naphthionate (K 8), the last two for the first time in this
joint tracing campaign,

— the salt tracers sodium chloride (K 2), potassium chloride (K 9) and lithium chloride
(K 43)

— the radioactive tracer chromium-51-EDTA-complex (K 26),

— two coloured spores, blue (K 44) and red (K 6),

— two fluorescent spores, dyed with tinopal (K 43) and with acridin orange (K 8),

~ the three bacteriophages H5 (K 12), coliphagus G (K 26) and coliphagus {2 (K 19).

In five cases more than one tracer was applied in an injection site:

— tinopal, the tinopal-dyed spores and the lithium chloride (into the katavothre of Ska-
fidia, K 43),

~ the acridin-dyed spores and the naphthionate in the Stymfalia polje (K 8),

~ the chromium- 51 and phages G at the Kanata sinkhole (K 26),

— the eosin together with potassium chloride at Hotoussa (K 9),

— the pyranine together with sodium chloride at Feneos W (K 2).

The reappearance of tracers was checked in 37 springs; some of them, S 113and S 106
(Anavalos) were submarine karst springs in the Gulf of Argos, where special installa-
rmore seven small submarine springs at the

B r several months.

The samples for the dye tracer investigation were brought as fast possible to Athens
for spectrofluorimetric measurement in the newly installed IGME laboratory. In ad-
dition, the tracer breakthroughs were also monitored at two springs, Ladona (S 18)
and Panagitsa (S 72) in situ with field filter fluorimeters; in addition, in numerous springs
charcoal bags for collection of dye tracers - ' -
day in the begin and several days with proc
was extended over several months. Exampli
surement versus those of samples as well a:

A more or less funny but not unimportant
alysis of the many samples in the IGME
ed which could be attributed to rhodamine

Finally a connection with the pretty red r

spectrofluorimeter was supposed. After ren

the hands the ghostly tracer evidence had var

how easy, considering the enormous sensitivity of fluorimetry, measuring results may
be impaired.
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The radioactive chromium was monitored in situ in some stations with immersed pro-

time as in the reappearance of > 67 % and 80 % respectively (the pyranine was alrea-
dy partially degraded when quantitatively analysed). The situation with the uranine
and potasstum chloride injected in K 4 was similar with corresponding flow velocities
to spring S 18 (uranine: 2,616 m/d and potassium chloride: 2,717 m/d) and reappearances
(uranine: 86 %, salt: 80 %).

2.6. Combined Tracer Experiment in the Lurbach System 1988

rhich flows underground, partly with open

access and partly hidden, through the Lurgrotte cave system.
The tracers were injected within the cave into the creek which shortly downstream
of the injection site disappears in the underground. The distance to the monitored karst
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springs was about 3,000 m. The tracing was made on June 28, 1984. The tracers were
injected with short intervalls in the sequence as shown in tab. 2.1.

The karst springs Hammerbach, six small adjacent springs to the Hammerbach and
the Schmelzbach were monitored for the tracer reappearance. Mainly the samples of
the Hammerbach were distributed between the involved eight institutes. But all other

t for the dye tracers by the “Institut fiir Geothermie
z. The fluorescent tracers were measured by all in-

rs the breakthrough curves from the Ham-
mounts. It was decided to regard the bro-
vative tracer, as a reference. All the tracers
shape as it could be expected in this system
ses. However, there were differences in the
the different tracers which has to be seen
ewhat contaminated by municipal wastes.
In detail the following characteristics were found:

— Uranine showed the same relative reappearance as the bromide (RRB =100 %) ex-
cept the samples which were measured by GSF with delay and showed some decay
of uranine in some of them (Fig. 2.5).

— Fosin showed a little diminished concentrations in the peak maximum and stronger
tailing which could be caused by some reversible sorption. RRB was 81 % by one
institute and 103.5 by two others which could reflect difficulties in the resolution
from the other dyes.

Tab. 2.1: Tracer test at the Hammerbach, June 28, 1988: tested tracers, their injected amounis and
time of injection (after F. BEHRENS et al., 1992).
Vergleichender Tracertest am Hammerbach, 28. Juni 1988: die getesteten Tracer, thre Lin-
gabemengen und die Eingabezeiten (nach H. BEHRENS et al., 1992).

Tracer Amount Injection time
Pyranine 5kg 09.00-09.02
Microspheres, YO, 0,89 p 6,5x 1010 09.15
Microspheres, YG, 0,95 p 5,3 x 1010 09.15
Microspheres, BB, 1,00 p 4.5 % 1010 09.15
Phages P22H5 8 x 1014 09.28
Rhodamine B 4kg 09.34-09.36
Sodium bromide 50 kg 09.55-09.57
Lithium chloride 100 kg 10.10-10.12
Indium-114m-EDTA 60 mCi 10.22
Sulforhodamine G 3kg 10.25-10.29
Eosin 5kg 10.35-10.38
Naphthionate 25kg 10.45-10.48
Uranine 2 kg 10.50-10.54
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Fig. 2.5: Tracing experiment 1988: breakthrough curves at Hammerbach spring of the tracer uranine
measured by different laboratories, compared with bromide as a reference (boldfaced line),
after H. BEHRENS et al. (1992).
Markierungsversuch 1988: Durchgang des Tracers Uranin in der Hammerbachquelle nach
Messungen verschiedener Laboratorien im Vergleich zum Bromiddurchgang (fette Kurve),
nach H. BEHRENS et al. (1992).

Naphthionate had a RRB of 81.5 % in soon measured samples, while the samples
measured at GSF with large delay showed stronger decay (RRB of 23.5 %).
Pyranine suffered strongly from its instability with RRB’s of 21.5 and 13 % and only
3 % in the samples measured with delay at GSE.

Sulforhodamine G had clearly losses by sorption; however, the RRB’s varied stron-
gly with 106, 74, 73 and 42 %, probably because of difficulties in the analytical
separation.

Rhodamine B showed even stronger losses by sorption with RRB’s of 64, 58 and
46 %.

Lithium had a RRB of 122 % probably due to difficulties in a precise subtraction
of the natural background. The breakthrough curve showed some reduction in the
peak and enhanced tailing indicating an influence of reversible sorption.
Indium-114m had a RRB of 100 %. However, the breakthrough curve indicated a
small delay in the peak and enhanced tailing. This could perhaps be attributed to in-
complete complexation — the radiochemical preparation was made under rough field
conditions just on the site.

Microspheres of the three types YO, BBand YG, only the uncharged YGtype with
a polystyrene matrix reappeared with a RRB of 14 %, while the YO and BB micro-
spheres with a positively charged carboxylate surface completely disappeared. How-
ever, the concentrations of the microspheres fluctuated extremely from sample to
sample, indicating a not yet understood factor in the transport of the particles (Fig. 2.6).
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The microspheres were together with the phages the only tracers which reappea-
redat very low counts also m the Schmelzbach and thus indicated a very weak flow

h curve similar to that of the dissolved tra-

njected (chloride content in the lithium
of this very conservative tracer was of ¢
in the natural background values, the recovery was obtained with RRB = 132 %.

Maps of the study area with its hydrogeologic and hydrographic evaluation and de-
tailed description of the experiments are given by H. BEHRENS et al. (1992).

2.7.Further Comparative Experiments

More tracing tests have been made in which the ATH group was involved. One
series was made in a fissured rock system at Lindau (SW Germany) which is develo-
ped by a tunnel system (T. HIMMELSBACH et al., 1992). Numerous tests with different
tracers have been performed in the porous aquifer testfield at Merdingen in the upper
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Rhine valley (A. DE CARVALHO DILL et al., 1992). Details on the work in these two
study fields can be found in special chapters in this issue. Finally, tests were also going

on in the Slovenian karst in the period from 1993-1995 (A. KRAN]C, 1997).

2.8. Résumé

Water tracing is an important tool in hydrology and hydrogeology to obtain in-
formation e.g. on flow connections, on the flow velocities or residence times on these
flow connections, yields of water reservoirs, vulnerability of water supplies, the fate
of disposed waste, and more. It is important to know how well this tool works, where

and in which manner it can be applied and w]

deficits are and how these can be overcom
dedicated to this task. The experiences in th
incompetent application of the tracing techs
tracer substance into a sinkhole and look f«

3. Test Sites

3.1. Glaciers (K. Grust, W. KAss)

hodological progresses have been made e.g.
iportant tracers, the fluorescent dyes. The
xtended by several new tracers. Important
cedures on the field of contaminant trans-
by the practical comparative application of
1atic evaluation is a good starting point for
>ment.

ement through temperate glaciers is analo-
ers (R. L. SHREVE, 1972, D. E. SUGDEN &
sccurs through a porous aquifer as well as
averns and cavities. However, the chemical

Due to the very low levels of mineraliz
seemed to be opportune in tracer experinx

of lithium and strontium in the meltwaters

are approximately 1 pg/l for lithium and 5 pg/l for strontium. A pre-test at Unteraar
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Tab. 3.1: Chemical and physical qualities of water in karstic and glacial drainage systems.
Chemische und physikalische Eigenschafien von Karst- und Gletscherwéissern,

Parameter Karst water Glacier water
Temperature Medium seasonal surrounding temperature plus 2-4° C 0-1°C
Conductivity 400-650 pS/cm 4-12 pS/cm
Turbidity 0.1-30 TU/F 5-500 TU/F

glacier (Kanton Valais, Switzerland) proved that useful breakthrough curves could be
obtained with lithium chloride.
3.1.1. Comparative Tracer Tests at Vernagtferner

A series of experiments to investigate the behaviour of salt tracers in comparison
with well known fluorescent dye tracers were undertaken at Vernagtferner, a 9 km?
temperate glacier in the Octzvalley, Austria, in August 1998 (Fig. 3.1). The tracers ura-
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Fug: 3.1: Location map of the geographic situation at Vernagiferner. O~ test area, fig. 3.2.
Ubersichtskarte zur geographischen Lage des Untersuchungsgebietes. [1 - Untersuchungs-
gebier, Fig. 3.2
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Fig. 32: Test area at Vernagt glacier. NV — injection points 1and 2, ¢ |\ ~ sampling points S,, S,, thick
arrows — hypothetical subglacial water flows. Isobypses in metres above see level.
Kartenskizze des Untersuchungsgebietes auf dem Vernagtferner. N — Einspeisestellen 1 und
2, ¢ ,N — Beobachtungsstellen, dicke Pfeile — angenommene direkte Abflussbabnen der Mar-
kierstoffe.
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nine, sulforhodamine B which are dyes, lithium as lithium chloride and strontium as
strontium chloride which are salts, were injected simultaneously into a number of mou-
lins in the ablation area. T'wo experiments (Fig. 3.2) are presented here, details of which

are shown in tab. 3.2.

Tab. 3.2: Details of multiple tracer experiments at Vernagtferner, August 1998.
Daten zu den Mebrfach-Markierversuchen am Vernagtferner, August 1998.

Experiment 1

Injection point Moulin, 3,022 m a.s.l.
Injection date/time 9. August, 1998/14.35
Tracer weight [kg]
Uranine 0.04
Sulforhodamine B 0.10
LiCl/Li 0.89/0.146
SrCly-6H,0O/Sr 3.089/1.015
Mittelbach
1,592
525
3.52

3.1.2. Results

Tab. 3.3: Recovery rates for the tracers used in experiments 1 and 2.

Experiment 2

Moulin, 3,015 m a.s.l.
11. August, 1998/11.25

weight [kg]
0.10

0.20
1.12/0.18
4.0/1.314

Schwarzkogelebach
1,474

570

3.70

Wiedererbalt der in den Versuchen 1 und 2 verwendeten Markierstoffe.

Tracer Experiment 1
Sulforhodamine B 80 %
Lithium 76 %
Uranine 54 %
Strontium 25 %
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88 %
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Fig. 3.3: Specific breakthrough curves of the four different tracers of the experiments 1 and 2.
Normierte Durchgangskurven von den vier Markiermitteln der Versuche 1 und 2.
3.1.3. Conclusions

Of the four tested tracers, sulforhodamine B and lithium chloride appear to be the
most useful tracers in glacial meltwaters. Uranine is a useful tracer, if 1t is not expo-
sed to intensive sun light during the experiment. Strontium chloride shows significant
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recovery losses in glacial waters. Thus, to obtain adequate return curves relatively high
amounts are necessary, which leaves the tracer far more extensive and less practical
compared to the other tracers tested.
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3.2. Comparative Tracer Studies in a Highly Permeable Fault Zone at the
Lindau Fractured Rock Test Site, S Germany
(R. BAUMLE, E. Einstepr, H. HoTzL, W. KAss, K. WITTHUSER, S. WOHNLICH)

3.2.1. Introduction

During the last decade, tracer techniques have been established as a method to cha-
racterize flow and transport processes in fractured rock. Among the most commonly
used tracers are fluorescent dyes, salts or microparticles (W. Kiss, 1998). For most
purposes conservative tracers with non-reactive behaviour are requested. Compara-
tive tracer studies in fractured rock environments are nevertheless quite sparse.

S. 8. D. FOSTER (1975) and 1. NERETNIEKS (1980) pointed out that the advective-
dispersive transport of solutes in the fractures may be significantly influenced by a
diffusive transport into the adjacent rock matrix. Hence, the varying diffusion co-
efficients of the tracers must be considered within comparative tracer studies.

Former investigations at the Lindau rock test site focused on the site character-
ization and on the methodology of solute transport modelling in fractured rock
(T. HIMMEISBACH et al., 1992, 1998, R. BAUMLE et al., 2000). Although many different

tors, no methodical study was performed until

: tracer characterization at the Lindau test site.

ribe and to compare the advective-dispersive

the most common and of some recently

:xperiments in fractured rocks. Besides the

comparative tracer study, methodological problems will be discussed which could be
revealed by the validation of the applied transport models.

3.2.2. Hydrogeology
within the Albtal granite Pluton (Southern

snductivity of the granitic rock varies between
-values for the dyke range from 5 x 10 to
1x10% m/s (T. HIMMELSBACH et al., 1998) and may reach even higher values according
to more recent investigations. Due to this permeability contrast, the dyke drains the
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Bl 1
Bl 2

Fig. 3.4: Plan of the Lindau fractured rock test site showing the injection borehole Bl. 8 and the ob-
servation borehole Bl. 10.
Lageplan des Versuchsstollens Lindan mit dem Eingabebobrloch Bl 8 und dem Beobach-
tungshobrloch Bl. 10.

catchment and creates a trough of hydraulic head depression with steep hydraulic
gradients on both of its sides. The dyke can be examined 80 m below the ground by
the investigation tunnel sketched in fig. 3.4. Along the parallel pit altogether 19 bore-
holes were drilled into the ore body which served as injection and observation bore-
holes for the tracer tests.

3.2.3. Methodology

3.2.3.1. Test Configuration

Two forced gradient tracer experiments were carried out in the parallel pit. The tracers
were injected into the fractured zone once a steady-state radial-convergent flow field
was established around the observation well. The dissolved or suspended tracers were
carefully poured into a tube and pushed into the borehole as a short pulse by a pressurized
chase fluid. Both tracer experiments were performed in a discrete set of fractures con-
necting the borehole Bl. 8 with Bl. 10. An overview of the experimental design is pro-
vided n tab. 3.4.

Experiment no. 1 was carried out in March 1999. The recently developed fluorescent
dye tracer T4 (F. EINSIEDL et al., 1999a, 1999b) and uranine were injected simultane-
ously into well Bl. 8. The tracer volume was 11and the injection time was comparable
with experiment no. 2.

Experiment no. 2 was carried out in September 2000. The injected tracers included
the fluorescent dyes uranine (C.I. Acid Yellow 73), pyranine (C.I. Solvent Green 7),
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Tab 34: Summary of the experimental design for the two comparative tracer experiments.
Zusammenstellung der Daten zum Versuchsaufban der beiden Tracerexperimente

Experiment no. 1
Date: March 1999

Injection borehole: BL S8 Production rate: 0.8 m*h
Observation borehole: Bl 10 Injected tracer volume: 11
Distance: 11.6m Volume of chase fluid: 201

Tracer: Uranine T4

Injected

mass [¢g] 05 0.25

Experiment no. 2
Date: Sept 2000

Injection borehole: BL 8 Production rate: 0.6 m*h
Observation borehole: BL 10 Injected tracer volume: 21

Distance: 11.6 m Volume of chase fluid: 51

] . Sulpho- . Naph- - - @, Fluores- Fluores-

Tracer:  Uranine g Pyranine thionate B a  Lrose brite YG  brite Red
Injected 10 50 50 200 3620 4365 855 1985
mass [g]
Injected no. - - - - 23 x 10° 23 x 10°
of particles

The tluorescent dyes were analysed using spectrofluorimetry (laboratories of the
Institute of General and Applied Geology, University of Munich and of the Institute
of Applied Geology, University of Karlsruhe). The lithium and strontium concentra-
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3.2.3.2. Modelling Concepts

rameter (a):

dt
Vet -1’

where 1 is an integration variable. Q represents the average production rate and M
the injected tracer mass. The model parameter (a) is defined in terms of the matrix
porosity (ny), the fracture half width (b), the molecular diffusion coefficient in free water
(Dpn), the tortousity factor for micropores (t,,) and the constrictivity factor (€) by:

Pe(to—17 (1)’
4t (t—1)

(3.1

M T
C(t,to,Pe) = 2 Pet, [_
(t,t0,Pe) 0 ogexp

np eD,,

"The SFDM has been applied successfully in earlier studies at the Lindau rock test
site (e.g. T. HIMMELSBACH et al., 1992, 1994).

3.2.4. Results

3.2.4.1. Tracer Performance

matrix diffusion.
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Fig. 35: Tracer BTC and velative recovery of the tracer T4 compared with uranine (experiment no. 1),
Tracerdurchgangskurve und -riickerhalt des Tracers T4 im Vergleich zu Uranin.

o ——o— Uranine

10 —e— Sulphorhodamine B
—o— Pyranine
—v— Naphthionate

10"
5
£
£
it B
x 2 ﬁ %&
§ 10
O
1Y
3 - 9o
10 o 05 vy
4 E‘/n
10

10 100
Time after injection [h]

Fig. 3.6: Tracer concentration C divided by the recovered tracer mass My vs. time after injection for
the applied fluorescent dyes (experiment no. 2).
Tracerkonzentration C der Fluoreszenztracer geteilt durch die viickgewonnene Tracermasse
My gegen die Zeit nach Einspeisungsbeginn.
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Fig. 3.7: Tracer concentration C divided by the recovered tracer mass My vs. time after injection for
uranine and the salt tracers (experiment no. 2).

Tracerkonzentration C fiir Uranin und die Salztracer geteilt durch die riickgewonnene Tra-
cermasse My gegen die Zeit nach Einspeisungsbeginn.
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Fig. 3.8: Tracer concentration C divided by the recovered tracer mass/no. of particles My, vs. time after
injection for uranine and the microspheres (experiment no. 2).
Tracerkonzentration C fiir Uranin und die Mikropartikel geteilt durch die riickgewonnene
Tracermasse My gegen die Zeit nach Einspeisungsbeginn.
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Tab. 3.5: Time of first appearance (t,), maximum actual flow velocity (v,,,), concentration peak arrival
time (tg,,,), dominant actual flow velocity (v,,,), and relative recovery of the tracers applied
in the comparative tracer experiments.

Erstankunftszeit (t,), maximale Abstandsgeschwindigkeit (v,,,.), Zeitpunkt des Auftretens
der Maximalkonzentration (t,,,), dominierende Abstandsgeschwindigkeit (v,,,) und rela-
tiver Tracerriickerbalt.

Experiment no. 1

Tracer: Uranine T4
t, [h] 075 075
v [m/h] 155 155
tan Th] 325 35
v [m/h] 356 331
Recovery [%] 74 76

Experiment no. 2

0 . Sulpho- . Naph- - - 1: o Fluores- Tluores-

Iracer:  Uranine rhcf)d.B Pyrapine thioflate Br O L' S pite YG brite Red
t, [h] 14 13 125 125 117 150 133 150 117 1.25
v, [m/h] 790 840 896 896 9.60 7.47 840 747  9.60 8.96
ta [h] 208 225 217 225 225 217 225 217 192 192
Vo [m/h] 538 498 517 498 498 517 498 517 584 5.84
Recovery[%] 52 55 1.0 4.0 53 42 30 12 1.2 0.9

tially be explained by the different detection limits (highest for the microspheres) and
background concentrations (highest for uranine and chloride in this experiment). In
general, the microspheres will yield the highest actual velocities because their detection
Limit under the fluorescence microscope is extremely low and because they will pre-
ferentially flow in the mid-current of the stream where the highest flow velocities are
encountered.
A less ambiguous tracer characterization can be achieved by the comparison of the
ns occur between 1.92 hand 2.25 h after the

ity follows the sequence:

(Fluoresbrite YG, Fluoresbrite Red) > uranine > (pyranine, CI', Sr**) >
> (sulphorhodamine B, naphthionate, Br’, Li*).

An explanation for the higher velocities of the microspheres was already given above.
The lower velocities of strontium, lithium and sulphorhodamine B may be due to a slight
sorption at the observed fracture coatings consisting of clay minerals.

The tracer recovery for experiment no. 1is about 13 times higher compared with
the experiment no. 2. The reason could be the injection of 20 1 of chase fluid after the
short tracer pulse injection of experiment no. 1. For experiment no. 2, the relative re-
coveries did not exceed 6 % (tab. 3.5). The circumstances that led to such low recove-
ries are not yet fully understood. Roughly 10-15 % of the tracer mass was lost during
the injection by leakage around the packer system. Additionally, a large amount of the
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Fig. 3.9: Relative tracer recovery vs. time after injection at the borehole Bl. 10 (experiment no. 2).
Relativer Tracerriickerbalt gegen die Zeit nach Einspeisungsbeginn am Bobrloch Bl. 10.

tracer mass was presumably injected into fracture systems which do not connect the
injection with the observation borehole. Among the applied tracers, sulphorhodamine B,
uranine and bromide reached the highest rela

was obtained for the microspheres, stront

the microspheres could be explained by fi

fissures. Strontium is the only divalent ion

undergone sorption at the clay minerals. Py

recoveries (e.g. N. GOLDSCHEIDER et al., 20

the loss of pyranine, but research will hav

topic.

3.2.4.2. Model Validation
Experiment no. 1 was described by the SFDM. Calibration of the SFDM for a radial-

convergent flow yields a mean transit time t, of 2.4 h and a Peclet number Pe of 20.
Compared with the experiment no. 2, a significantly higher longitudinal dispersivity
(0 =0.56 m) was determined. The reason for this could be the lack of a double packer
in the injection borehole causing a slow release of the tracer during experiment no. 1.
The uranine BT'C obtained from the experiment no. 2 could be excellently fitted to
the SEDM (Fig. 3.10). However, the best fit yielded non-plausible values for the Peclet
spersivity (0, = 0.04 m). Furthermore, the
itive fitting parameter. Similar fitting results
could be obtained from the other BTCs. In order to examine the somewhat dubious
results, the following model validation was carried out.
Assuming that the assumptions made within the SFDM are fulfilled and, hence, that
the fitted values obtained for uranine are accurate, a forward modelling of the bro-
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Fig. 3.10: Measured tracer concentration C divided by the recovered tracer mass My vs. time after
injection for uranine and Fluoreshrite Y G. Best fit of the uranine data using the SFDM yields
ty =17 b, Pe = 300 and a = 0.48 b2 Theoretically, the simulated ADM-curve (tyand Pe
identical) and the simulated SFDM curve for bromide (a = 1.01 h72) should fit the BTC for
microspheres and bromide, respectively (experiment no. 2).

Gemessene Tracerkonzentration Cvon Uranin und Fluoresbrite Y G geteilt durch die viick-

mide (or any other) BTC is straightforward. According to equation (3.2), the fit pa-
rameter a of bromide for a combined tracer experiment can be calculated:

Duranine

m

dyranine = W * apromide = 047 * apromide (3.3)
m
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end fractures and was only slowly released into the fractures connecting the borehole
Bl 8 with Bl 10.

Non-diffusive tailings of the BI'Cs have already been observed in earlier tracer studies
at the Lindau rock test. A. KASELOW (1999) performed tracer tests using an injection
pipe and observed a huge volume of stagnant and spiked water in the injection hole.
He proved by numerical modelling that the observed tailing could not be entirely pro-
duced by matrix diffusion. F. EINSIEDL et al. (2000) obtained identical tailings of the
BTGs for tracer experiments between borehole Bl 10 and Bl 11 despite the strongly
differing diffusion coefficients of the injected fluorescent dyes and particle tracers.
K. WITTHUSER (2001) concluded from comparative tracer studies that the spreading
as well as the tailing of the resulting BT'Cs, commonly interpreted as dispersion and
diffusion, will be remarkably reduced if a double packer injection system is applied.

3.2.5. Conclusions

The fluorescent dyes uranine, sulphorhodamine B, pyranine and naphthionate, the
salt tracers lithrum chloride and strontium bromide, the particle tracers Fluoresbrite
YG and Red as well as the newly developed tracer T4 could all be successfully applied
in fractured granitic rock for small-scale experiments. The BTCs showed good
resemblance, although the actual flow velocities varied up to 16 %. Pyranine, stron-
tium and the Fluoresbrite microspheres yielded the lowest relative recoveries among
the tracers applied in the comparative studies. For the design of large-scale experiments,
both the differing flow velocities and the recoveries should be taken into considera-
tion.

The BT'Cs of both the soluble and the particle tracers are characterized by strong
tailings. Since the BT'Cs of the particle tracers show higher peak concentrations and
lower tailings compared to the dyes and the salt tracers, it 1s likely that diffusion of
the soluble tracers into the adjacent rock or stagnant zones occurred. However, the
tailings can only to a minor extent be interpreted as matrix diffusion. In fact, the BTCs
proved to be very sensitive to the injection system and the volume of the chase fluid.
Fitting the empirical BI'Cs to analytical solutions of the transport equations like the
SFDM or the ADM will lead to inaccurate transport parameters ]f the model assumptions
are violated. The combined injection of tracers proved to be very useful for the model
validation. It is recommended to simultaneously inject tracers with strongly differing
diffusion coefficients, e.g. soluble and particle tracers, in order to distinguish the effect
of matrix diffusion from the influence of the injection mode.

For small-scale tracer tests, injection systems like a triple packer system (e.g.
M. W. BECKER & A. M. SHAPIRO, 2000) are required by which an instantaneous injection
of the tracer can be assured. Without such an accurate injection system, the interpre-
tation of the BT'Cs with regard to matrix diffusion in low porosity granites can be mis-
leading.

3.3. Comparative Tracer Test in the Alpine Karst System Hochifen-
Gottesacker, German-Austrian Alps (N. GOLDSCHEIDER, H. Horz1, W. KAss)

3.3.1. Overview

The Hochifen-Gottesacker area is situated in the northern Alps at the German-
Austrian border. With an altitude of 2,230 m, Mount Hochifen (also called Hoher Ifen)
is the highest summit. The northward bordering Gottesacker covers an area of about
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Gottesacker =

Fig. 3.11: Block diagram of the Hochifen-Gotesacker area (G. WAGNER, 1950). df — Drusberg formation
or older, sk — Schrattenkalk limestone, gf — Garschella formation or younger, I1I-VII -
anticlines.

Blockbild des Hochifen-Gottesacker-Gebietes (G. WAGNER, 1950). df ~ Drusberg Forma-
tion oder dlter, sk ~ Schrattenkalk, gf — Garschella Formation oder jiinger, 11I-VII -

Antiklinalen.
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All tracers were injected simultaneously in a cave entrance in the middle section of
the Schwarzwasser valley which acted as a swallow hole during the tracer test. The
samples were taken at two karst springs in the lower section of the valley. The con-
nection between the cave and the springs, as well as the hydraulic characteristics of
the aquifer, had already been studied before by means of a tracer test (N. GOLDSCHEIDER,
1998).

3.3.2. Geology and Hydrogeology

3.3.2.1. Geology

The Hochifen-Gottesacker area belongs to the Sintis nappe, the largest thrust sheet
within the Helvetic nappe system (named after the 2,502 m high Mt. Santis in the Swiss
Alps). In western Austria, the Santis nappe is surrounded by the socalled Ultrahelvetic
and Rhenodanubic Flysch nappes in the N, E and S, forming a large tectonic half window.
The area of study is situated on its eastern margin (D. RICHTER, 1984, G. WYSSLING,
1986).

The area is built up by Cretaceous sedimentary rocks: The oldest relevant forma-
tion is the Drusberg marl with a maximum thickness of 250 m. The Schrattenkalk is
an extremely pure [imestone with a total thickness between 75 and 125 m. The Gar-
schella formation is often represented by glauconitic sandstones which are only a few
meters thick. The youngest relevant formation is the Amdener marl with a thickness
of up to 250 m (W. ZACHER, 1973, H. SCHOLZ, 1995).

To the W of the area, the folds trend W-E. They form an axial depression in the
Subersach valley and rise to an axial culmination on the top of the Hochifen-Gottes-
acker area. Here, the fold axes turn in SE-direction and plunge under the Flysch nap-
pes along the Schwarzwasser valley (Fig. 3.12).

As anticlines often form ridges while synclines often form valleys, the folds can ea-
sily be recognized in the field (Fig. 3.11). The Hochifen-Gottesacker area is both a cul-
mination of fold axes and an anticlinorium. Therefore, G. WAGNER (1950) calls it an
“Cretaceous Shield”. In the following, the anticlines are numbered from S to N'in roman
numbers; the synclines are numbered by combining the numbers of the bordering anti-
clines (according to G. WAGNER, 1950).

The Schrattenkalk limestone is intensively cut by faults which belong to two main
systems: SW—NE trending left-lateral strike-slip faults with a significant extensional
component and SE-NW trending normal faults with right-lateral strike-slip displace-
ment. A major SW-NE fault zone runs parallel to the Schwarzwasser valley. The fold
pattern is different on both sides of this zone, indicating that the faulting started be-
fore the end of the folding (N. GOLDSCHEIDER,1997).

3.3.2.2. Karstification, Springs and Surface Waters

The Schrattenkalk limestone is extremely karstified and forms almost the entire sur-
face of the Gottesacker. Its highest parts are nearly bare of soil and vegetation and form
large karrenfields. Deep potholes are frequent at the intersection of faults, some of them
are theentrance of a cave. The lower parts of the Gottesacker are covered with shallow
soil and coniferous forest. Above the level of the surrounding valleys, no surface waters
exist on the areas with outcropping Schrattenkalk limestone (compare fig. 3.12 and
fig. 3.13).

gMost other relevant sedimentary rocks in the area are characterized by low per-
meability and, consequently, by surface runoff. The underlying marls and slates of the
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Fig. 3.12: Location and hydrogeological map of the test site (N. GOLDSCHEIDER & H. HOTZL, 2000).
Lage und bydrogeologische Karte des Testgebietes (N. GOLDSCHEIDER & H. HOTZL, 2000).
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European watershed injection point eqn | arstspring
(Rhine/Danube) (sampling point)

local watershad underground flow path estavelle (sampling
ocal watershe proved by tracer test QE] or injection point)

0 1 2 3 4 km

Fig. 3.13: Surface waters, karst springs with their catchments and underground flow paths proved by
tracer tests (N. GOLDSCHEIDER & H. HOT71, 2000). The shorthand symbols of the springs
are explained in the text.

Gewdssernetz, Karstquellen mit ihren Einzugsgebieten und durch Markierungsversuche be-
legte unterirdische Fliefipfade (N. GOLDSCHEIDER & H. HOTZ1, 2000). Die Kiirzel der Quel-
len sind im Text erklért.

Consequently, there are two flow systems in the valley (see N. GOLDSCHEIDER &
H. HOTZL, 2000): the surface river that drains the right side of the valley and the under-
ground karst water flow.

The Schwarzwasser river has its source at the so-called European watershed bet-
ween Rhine and Danube and is tributary to the Danube. In an altitude of 1,340 m it
sinks in swallow holes in a huge landslide which came down from Mt. Hochifen after
deglaciation and caused obstruction in the valley (G. WAGNER, 1950, M. SINREICH, 1998).
A portion of the stream reappears 1 km below 1n a resurgence (QR in fig. 3.13).

In the middle part of the valley, the anticline IV plunges under the valley, so that
the karstified limestone outcrops and is cut by the river, forming a gorge (Fig. 3.14).
Under low water conditions, the river sinks in the entrance of the so-called “Schwarz-
wasser” cave which is situated in this gorge at 1,120 m. Under high water conditions
the cave entrance becomes a spring. Thus, the cave is an estavelle — probably the lar-
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gest in the Alps. It connects the surface river with the underground karst water flow
(N. GOLDSCHEIDER et al., 1999).

by the low permeable younger strata in the core of the syncline V/VI. At 1,035 m, these
strata are eroded locally along a normal fault, so that the karst aquifer outcrops in a
low topographic position. This 1s the location of the Sigebach spring (QS) that discharges
between 150 and about 2,000 I/s.

Below the confluence of the Schwarzwasser river and the Breitach river, the lime-
stone outcrops again in the anticline VI. Here, it was possible to detect an anomaly in
temperature indicating the upwelling of cold karst groundwater. By measuring the dis-
charge of the river above and below this anomaly using the salt-dilution method, the
discharge of this — invisible — bottom spring (QG) was determined: about 200 I/s
(N. GOLDSCHEIDER & H. HOTZL, 2000).

3.3.2.3. Results of Earlier Tracer Tests

valley (QA, QB, QK, QS). The tracers which were injected in the central (E9-10) and
eastern (E1) part of the area and in the lower section of the valley (E4-5) reached the
karst springs, but not the estavelle. The connection between the Hélloch cave (E1) and
the Sigebach spring (QS) had already been proved by tracer tests in 1949 and 1955
(R. G. SPOCKER, 1961).

mented by tributaries from the Flysch mountains at the SE (right) side and from the
landslide mn the upper section of the valley.
The connection between the sink of the Schwarzwasser river into the landslide and

(2000).

In order to prove the connection between the Schwarzwasser cave (the estavelle)
and the karst springs in the lower section of the valley, 200 g of uranine were injected
in the entrance of the cave (E6) which acted as a swallow hole during the experiment
(N. GOLDSCHEIDER, 1998). The results of this experiment (Tab. 3.6) were the basis for
the comparative tracer test described in this publication.
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Tab. 3.6: The results of the earlier tracer test in the Schwarzwasser valley (N. GOLDSCHEIDER, 1998)
served as the basis for the comparative tracer test described in this paper.
Die Ergebnisse des friiheren Tracertests im Schwarzwassertal (N. GOLDSCHEIDER, 1998) dien-
ten als Grundlage fiir den hier beschriebenen vergleichenden Markierungsversuch.

Injection point: Schwarzwasser cave (estavelle) Short symbol: QE, E6
Tracer: 200 g of uranine

Hydrologic conditions: medium discharge; estavelle acts as a swallow hole (6.6 I/s)

Date: 97/08/14

‘I_'H %\ 2w a 2 . ‘;\,_‘ ‘?,_‘ B
% £ & © =g E £ g < 2 "E B =
cE 0§ 8 sE s BE 8 BE BE § ¢
Ei = O — 8 Y 3 Q o O o 5‘ B 9 B B > 2
ggd 2% 2892 Eda—- E— ES— Swm & EE 0 2
S A= Ak 5%& ) 5%& =3 £E g5 =& AL
QA 210 1,000 6.8 11.8 67.0 14.0 1471 84.6 45.2 20.9
QB 38 1,325 7.8 12.8 67.1 13.6 169.9 1034 8.3 24.5
QK 15 1,550 8.8 14.8 66.8 12.2 176.1  104.6 3.0 23.0
QS 199 2,225 222 314 118.7 6.1 100.2 70.9 344 15.7
Total
average 462 148.3 90.9 90.9 21.0

3.3.2.4. Underground Drainage Pattern of the Karst System

The tracer tests proved that the Hochifen-Gottesacker area is representative for the
hydrogeological type of folded alpine karst systems with a relatively thin karstified car-
bonate sequence (N. GOLDSCHEIDER & H. HOTZL, 1999). As the limestone is under-
lain or interstratified by low permeability layers, the underground flow occurs at its
base and follows the stratification — at least in the elevated areas above the level of the
surrounding valleys.

The underground drainage pattern is influenced by the fold tectonics: The syn-
clines form the main flow paths, the anticlines form local watersheds and the culmi-
nation line is a part of the European watershed between Rhine and Danube river (see
fig. 3.13).

The entire karst area east of the culmination line is discharged underground in SE-
direction into the bordering Schwarzwasser valley. Along the whole valley, the gently
folded limestone forms a hydraulically connected karst aquifer which collects the under-
ground water from the left side of the valley (the Hochifen-Gottesacker area). Under
low water conditions, the estavelle acts as a swallow hole and the surface water from
the right side of the valley (the Flysch mountains) are also collected in this aquifer. In
the Schwarzwasser valley, the underground flow follows the axis of the valley cros-
sing several synclines and anticlines (Fig. 3.14).

The aquifer is discharged by the springs in the lower section of the valley. Their
hydrological behaviour depends on their topographic position: The permanent bottom
spring is the deepest outlet of the system; the springs QB, QK and QS are also per-

manent.

The intermittent Aubach spring is in a higher position and is only active if the wa-
ter level is medium to high. The estavelle is in the highest position and becomes a spring
only under high water conditions (N. GOLDSCHEIDER & H. HOTZL, 2000).
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3.3.3. Comparative Tracer Test

3.3.3.1. Selection of Tracers, Injection, Sampling and Analyses

The comparative tracer test in the Hochifen-Gottesacker area was carried out by
N. GOLDSCHEIDER, N. GOPPERT and W. KASS October 19, 2000 under low water
conditions. The Schwarzwasser cave (the estavelle) was the injection point (QE/E6mn
fig. 3.12-3.14); automatic samplers were installed at the Aubach (QA) and the Sige-
bach spring (QS) until October 23, 2000.

Ten different substances, belonging to three classes of tracers, were used: fluores-
cent dyes, salts (ions) and particle tracers (Tab. 3.7). Bioparticles are killed Escherichia
coli bacteria, fluorescent dyed with acridin orange. They were invented and produced
by J. BOHNERT (University of Tiibingen) and used as a tracer for the first time. The
optimum injection mass for each tracer was calculated on the basis of the results of the
carlier tracer test in the Schwarzwasser valley (Tab. 3.6).

All the tracers were injected simultaneously in the cave entrance which acted as a
swallow hole during the experiment. Consequently, no flushing water was required.
Only about 25 ml/s were sinking in the cave and the water had to pass through sedi-
ments and autumn leaves which covered the bottom of the cave entrance.

th the AES-method. W. KASS analysed the
s and counting the particles under a fluores-
and distinguish the three different particles

Tab. 3.7: Class, type and amount of injected tracer. The names which are used in the text are in bold,
Klasse, Typ und Menge der eingegebenen Markierungsstoffe. Die im Text verwendeten
Bezeichnungen sind fett hervorgehoben.

Class Type of tracer njected amoun
Fluorescent dyes Sodium naphthionate M=1000¢g
Pyranine 120 % M= 100g
Uranine M= 20¢g
Sulforhodamine B M= 100¢g
Salts Strontium (as SrCl,,6H,0) M=7.26kg
Lithium (as LiCl) M=2.62kg
Bromide (as NH,Br) M=571kg

Particles Fluoresbrite Yellow Green (YG) Microspheres, .00 pm — n=2.05 x 10"

Fluoresbrite Polychromatic Red Microspheres, .00 pm - n=4.32 x 10"
Bioparticles (killed, fluorescent dyed Escherichia colt) n=10%
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by means of five criteria: size, shape, intensity of fluorescence, fluorescence coulour
using blue light and fluorescence coulour using UV-light.

3.3.3.2. Results

7E-05
6E-05
5E-05
4E-05

3E-05

Uranine c/M [1/m?}

2E-05
1E-05

0E+00
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time after injection [h]

Fig. 3.15: Comparison of the breakthrongh curves of the tracer tests in 1997 (N. GOLDSCHEIDER, 1998)
and 2000.

Vergleich der Durchgangskurven der Versuche von 1997 (N, GOLDSCHEIDER, 1998) und 2000,
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Injection point: Schwarzwasser cave (estavelle) Short symbol: QE, E6
Sampling point: Sagebach spring Short symbol: QS

Distance QE-QS: 2,225 m

Discharge of QS: decreasing from 265 to 199 I/s

Hydrologic conditions: low water; estavelle acts as a swallow hole (25 ml/s)
Date of injection: 00/10/19

2 i 2 2
Z8 & g 2 8=
- =] —-= = 2
Tracer = § o S EU v E g E g
Sl i 45 AT :d i s
. — B o o
B B 25 22 mE ES KO
Naphthionate 29.9 4.3 74 74E-06 744 514 19.7
Pyranine
Uranine 316 46.6 0.10 4.8E-06 705 47.8 14.9
Sulforhodamine 29.9 46.6 0.16 16E-06 744 47.8 5.0
Strontium (*2) 49 41 56E-06 95 163
Lithium 31.6 44.9 14 54E-06 705 49.5 15.7
Bromide (*3) 333 483 71 13E-05 669 46.1 32.8
Green microspheres
Red microspheres
Bioparticles
Average 31 46 62506 71 49 17

Dispersivity

:

49.2
43.1

43.2

45

(*1)
(m]

sand, gravel and leaves on the bottom of the cave entrance or somewhere else in the

was increasing during the experiment.

Consequently, the measured values are not very precise and the breakthrough curves
are too irregular to be modelled. In the following, question marks (?) are used to remind

the reader of this fact.

the slowest tracer.
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—+—Naphthionate
12E-05
—a—Uranine
—e—Sulforhodamine B
1 OE-05 —&— Strontium C-Co
—o~Lithium C-Co
—o—Bromide
8 0E-06

6 0E-06

c/M [1/m?]

4 OE-06

2.0E-06

0 0E+00
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Time after injection [h]

Fig. 3.16: Comparison of the breakthrough curves in the Sigebach spring (QS).
Vergleich der Durchgangskurven der verschiedenen Tracer an der Sigebachquelle (QS).

N
(]

Recovery [%]
o

40 45 50 55 60 65
Time after injection [h]

Fig. 3.17: Comparison of the recovery curves in the Sigebach spring (QS).
Vergleich des Wiedererhalts der verschiedenen Tracer an der Sigebachguelle (QS).

156



Due to the low amount of sinking water and the sediments in the cave entrance,
the injection of the tracers was not an ideal momentous input. Consequently, the pre-
conditions for analytical models are not fulfilled. However, the longitudinal dispersivities
were calculated using a multi dispersion model (A. WERNER, 1998). The values of the
first peak are presented in tab. 3.8. They cannot be taken as absolute values but only
as relative values.

The most relevant differences between the tracers are the recovery rates (Fig. 3.17):
32.8 % for bromide (?), 19.7 % for naphthionate, 16.3 % for strontium (?), 15.7 % for
lithium, 14.9 % for uranine but only 5.0 % for sulforhodamine. The maximum con-
centrations (¢/M) show the same order.

3.3.4. Conclusions

The most important result of the comparative tracer test in the Hochifen-Gottes-
acker area is that four of the 10 injected tracer did not reappear in the springs — pyranine
and the three particle tracers.

Pyranine was obviously decayed. Another example of the disappearence of pyranine
is a tracer test in the catchment of the mineral springs of Stuttgart: 140 kg of pyranine
were injected in a karst aquifer and no trace of it was detected i the wells and springs
(N. GOLDSCHEIDER et al., 2001). For as long as there is no detailed knowledge on the
decay of this tracer, it should not be used.

The failure of all particle tracers may be due to the filtration effect of the sediments
and autumn leaves at the injection pomt. W. KAss (1992) describes several examples
of the successful application of microspheres and comes to the conclusion that they are

servative behaviour.

Amongst the fluorescent dyes, naphthionate turned out to be the most conserva-
tive tracer in this experiment. Both the recovery rate and the flow velocitiy is signifi-
cantly higher than for the other dyes. Furthermore, this tracer is not visible and can
consequently be used in the catchments of drinking water sources without any pro-
blems.

The disadvantages are: relatively high limit of detection, interference with the flu-
orescence of organic substances and microbiological decay which, however, does not
take place in the aquifer but in the sampling bottles (K. KOTTKE, 2000).

Of course, uranine is also an excellent tracer because of its extremely low limit of
detection and its relatively conservative behaviour. However, in this experiment, the
recovery rate and the dominant flow velocities for uranine are significantly lower than
those for naphthionate.

The behaviour of sulforhodamine was strongly reactive: The recovery rate is four
times lower than for naphthionate and the breakthrough curve shows a characteristic

tailing effect.
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4, Unconsolidated Rocks

4.1. Characterization of the Kappelen Groundwater Research Site (BE),
Switzerland, and Preliminary Bacteriophage and Solute Tracer
Component Responses
(K. KENNEDY, I. MULLER, P.-A. SCHNEGG, P. RossI, R. KOZFL)

4.1.1. Introduction

Groundwater research activities at the Kappelen test site (Fig. 4.1) were initiated in
1996 following its sponsorship by the Swiss National Science Foundation (FNS) as part
of contract FNS 20-46726.96. The purpose of this paper is to outline the work that has
been undertaken at the site and present results to date in terms of site and tracer com-
ponent (bacteriophages and uranine) transport characterization in this setting. The prin-
cipal work activities were undertaken at the site over a period of two years ending in
October 1998. Further work is ongoing at the site under continued sponsorship of the
FNS related to aquifer heterogeneity.

at Kappelen were part of a continuing scien-
(phage) migration and to develop and carry
ort investigations in porous media aquifers.
cch program were to:

1) define the patterns of phage behaviour as they interact with porous media environ-
ments in terms of physical, chemical and biological processes in the subsurface,

2) evaluate phages as tracers by conducting repetitive multi phage tracer experiments
in field environments and

3) compare phage responses to classical artificial fluorescent tracers.

Meeting these goals would ultimately develop a better understanding of how to
document and define particle transport conditions and assess their related migration
processes. This could provide critical input needed to improve groundwater protection
strategies for aquifers particularly with respect to viral and other biological particles.

Scope of Work
The activities undertaken at the site h:

hydraulically tested over a 90 by 40 m area.
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Fig. 4.1: Site location map with regional wells and Seeland aquifer porentiometric surface (October,
1996).

Ubersichiskarte mit Bohrungen und Seeland-Aquifer Pegeloberfliche (Oktober 1996).

tember 1996 and September 1998.
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Site Setting

The site is located in an area of the Seeland aquifer, which consists principally of post-
glacially deposited sand and gravel overlying Tertiary marl and sandstone. This im-
portant aquifer has been the subject of studies for several decades. P. KELLERHALS &
B.TROHLER (1976) provide a comprehensive description of the regional geological set-
ting and groundwater conditions. The aqu
agricultural supply. It extends over an are
and a water table about 2-5 m below ground
aquifer modelling (D. BIAGGI et al., 1994),
other waste site releases (C. HALMES 199:
studies (P. KELLERHALS & C. HAEFFLI, 19
monitoring of the quality of subsurface conditions
and piezometers exist over the entire area, they have been installed in a variety of manners
over the past 25 years, are widely spaced, are of uncertain construction and many do
not have well-documented lithology. Rarely have samples been retained. The past use
of an area north of the nearby town of Aarberg included discharge of liquid wastes
from a sugar refining operation to leaking lagoons. This practice extended over tens
of decades and has resulted in a plume of organic and sulfate contaminants extending
several kilometers down gradient. This was investigated over widely spread areas but
no detailed sampling of the aquifer near the lagoons had been undertaken. The Kappelen
site 1s less than 1 km from the northern extent of these historical lagoons.

The site is located in a forested area of relatively flat terrain situated at an elevation
of about 440445 m. The Alte Aare River lies about 250-300 m to the E. Incised paleo-
channels of the Aare account for most of this relief. Agricultural areas that surround
the forest have associated consumptive groundwater use in the summer months that
directly influence the water table. This effect plus natural seasonal variation may result
in fluctuations of up to 2 mlocally. The regional hydraulic gradient is to the NW and
is relatively low at about 0.001 (0.1 %) with localized influences along the course of
the Alte Aare River.

4.1.2. Geophysical Exploration

Surface geophysical exploration was done to find and develop an appropriate site
and took place at both a regional and then more localized scale. Additional geophysi-
cal investigations were later done to compare the results of variable spacing and alternate
methods of evaluating the subsurface conditions at the site.

RMT (Radio magneto telluric) and VLF-EM (very low frequency electro magnetic)
surveys similar to those conducted at the Wilerwald (A. CARVALHO D111, 1993) and
other porous media sites (P. TURBERG et al., 1994) were conducted during July and
August, 199.

Six sites over an area of about 6 km? were evaluated near Lyss and Aarberg (BE).
Two of the six sites had relatively homogeneous stratigraphic materials and consistent
contact depths with the underlying silts. Follow-up detailed geophysics was done at
both sites. One site had 14 landowners and the depth to the underlying aquitard was
measured at about 25 m. The other site belonged to the village of Kappelen landow-
ners and the depth to the underlying aquitard was estimated at from 13-18 m. The latter
site was selected and is now referred to as the Kappelen Research Site (KAP).

Detailed geophysics using both RMT and VLF-EM was done at the site on 10 m
by 20 m spacing in 1996 as described in E. OYONO (1996) and on 5 m by 10 m spacing
by some of the current authors in 1997. Figures 4.2a and 4.2¢ illustrate VLF-EM data
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from the site. Figure 4.2a is a 3-D depiction of the interpreted VLF-EM surface based
on interpolation of 10 adjacent lateral transects. The results illustrate the relatively con-
sistent depth and type of materials found in the upper materials overlying a lower con-
ductivity material. Figure 4.2¢ shows the results of one of the VLF-EM transects over
a distance of about 80 m across the site showing the lateral continuity to the E. The
higher percent outphase values seen to the W on this and also reflected to the NW in
the 3-D image are believed to be an artifact from a buried line or metal tubing along
the access road through the forested area. Interpreted depth to the underlying aqui-
tard and resistivity of the materials in the aquifer itself are shown on fig. 4.2b and 4.2d.
The 3-D visualization of the interpreted thickness of the sand and gravel aquifer over-
lying the silt aquitard (Fig. 4.2b) shows a variable but relatively smooth contact. The
depth varied in total from about 13-19 m but over much of the mapped area appears
to have a 3 m depth range from about 15 and 18 m. Figure 4.2d illustrates a profile along
one of the RMT transects illustrating the relatively high true resistivity values (300-
500 Qm) in these layered and heterogeneous gravel aquifer materials. The depth inter-
preted along the profile is from 13-18 m without the presence of sharp and incised chan-
nel features that were observed at the other locations investigated regionally.

R 4
@ ]u‘lq
g “1‘& 16
3.
R
¢
N
v
?9 a
%
c)
1
go VLF-EM
g Profile
o
&
3
Axis length - 80 m Axis length - 80 m

Fig. 42: Geophysical results from the site investigations. a) VLIF-EM 3-D contour map, b) interpreted
resistivity data providing 3-D depth projection to aguitard, ¢) VLF-EM profile along an E-W
transect, d) true resistivity values and the interpreted depth to aquitard profile along an E~W
transect.

Ergebnisse der geophysikalischen Untersuchungen. a) VLF-EM 3-D-Konturkarte, b) inter-
pretierte Widerstandsdaten mit 3-D-Projektion zuwm Staner, ¢) VLF-EM Profil in E-W-Rich-
tung, d) berechnete echte Widerstinde und Tiefen zum Staner entlang eines E-W-Profils.
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The reliability of the estimated aquitard depth measurements was evaluated after
the monitoring wells had been drilled at the site in 1996 and again in 1997. These esti-

a)
18
16
14

12

10
K1.1 K21 K3.1 K41 K51 K61 K7.1 K81 K9.1

W96 D (NS) 15 18 19 14 17 14 15 19 17
J97D(EWY 163 155 150 150 156 154 152 140 153
JAva 96&97 157 168 170 143 161 148 151 165 16.0
@ Drilled (m) 14 16 16 15 16 15 16 15 17

-
(]
o

True Resistivity

10

1.E-05 1.E-04 |Conductivity (m/s})| 1.E-03

Fig. 4.3: Geophysical correlation. a) measured vs. geophysics-based predictions of aquitard depth,
b) true, apparent resistivity and bydraulic conductivity.
Vergleich von a) Schichtmiichtigkeiten nach geophysikalischer Interpretation mit erbobrten
Michtigkeiten, b) Korrelation wahrer und scheinbarer elektrischer Widerstand mit bydrau-
lischer Leitfibigkeit.
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mated depths are shown on fig. 4.3a for the RMT transects done with a N-S orienta-
tion in 1996 and an E-W orientation in 1997. Compared to the drilled well depths
(Fig. 4.3a), the geophysically interpreted average depth results for both surveys had
differences at two locations of 1.5 and 1.7 m and the remaining seven locations of less
than 1 m.

The correlation between true resistivity defined from the RMT geophysical work
in 1996 and the hydraulic conductivity (K) estimates for the underlying aquitard and
overlying gravel aquifer material was evaluated (Fig. 4.3b). Results showed a grouping
of the underlying silt materials with true resistivity results from 70-100 m and 350—
500 Qm corresponding to K-range estimates of about 1e m/s and 7¢® to 3e™® m/s,
respectively. K-values were taken from grain size analyses as well as preliminary site
hydrogeologic characterization activities at individual wells. There s a reasonable agree-
ment in the relationship and consistency of the two values given the range in proper-
ties of the two types of materials.

4.1.3. Hydrogeological Characterization

s obtained from the well-established regio-
wut 12 existing wells, six of which are shown
il picture of the groundwater flow system
Vater level measurements were made over
indwater flow direction pattern from Sep-
the historical data going back over 10 years.
The 1996 data fit well with previous records indicating a general northwesterly tlow
direction at the site. A visuaﬁreconnaissance revealed the existence of three nearby and
its that could be utilized for groundwater
s readily accessed and water levels measure-
1¢ these site-specific data with the regional
n the coverage at the site and the influence
: was not well understood. Accordingly, a
shallow (Rammsondierung) probe and piezometer installation program was carried
out prior to proceeding with actual site drilling. Five locations were evaluated by dri-
ving a metal rod to refusal, recording the blow count and checking for the presence
of water. Detection of water at three could not be confirmed. At the other two loca-
tions, slotted pipes were installed and allow continued water level measurements.

The ground water flow direction estimated from the nearby regional well measure-
ments and the results of the surface RMT geophysics were used to lay out the pro-
posed initial well locations. The proposed field was designed to have an injection and
pumping location separated by a distance of about 90 m. In between, additional wells
at six locations were proposed at distances of about 20 m (row 1) and 40 m (row 2)
from the injection well.

Well locations 1 through 7 (14 wells) were completed in October and November 1996
(Fig. 4.4). Wells 8 and 9 were installed in July 1997. Except for wells 8 and 9, each lo-
cation has both a shallow well screened from about 4 or 5 m to 8-9 m and a deeper
well screened over 4 or 5 m from about 10-15 m (Tab. 4.1). Typical geology from the
wells is illustrated in fig. 4.5a. Typical well construction is shown in fig. 4.5b. All wells
were completed with 102 mm ID poly-type casing, screens with a slot size of 1.5 mm
and a gravel pack of 2.0-3.2 mm or 4-6 mm. Wells were surveyed and a permanent
benchmark was established at the site.
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Fig. 44: Kappelen well field layout.
Lage der Kappelen-Bobrlocher.

After drilling, wells were initially developed by pumping continuously with an sub-
mersible pump for 30 min opposite the well screens at rates of about 180-200 I/min.
Later, the wells were pumped at similar rates over several hours per well with a suction
pump. Specific capacity of the wells was determined during development and in separate
site testing activities. Short-term pump testing was done in the deeper well locations
in November 1996 and in the shallow wells in 1997. In 1996, pumping was done at both
wells K1.1and K3.1 using a large capacity 600 I/min pump. Measurements were made
at other wells over a period of about 2 h. Water levels at the surrounding well locations
dropped initially within about 2 min and appeared to stabilize in less than 30 min. No
measurements were possible in the pumping well due to the size of the suction pump
intake. In May 1997, additional short-term tests were done with pumping at about
300 I/min from wells K3.1and K7.1. Similar rapid drawdown and stability patterns were
observed with the monitoring wells as had been seen earlier. In this case, water levels
in the pumping wells were observed. In the two wells pumped, the water levels stabilized
within a few minutes during the two tests. All indications during well testing showed
that the recovery from pumping occurred within a matter of seconds to minutes and
accordingly, there was little opportunity to manually document this return to stabili-
zation. Similar effects were also observed in the observation wells. The prolific aspect
of the aquifer combined with the low volume capacity of the available pumping equipment
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Tab. 4.1: Kappelen well completion data based on E. OyoNO (1996) with wells K8 and K9 added.
n/a— not applicable; all wells have surface seal at ~ 1m with 0.5 m compactonite.
Kappelen Bobrlochbeschreibung nach E. Oyono (1996), K8 und K9 hinzugefiigt. n/a— nicht
verfiigbar; alle Bobrungen sind oberflichenversiegelt bei ~ 1m mit 0.5 m Kompaktonit,

Borehole Well Screen Gravel pack  Well seal
Well nglir'ld Drill & Install Depth Deptt Siili)k Base Lengtl Top Base Top Eﬁ’;g I;l;;;

[ma.s.l Date [m] [m] [m] [m] [m] [m] [m] [m] [m] [m]

KLT 44254 10/14-1096 155 132 -0.10 13.0 100 130 92 92 80
K12 44246  23/24-1096 93 78 025 78 48 89 38 n/a n/a
K21 44224 28-1096 160 150 0.0C 150 100 144 92 92 78
K22 44223 29-10-96 89 80 -0.05 80 50 85 40 n/a n/a
K31 44245 14/16-10-96 150 149 0.5 149
K32 44253  24/25-10-96 86 82 020 82
K41 44262 29/30-10-96 157 152 -0.15 152
K42 44256  30/31-10-96 89 79 005 79
K51 44178 21/23-10-96 162 150 0.00 15.0
K52 44209 23/25-1096 89 81 -0.10 80
K61 44235  25/29-10-96 165 151 -0.10 15.1
K62 44233 29/30-10-96 85 79 015 79
K7.1 44237  16/21-1096 150 150 0.00 15.0
K72 442.35 30-10-96 85 81 010 81
K8.1 ~44244 21/22-0797 157 155 ~0.50 145
K91 ~442.42  22/25-07-97 163 160 ~0.70 15.0

N
RS
el
oo
(5]
(53]
n
2
15

g
IS

105 157 97 97 86
110 163 105 105 88

2
Nel
o0
O
BN
N
)

)

precluded inducing a significant and widespread aerial drawdown thus limiting our cha-
racterization to date as those that could be determined from individual wells.

Analysis of the hydrogeological characterization data indicated that the tested lower
zone had a K-range from about 5¢% to 1e 2 m/s with implied semi- to confined con-
ditions in lower zone and water table conditions in the upper zone. Similar results were
obtained from short-term pumping tests in the upper zone except at K5.2 where the
drawdown was rapid and reflected a lower hydraulic conductivity of about 1e% m/s.
Most calculations of hydraulic conductivity carried out at the sité assumed the thick-

o o :nt to the screen for the lower zone and to
upper zone.

Water level measurements repeated over about one year at the site indicated a stable
hydraulic gradient in both zones that was similar and ranged from 0.0005-0.001. Sea-
sonally, depth to water table changed, but the gradient remained essentially constant
at the site.

Based on the determination of the hydraulic conditions, we also made scoping cal-
culations to estimate the average transport velocity of planned tracer tests. Input was
the hydraulic gradient and K-value characterizations and an estimated range in effec-
tive (transport) porosity. Preliminary average aquifer flow velocities for the site area
had been estimated by Cantonal staff to be about 1 m/d in our site vicinity. We under-
took scoping based on this simplistic set of assumptions using a range of hydraulic con-
ductivity from 5¢ to 1¢2 m/s, a hydraulic gradient of 0.001 and an effective (trans-
port) porosity (n) range of 7.5-20 %. Well logging by P. HOFFMEYER (1995) had shown
that in a well about 500 m south of the site, preferential pathways in lenses in the gravel
aquifer were present in the gravel sequence. Accordingly, we used a reduced value for
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Kappelen Wellbore K3.1 b) Kappelen Well Construction Layout
Topsoil
Brown gravelly clay, round pebbles,
cobbles (max 15 cm) LOWER UPPER
Sandy gravel, fine grey beige sand,
round pebbles, cobbles (max 16 cm)

Kx 1 Kx.2

Sandy grey beige gravel, pebbles,
cobbles (max 16 cm)

Sandy grey gravel, fine sand, rounded
pebbles, cobbles (max 15 cm)

Grey gravelly sand, rounded pebbles,
cobbles {(max 16 cm)

Depth below ground surface {m)

Grey gravelly sand, rounded pebbles,
cobbles (max 12 cm)

Sand with very little gravel (max 12 cm)

Silty clay, rounded pebbles (max 7 cm)
Land: 442 746 my asl), Coord: 588347 / 212803

Fig. 4.5: Geological interpretation. a) well log for K3.1, b) schematic of typical well completions.
Geologische Beschreibung. a) Bobrlochprofil fiir K3.1, b) schematische Darstellung der Dop-
pelbohrungen.

the lower range of the transport porosity value. Results suggested that for a conser-
vative (non-sorptive) solute tracer, the peak concentration time to a distance of 20 m,
where the first row of wells was located, would be from about 2-10 d.

4.1.4. Biogeochemical Characterization

In 1997, a program to characterize the bacteria and hydrochemistry in the wells im-
pacted by redox conditions was developed. The participants included University
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LAMUN) microbiologists and the Canton

ironmental and Groundwater Protection

icrobial activity were evaluated in 10 wells

from the northern extent of the sugar fac-

ions varied strongly even over the limited

and deeper aquifer layers. Characterization

with results of sampling is listed in tab. 4.2. Eh varied from 130 mV to +61 mV. Dis-
solved oxygen ranged from near zero to 25 % of saturation.

>f the Seeland aquifer. Results suggest that
b), the shallow and deep zones at Kappelen
‘hat at one site there is as much variability
2and 7.2.

There was under saturation with respect to oxygen in the lower part of the aquifer
at the site. Installing the wells at the site created an artificial access source for oxygen.
The well provided a vertical migration path for air to diffuse downward in its stan-
ding column of water. Oxygen reaching this under saturated environment caused chan-
ges in the bacterial activity in the near vicinity of the well, particularly in the lower
zones. The oxygen appears to have caused relatively rapid indigenous iron and man-
ganese oxidizing bacterial growth. Microbiological characterization of the strains that
could have created the biofouling included Siderocapsa sp., Gallionella sp. and Leptothrix
sp. The extent of the biofouling has not yet been well characterized. However, it has
been sufficient, as described below, to effectively seal the well preventing mixing of
this water with the naturally occurring recharge in the local groundwater flow.

4.1.5. Tracer Testing

The site was prepared so as to begin tre
in December 1997. All seven deep locations
ling equipment. In addition, low volume p
wells K2.1 and K3.1 closest to the injectios
itiating the testing until the end of Februa
seven tracer tests were done with five in
per zone. Testing focussed on the deeper :
in year two. In the lower zone, the first t
ning response timing and magnitude. Tests 4 and 5 were not successful due to signifi-
cant biofouling in the well screens in wells K3 and K2. Both tests 6 and 7 in the upper
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Tracer T Component Test — injected Analysis method
component ype details ) component mass (Resolution)
KAP3 KAP7
On-line
Sodium fluorescene spectrofluorometry
Uranine Solute ~ MW 376.28 25 53 CHYN/UNINE
& g ’
CoH,,OsNa, Field fluorometer 2)
(~0.1-0.5 ppb resolution
44,130 nm ?), .
Bacterionh Siphoviridae Bacterial host
I_?:(;ef 'OPRaBE Biocolloid gm (dsDNA), 15¢#pfu  16eBpfu  cultivation/ growth
IP (nm), association,
zp (—42.0) plate counting —
petri dish
24 nm ), (UNINE-

. Leviviridae crob;
Bacteriophage . . ’ 57e#pfu  Microbiol. Lab.)
H4 PREE Biocolloid zIC;lr)n (ssRNA), (WellpK3.2) (1 phage per 2 ml

(3.5, 3.9), resolution)
zp (nm)
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into well K1.1. This was done at a rate of about 20 I/min and was followed by pum-

centrated on the three wells in row 1. Clear
>file sample opposite the screen in well 4.1.
egregation would be manifest with a layer
¢2.1and K3.1 were equipped with peristal-
es at their screen midpoint depths of about

Tab. 44: Tracer component response characteristics

K21
K31
K4.1
K5.1
Ke.1
K71

K2.2
K32
K42
K7.2

(lower zone) and KAP 7 (upper zone)). ')

as a conservative tracer — and we desigy

bel, Accordingly, we refer to t,, ,,, andt,,

mum solute concentrations, respectively.

ciated with the colloids; uranine Tr, un

particle concentration; we refer to this as

same implied or associated characteristi

transport behaviour;’) — retardation fac

cle or colloid (in this case phage) concent

breakthrough RB as defined in R. HARV.

Durchgangcharakieristika fiir Uranin u

und KAP 7 (obere Zone)). ) — Uranin ist

cer betrachter wird; wir betiteln Tr als

wir mit 1,,_,,, wnd t, . die Zeiten fiir den Konzentrationserstemnsatz und —maximum; dies
dient zur Unterscheidung von den fiir die Kolloide verwendeten te-Zeitbezeichnungen; die
Uranin-Try-Einbeiten lauten ppb;2) — t e Zeit fiir maximale Kolloidkonzentration; wir
bezeichnen diese als , Psendo-Peak* (ps-peak) weil sie nicht die selben Eigenschaften besit-
zen wie konservative, geloste Tracer-Massentransport-Peaks; ) — der Retardationsfaktor
RF ist das Verhiltnis von Partikel- oder Kolloid- (in diesem Fall Phage) maximumzeit zuy
Uraninmaximumzeit;*) — ,relativer Breakthrough* RB wie definiert in R. HARVEY et al,
(1989);°) — Diimpfung % = 100 % — RB %.

Uranine response') Bacteriophage 140 response
Distanc Corma)
from  tyan  bems (LT Toan (ps- REY) (@) RBY)  Att'n’)

injectior  [h] ] Trou [hl Peﬁk) Comee %] [%]
fh]

[m]

Test3
21 15 42 2e® 13 38 0.9 9¢¥ 002 9998
20 i1 29 2e% 11 16 0.6 le® 002 9998
21 2 36 2e% not adequately sampled
63 present, not quantified none detected

60 <44 129 2% <44 62 05 3e%  0.005 99.995

63 present, not quantified present, not quantified

Test 7
21 none detected 18 30 n.a.s  3e™  noadeq. samp.
20 13 83 1le® 12 27 0.3 2¢ 0.01 99.99
21 14 89 1e% 11 17 0.2 6 0.01 99.99
63 ~144  ~600  5¢ none detected
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- Ty

12.5 m. The sampling flow was 0.2 up to 0.5 I/min. Uranine was measured every four
minutes for these two wells with field fluorometers set up so that the pumped flow
passed directly through the detector channel (modified from the equipment described
mP.-A.SCHNEGG & N. DOERFLIGER, 1997).

Uranine was detected in row 1 at wells K2.1and K3.1 (Fig. 4.7a) but not at well K4.1
or any of the row 2 wells. First detection and maximum concentrations occurred at
the two wells at about 14 and 40 h and 13 and 34 h, respectively. This corresponded to
an arrival and transport velocity of 37 and 14 m/d, respectlvely The arrival of the tracer
in less than 24 h was considered a satisfactory and encouraging response particularly
considering the relatively flat hydraulic gradient (0.001).

Tracer Test KAP 2

KAP 2 followed back-to-back KAP 1 and was carried out over about 14 d in March
1997. It was done to observe the phage efficacy and travel time to row 1 and to eva-
luate if the redox environment at the site would still allow favorable phage response.
It had similar hydraulic conditions to KAP 1 but uranine levels were well above back-
ground noise. KAP 2 involved the injection of about 10 I of water containing 25 g of
uranine and two different marine phages (H4 — 1.4e® pfu, H40 — 1.3¢® pfu). Injection
was done by adding this solution to a volume circulating from the bottom of the well
screen into a surface vessel and returning to below the water table at a rate of about
20 1/min. Sampling was done as for KAP 1 except that well K6.1in row 2 was also equip-
ped with a peristaltic pump and wells K5.1and K7.1 were also sampled. Samples were
taken periodically on site and transported within 12-24 h to the University Neuchatel
(LAMUN) for immediate bacteriophage analysis.

Phage H4 was not detected during the test. Phage H40 was first detected in wells
K2.1and K3.1 after about 14 h (Fig. 4.7b) and continued to be present over the entire
14 d of sampling. The Maximum phage concentrations reached at the two wells were

600 30
) KAP 1 URANINE b KAP 2 PHAGE H40
Q) Feasibility Testing ) Feasibility Testing

to 20 m distance. to 20 m distance.

AN\

IS

Uranine (ppb} &
—~——

ne

<

3 Phages (pfu/mi)

N
2
=3

4] Time since injection (hr) 48 0 Time since injection (hr) 48

Fig. 4.7: Tracer tests KAP 1 and KAP 2 concentration history at wells K2.1 and 3.1. a) KAP 1 (ura-
nine), b) KAP 2 (phage HA40).
Tracertests KAP 1und KAP 2, Durchgangskurven bei den Bobrungen K2.1und 3.1 a) KAP 1
(Uranin), b) KAP 2 (Phage 140).
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about 30 pfu/ml. After 48 h, most values were at levels of less than 6 pfu/ml. Phage
HA40 was not detected at the other row 1 well (K4.1) nor was it detected at wells K5.1

of first detection times being similar in row 1. That both phages and uranine were found
at K2.1 and K3.1 and not at well K4.1 was also consistent. The first conclusion from

Tracer Test KAP 3

of tracerree site groundwater were pumped at a reduced rate into the well to dis-
place the original tracer after which time it diluted under naturally conditions with flow
through the well. Sampling was done with low volume peristaltic pumps at the screen
mid-point at all but the injection well.

times were 13 and 38 and 15 and 42 h, respectively. Maximum dimensionless concen-
trations (MDC) for uranine were about 2,000-fold higher than for phages. Both uranine
and phages were detected in well K4.1 but at concentrations 50- to 100-fold lower than
in the other two row 1 wells. In row 2, uranine was detected in all three wells but only
at well K6.1 were concentrations adequate for its response to be characterized. Phages
were detected at K6.1and K7.1 but were of sufficient magnitude only at K6.1 to cha-
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c) < -PHAGE ps-peak
about 2.5 days
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earlier than 44 h URANINE peak
about 5 to 7 days

O
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O

Arvals | O KAP 3 - Row 2
coincident | Data overview
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y-axes: component concentrations

Fig. 4.8: Tracer test KAP 3 concentration history. a) well K3.1 early time analysis, b) well K3.1maxi-

mum concentrations, ¢) well K6.1 data overview.

Tracertest KAP 3, Durchgangskurven. a) Bobrung K3.1 Ersteinsatz-Analyse, b) Bobrung K3.1

maximale Konzentrationen, c) Bobrung K6.1 Dateniibersicht.

racterize the response. The H40 and uranine response at K6.1 (Fig. 4.8¢), while not as
well defined as in row 1, showed both components with similar early time or near-arrival
patterns after about 44 h. Phage and uranine maximums were at about 2.5 d and over
a broader range of 5-7 d, respectively. The MDCHdifference increased compared to row 1
with uranine about 7,000-fold greater than H40. The uranine breakthrough data cor-
respond to arrival and transport velocities of about 29-53 and 14-21 m/d in both rows,

respectively.
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Recovery calculations for phages based on relative breakthrough compared to ura-
nine (Tab. 4.4) were 0.02 % for both wells in row 1and about four times lower at 0.005 %
for well K6.1. Relative breakthrough integrates the particle component responses over
time and compares this total relative recovery to the integrated solute response assu-
med to represent 100 % recovery.

In KAP 3, the MDC- and RB-actors decreased consistently by a factor of 3.5-4 over
the 40 m from row 1to row 2 wells. Retardation factor compares the time at which
the particles reach their maximum with the time of maximum solute concentration.
The phage maximum concentrations occurred consistently earlier than the solute
maximums in this test and the RF-values were 0.9, 0.6 and 0.5 at wells K2.1, K3.1 and
K6.1, respectively.

Tracer Tests KAP 4 and KAP 5
out three months after completion of KAP 3.
» compare the response of 1-micron diame-
phages and uranine. Neither test was suc-
nses were either non-detectable or too low

In KAP 4, no uranine and no microsphere
detections were intermittent in the first 2 d
contrast to the patterns well established w:
served in row 2 despite more frequent samg
The test was terminated after about ten
P.-A. SCHINEGG, P. ROSSI, R. KOZEL restarted as KAP 5 about a week later. In
phages were observed and no uranine and
‘his time we acknowledged that there was
1g place we did not understand. We termi-

but the gradient had not changed. Our fu

from the K2.1and K3.1 wells in Row 1 anc

that was clear for the initial 2 min, became

for the next 2 min and was followed by water with a fluorescent green color indicat-
ing uranine in substantive concentrations. Well K2.1yielded a similar red color and residue
but no uranine was observed. Red coloration from well K6.1lasted only a few seconds
and no uranine was observed. We concluded that the KAP 4 and KAP 5 limited re-
sponse had likely been caused by biofouling of the well screens. The extent of the bio-
fouling was surprising in that it had been complete enough that the injected tracer com-
ponents were prevented from entering the well. They were discovered in close prox-
1mity when active pumping took place, but had been blocked from entry by the bacterial
growth.

Tracer Test KAP 6
len assessed the response characteristics of
ths from about 4-8 m. Pumping in the seven
any noticeable red discoloration. We under-
n 8 m depth, there would be a less reactive
what we had occurred in the 10-15 m lower
zone.
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Tracer Test KAP 6 was similar to KAP 1 and KAP 2 in that it was a preliminary
feasibility test to scope the response patterns of the upper zone. Phage HA40 (1.7¢" pfu)
and uranine (26 g) were injected in well K1.2 on November 4, 1997 and sampling car-
ried on through November 13, 1997. Samp.
lation system. In this situation, rather than
rate, the well water was circulated opposite t
by creating a fully mixed column of water.
of return for the well screen volume was fr
bacteriophages by removing the required 80 1
The circulation flow was also able to be connected to the field fluorometer as in pre-
vious testing to obtain a real-time readout of the uranine concentrations. Injection was
done using a similar basic system. The tracer cocktail volume flowed under VENTURI
conditions into the circulating line equipped with a 3-way valve. Injection circulation
continued over about 4 d at which time the phage and uranine concentrations were
approaching 10 pfu/ml and 1 ppb, respectively.

Both phages and uranine were detected in row 1at the three wells but neither com-
ponent was detected in row 2. The components were transported in a more northeasterly
direction than had occurred in the lower zone. Phage and uranine initial detection was
at about 12 and 15, 15 and 20 and 20 and 25 h at wells K4.2, K3.2 and K2.2, respecti-
vely. The concentration of phages reached a maximum at about 17, 21 and 26 h. Ura-
nine peals at these wells were less regular at 90, 65 and 45 h. The uranine response at
well K2.2 was not well characterized. Phage concentrations were about 10- to 50fold
too low for optimal counting in row 1and neither component was detected at row 2.

Conclusions from KAP 6 were that: no biofouling had impacted the testing, phage
and uranine responses were able to be characterized at K4.2 and 3.2, phage response
but not uranine could be characterized at K2.2, the direction of flow was different than
in the lower zone and the phage injection concentrations should be increased with the
mass injected over longer periods of time to establish a better breakthrough response
pattern to characterize.

Tracer Test KAP 7

KAP7 began on July 12, 1998 and lasted over three months. The tracer cocktail was
prepared by mixing uranine (53 g) and phage H40 (1.6¢* pfu) in about 20| of solution
which was injected under VENTURI effect with circulation conditions over a period
of 1.5 hat well K1.2. Circulation continued in the injection well over a period of about
2 d at which time uranine concentrations approached 1 ppb. H40 phage levels had de-
creased to about 1,200 pfu/ml and remained in the range from about 350-2,350 pfu/ml
over the duration of testing. After 24 h, 38.51 of solution with phage H4 (5.7¢" ptu)
was injected in the first row well K3.1 using a similar method. The objective of adding
the second phage was to enhance the possibility of its detection in the second row at
a reduced distance of 40 rather than 60 m. Continuous monitoring of the uranine response
was done at different periods at the three upper zone row 1 wells and at two row 2
wells. Sampling was done as described for the KAP 6 test. Phage sampling was done
over about 10 d at all six wells. Uranine was measured over the full 10 d at all wells
and then continued for about one and two months in wells K7.2 and K3.2, respectively.

TFigure 4.9 shows five plots with different aspects of the KAP 7 test component re-
sponse characterization. Table 4.4 summarizes the quantified aspects of these respon-
ses. Figure 4.9a shows the test record for all components detected in wells K3.2 and
K4.2 in row 1. Phages were also detected in well K2.2 but only with a minor response
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several orders of magnitude less than in well K3.2 (Fig. 4.9b). The first 6 d of the test
response in row 1illustrate that the breakthrough responses for both phages and ura-
nine were distinct at wells K3.2 and K4.2 (Fig. 4.9b, 4.9¢). Phages and uranine were first

term pump-related interruptions in the data occurred. MDCs for uranine were in the
range of le®and 1e® at K3.2 and K4.2, about 640- and 260-fold higher than for phages.
We observed that uranine detection was better using the newly designed downhole
fluorometer located in the well directly and that it attamned a resolution of about 0.1 ppb
within the continuous circulation closed-circuit system.

At well K2.2, the phage maximum occurred at 18 h although its record is not con-

sidered sufficient for component response characterization at this location (Fig. 4.9b).
The H40 MDC at K2.2 was about 5,000-fold lower than at K3.2. In row 2, neither the

and 1 and K6.1, respectively.
Conclusions from both the KAP 6 and KAP 7 tests were that phage and uranine

in this setting.

4.1.6. Summary and Conclusions
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by 100 m area, that it had a high degree of c«
cipally from about 15-18 m. Underlying thi
tard, that at this site did not have the drama

aquifer thickness.

Hydrogeologic characterization started
levels to document the aquifer’s potentiome
dient of about 0.0005-0.001 has existed duri
water flow direction and magnitude was fol

has been documented. These conditions may continue to have an impact and it so could
affect the ability to successfully undertake tracer tests in the lower zone. High rate
pumping and possible treatment or specialized well and cleaning of the well screen and
surrounding gravel pack will likely be required for future testing in this lower zone
at the site to be successtul.

Bacteriophage 114 response has not been able to be well defined and it may not be
suitable for use at this site. However, bacteriophage FH40 could be defined and its re-
sponse, along with uranine have been well characterized to distances of about 20 m
(row 1). Both the particle and solute tracer ¢
hibited different transport direction and ve
less detection of either phages or uranine ¢
documented. Only one well in each zone 1
racterize tracer component behaviour. Tt
solute uranine in row 2 is surprising unles
the wells and the dispersion expected is n¢
nels to create a wider plume at that distanc
order of days should be anticipated along v
to observe and better characterize the pha:

Phage and solute initial detection times
whether or not there was clear evidence o

consistent with diminishing mass source @
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adsorption/attenuation. Retardation Factor values were from 0.2-0.9. Phage H40 re-
covery, based on relative breakthrough normalized to uranine recovery, was about
0.02 % and 0.005 % in the lower zone at 20 and 60 m distances, respectively. In the
upper zone, it was 0.01 % at two locations at about 20 m. Accordingly, the phages have
been attenuated to in excess of 99.9 %.

Despite the large attenuation, the H40 phage responses in KAP 3 and 7 have illu-
strated that bacteriophages do have consistent and continuous breakthrough patterns
and that with adequate planning and resources even in difficult field settings, these can
be well defined.

This suggests that the Kappelen site’s use, given that the redox conditions remain
understood and controlled, could likely be expanded to conduct further more detailed
biocolloid/particulate migration and the adsorption process research in its special environ-
ment.
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4.2. Results of Bacteriophage, Microsphere and Solute Tracer Migration
Comparison at Wilerwald Test Field, Switzerland
(K. KENNEDY, S. NIEHREN, P. ROsSI, P-A. SCHNEGG, 1. MULLER, W. KINZELBACH)

4.2.1. Introduction

1solutes as tracers in heterogeneous porous
by a variety of factors related to the aquifer
ractions with both the solid and liquid pha-
oratory experiments tend to show idealized
vated rather than the composite effects that
tions. Feld tests are the basis for documen-
ding a base to better simulate and calibrate
1t and geophysically interpreted hydrogeo-
where this work was carried out 1n the fall

Objectives and Rationale

The primary purpose of our work at this site was to document and evaluate the nature
and extent of transport and attenuation of different types of phages and compare their
behaviour with a conventional solute tracer. We coordinated with P-A. SCHNEGG
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approach in addition to dramatically reducing the time required to complete the work.

The four specific objectives of the tracer testing work done during this specific activity
at Wilerwald were:

4) to evaluate real-time on-line measurements as a technique for optimizing field tracer
test procedures and sampling strategies.

Project Scope

S. NIEHREN, 1998).

4.2.2. Wilerwald Site (Canton Bern, Switzerland)
4.2.2.1. Hydrogeologic Setting

The purpose of this section is to describe the site and its characterized subsurface

The site has been used for various groundwater research activities over the past 14
years (M. SANSONI et al., 1987, 1988, Ch. LEIBUNDGUT et al., 1992, A. CARVALHO DILL,
1993 and S. HADI, 1997). A. CARVALHO DILL (1993) describes well the setting and the
rationale for the development of the site with its current groundwater instrumenta-
tion. Regionally, the aquifer consists of Quaternary gravel present to variable depths
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Tab. 4.5: Site well characteristics and water level measwrements. ') — wells in bold text font are those
that were used during the tracer testing described in this publication; ?) — construction was
either a driven metal slotted pipe or in the case of CD— slotted PV C-casing installed in the

Well')

[m]

B4
Co
a1
2
3
G
5
Cé

borebole; nd — not determined,

Beobachtungsrobrcharakteristika und Grunduwasserpegelmessungen.')— Text in Fettdruck
kennzeichnet die fiir die in diesem Artikel beschriebenen Tracertests genutzten Bobrlocher;
2)— die Filterrobre bestanden in den geschlagenen Beobachtungsrobren ans Metall, in Boh-
rung CD wurde PVC verwendet; nd — nicht bestimmt.

Coordinates

Depth  Internal

[mm] Diameter Construction?)  East

11.3 32 Driven — metal 609.766
45 32 Driven —metal  609.783
4.4 32 Driven —metal  609.776
1.8 32 Driven—metal  609.77

10.4 32 Driven —metal  609.766

12.2 32 Driven — metal ~ 609.761

12.5 32 Driven — metal  609.757

11.8 32 Driven — metal  609.753

12.1 32 Driven—metal  609.749

12.2 32 Driven - metal  609.744

12.3 51 Borehole - PVC 609.749

nd 32 Driven—metal  609.771
nd 32 Driven—metal  609.762
nd 32 Driven—metal  609.753
nd 32 Driven —metal  609.743
nd 32 Driven — metal  609.734
nd 32 Driven—metal  609.727
12.3 32 Driven — metal 609.72

model results.

Measured water depth

North 26-Aug. 30-Aug. 6-Sep.

222.05
222.066
222.066
222.065
222.064
222.062
222.06
222.057
222.053
222.05
222,083
22212
222.113
222111
222.109
222.104
222.099
222.095

3.56
341
3.50
3.58
3.58
349
3.39
3.38
3.53
3.40
3.40
3.28
3.26
325
3.26
3.35
3.34
3.27

3.57
341
3.50
3.58
3.58
349
340
3.39
3.53
3.40
3.39
3.28
3.26
3.25
3.26
3.35
3.34
3.26

357
341
3.51
3.58
3.58
349
3.40
3.38
3.53
341
3.39
3.28
3.26
3.26
3.26
3.34
3.35
3.27
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A. CARVALHO DILLs extensive characterization works at the site showed compelling

were not possible. Despite this work, however, the resolution of the geophysics, par-
ticularly vertically, likely does not allow a reasonable approximation of the details in

transport pathways that occur in short distance at the site.
Water levels have historically been measured at from about 1.5-4 m below ground
surface and varies seasonally. Hydraulic gradient conditions at the site are generally
1at about 0.004 m/m. Similar gradient con-

) ] -as determined at 21 monitoring well loca-
tions during the original work at the site as reported by M. SANSONI et al. (1987) in
A. DE CARVALHO DILL (1993). Values of transmissivity (T) were calculated for each of
these wells using the methods described in SNF (1984) for single well pump tests. Each
well was pumped at two rates over a relatively short duration and measurer
made of the stabilized drawdown. Transmisstvity values were calculated as:
mean aquifer thickness and calculated valu:
tude from about 4 e ® to 4 ¢ m?¥/s. Associa
of from 6¢ to 5¢2 m/s. These K-values,
contributing layer thickness contributions

4.2.2.2. Previous Site Tracer Testing and Related Activities

S. HADI (1997) summarizes the work that was done previously at the site with works
reported by M. SANSONI et al. (1988), ]. MAGDEFESSEL (1990) and A. DE CARVALHO DILL
(1993). Tn 1995 and 1996, the Universities of Neuchitel and Freiburg both continued
use of the site for focussed feasibility studies of a) biocolloid particle migration in porous
media (P. Rossl et al.,, 1998) and b) newly developed fluorescent tracers (S. HADI, 1997),
respectively.

Consistent observations and conclusions coming from the prior tracer work were
that the research field was highly heterogeneous. There was no apparent or readily
defined geometry for the porous media aquifer that had been well enough documented
to explain the irregularity and variability in transport phenomena manifest at the site
with these tests.

A. DE CARVALHO DILL summarizes the early idealized and analytically derived
solution attempts at modelling the site transport by M. SANSONI et al. (1988) and
J. SCHNEIDER (1991), respectively, and their approach to match the earlier tracer test
results. She concluded that attempts based on continuous layer or the necessarily idealized
conditions associated with analytical solutions were problematic.

4.2.2.3. Current Research Perspective

Our research furthered earlier work at Wilerwald by A. CARVALHO DILL and
P. ROSSI (P. RossI, 1994, P. Rosst et al., 1994) that established bacteriophages as feasible
to use to document transport behaviour of viral sized particles in porous media. We
selected the Wilerwald site specifically to undertake a detailed sampling program at
three wells, two believed to be located in the high permeability paleo channel (C6, D7)
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and one situated just off the defined channel but still in gravel with sand (CD). Our
testing was clearly targeted at documenting behaviour and evaluating the efficacy of
real-time on-line solute and particle detection analysis methods. It was not a further
attempt to assess the existing and remaining high degree of uncertainty associated with
transport conditions in the aquifer heterogeneity at the site. The earlier bacteriophage
feasibility testing had been limited in that 1t did not have resources to establish the ade-

4.2.3. Methods
The purpose of this section is to describe in detail:

1) well equipment, injection and sampling equipment,

2) test injection conditions,

3) tracer components, and

4) the manner in which the analyses were done for uranine and microspheres in the
field and for bacteriophages in the laboratory.

Site pH and electrical conductivity measurements were made prior to and during
testing (Tab. 4.6). A single tracer cocktail mixture consisting of the solute uranine, three
bacteriophages (H40, MS2 and Psf2) and a latex microsphere were injected into well
B4. Water was circulated in the wells. Real-time continuous on-line measurements for
uranine and the microspheres were done at two of the three monitoring wells. Sam-
ples were taken periodically from the circulating flow for both uranine and bacterio-
phage analyses. Uranine concentration was determined on site soon after sampling using
a second field fluorometer. Bacteriophage enumeration was determined with analyses
done at the Microbiology Laboratory of the University of Neuchitel commonly with-
in 48-72 h of sampling.

Tab. 4.6: Site pH and electrical conductivity (EC) measurements. ') — pH measured in samples du-
ring tracer testing (August/September 1997);%) — EC measured in samples during site pre-
paration 28 d prior to testing.
pH- und elektrische Leitfibigkeitsmessung. ') — gemessene pH-Werte der Proben der Tra-
certests (Angust/Seprember 1997);) - gemessene elektrische Leitfibigkeit der Proben twih-
rend der 28-tigigen Vorbereitungszeir vor den Tests.

Well pH?Y) Temp. [Deg. C] EC) [ps/em]
B4 10.3 539
3 10.5 559
C4 11.3 549
G5 11.6 544
Cé 7.01 11.6 542
C7 10.4 552
CD 6.74 11.0 559
D4 10.3 547
D5 10.4 545
D6 10.4 543
D7 7.08 10.6 560
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4.2.3.1. Well Instrumentation, Injection and Sampling Methods

4.2.3.2. Injection Conditions
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Wilerwald field sampling / analysis:
> uranine - on site & on line
> microspheres - online

i - i (e i
> bacteriophages - samples > off site onsie Laptop |

Online
fluorometer ¥

>
Return flow Site
Power
> Generator
Pump flow out
—
Water circulation
- down inside well
- up from pump
o—
Ground water flow direction
—
1- & 2-inch 12V DC d ownhole pump
diameter wells 14/10 pvc tubing for delivery/return

Fig. 4.11: Well equipment, sampling and on-site analysis instrumentation schematic diagram.
Schematisches Diagramm: Bobrlochausriistung, Probenentnahme- und in situ-Analysegeriite.
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efficacy. All tracer components compared were injected and sampled together. There-
fore, our evaluations, given that all input and output conditions were equal and con-
sistent were pertinent and valid regardless of the surprising situation that developed
with lack of circulation return during the injection period.

4.2.3.3. Tracer Components

The tracers used consisted of uranine, fluorescent microspheres and bacteriopha-
ges HA40, MS2 and Psf2 biocolloids. Details related to the five tracer components are
n tab. 4.7. Uranine was selected as the conservative solute tracer because of its ease
of use, low detection limits and the relatively low weight of material needed to undertake
the test. About 154 g of the powdered material were dissolved in 51 of water. This amount
selected was about 50 % of the weight used previously by P. ROSSI in 1995 as we were
interested in lower concentrations in the observation wells than had been reported for
that work (P. ROss! et al., 1998).

rdified, fluorescent microspheres (Molecu-
ificial, commercially produced, latex beads
2%, a highly negative surface charge and are
1an incorporated crimson-coloured fluores-
;trum wavelengths of 623 nm and 640 nm,
using a low power laser source.
shages H40, MS2 and Psf2 were selected for
s and other karst settings and in associated
a 6 m long sand tank model MARCEAUs)
at the ULP-Strasbourg Fluid Mechanics Department (K. KENNEDY, 2000). The three
phages are about eight to 40 times smaller than the microspheres ranging in size from
about 25-130 nm. Images of MS2 and H40 phages are in fig. 4.13. Like the microspheres,
they have negative surface charges.

Surface charges are commonly referred to in terms of isoelectric point (IP) or zeta
potential (ZP). IP is the value of the pH of the solution containing the particles in su-
spension at which the particle exhibits a neutral surface charge and thus does move in
an electric field. Otherwise, it is simply stated as the pH at which the particles possess
zero net charge. ZP is the charge balance, expressed in millivolts measured at a pH of
7.4. The higher the ZP, the more stable the colloidal suspension and the less chance of
aggregation of colloidal particles.

MS2 is a member of the family Leviviridae, which have isometric head shapes and
no tail. MS2 is a single stranded RNA phage with a size of from 24-26 nm and IP of
from 3.5-3.9. Both H40 and Psf2 are members of the family Siphoviridae which are
phages with long, non-contractile tails. Their known characteristics are limited to those
defined by P. Rosst (1994). Psf2 family characteristics suggest that it will have a head
of about 70 nm and a tail from 65-570 nm long and from 8-10 nm wide. Its ZP was
measured at —36.0 mV. H40 has been characterized by P. ROSSI (1994) indicating that
its genetic material is double stranded DNA, has an icosahedral head of about 44 nm,
a tail of about 85 nm, and a ZP of 42.0 mV.

4.2.3.4. Field Analyses

On-line real-time measurements were made in the field for uranine, the dissolved
solute and microspheres, the colloidal particle. On-site measurements were also made
for uranine analyses for the sampled water subsequently to be analyzed for bacterio-
phages. The data available to be observed during testing is shown on fig. 4.14.
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The uranine was measured using two field fluorometers. An in-line unit was pla-
ced in the immediate vicinity of the C6 wellhead through which the circulation water
could flow without constriction. Readings were made every 4 min. The second field
fluorometer measured the discrete sample values commonly within a few minutes of

balance imput under more dilute “rinsing” conditions);?)— P~A. SCHNEGG & N. DOERFLIGER
(1997), P-A. SCHNEGG & K. KENNEDY (1998); *) — bacteriophage HA40, P. RossI (1994);
5) — H-W. ACKERMANN & M. S. DUBOW (1987a, b); 6) — Molecular Probes Europe BV,
Holland, Catalog No. F-8816, no IP or zeta potential values available;”) — S. NIEHREN &
W. KINZELBACH (1998); nm — not measured.

Tracercharakteristika, Analysemethoden und Einspeisebedingungen.')— die Kolloideigen-

speisemasse wurde als injiziert angenommen; *) — P-A SCHNEGG & N. DOERFLIGER
(1997), P.-A. SCHNEGG 8 K. KENNEDY (1998); *) — Bakteriophage H40, P. Rosst (1994); %) -
H. W. ACKERMANN & M. S. DUBOW (19874, b); ®)— Molecular Probes Europe BV, Holland,
Katalog Nr. F-8816, keine IP- oder Zeta-Potentialwerte vorbanden; ’) — S. NIEHREN &
W. KINZELBACH (1998); nm — nicht gemessen.

Tracer Initial mass (MO) Analysis method

component - Y P¢ Component details) (Volume in ml)?) (Resolution)
. . On-line spectrofluorometry
Sodium fluoresceine 154 CHYN/UNINE Field
Uranine  Solute MW 376.28 & 3
HoON (5,000) Fluorometer?)
CroH6OsNa, (~0.1to 0.5 ppb resolution)
Bacterio- . %) 44,130 nm, Siphoviridae
phage Bio- o (dsDNA), IP (nm), 110 ¢® pfu
140 colloid 7p (-42.0) (200)
Bacterial host cultivation /
growth association,
Bacterio- . 5) 24 nm, Leviviridae, plate counting in petri
phage Bl(ﬁ_ [ B (ssRINA), IP (3.5, 3.9), 115 ¢” pfu dishes
MS2 colloid 74 (1um) (40) (UNINE-Microbiol. Lab.)
(1 phage per 2 ml
resolution)
Bacterio- . ~70, 65 to 570, Siphoviridae
phage Bio- ¢m (nm), IP (nm), 5.25 e pfu
Psf2 colloid 2p (~36.0) (750)
1.0 pm, Fluospheres: On-line laser detection”)
Micro- Colloid carboxylate modified, 3.6 e spheres  with flow cytometry
spheres®) 018 crimson fluorescent (625/64F (250) (1 sphere per 10 ml
spectra), neg. surface charge resolution)
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1. Laser diode - the light source
causing microspheres to fluoresce ‘

2 Laser beam |

focusing optics T

3  "SAMPLING" »
Flow through cell
(continuous, "real time") ‘ \

) . -
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5 Detect photons -~ ¢
Avalanche Diode

4, Reflected light € 8.

focusing optics b g |

Fig. 4.12: Microspheres. a) instrumentation basis components, b) latex microspheres photomicrograph
(after S. NIEHREN, 1998).
Mikrosphiren. a) Grundkomponenten der Mikrosphiren-Detektionsausriistung, b) Latex-
Mikrosphiiren-Photomikrograph (nach S. NIEHREN, 1998).

. H40 -

b) ‘. ~100 nm
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samples i i to which is added
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190



1.E+03

D7 ®--9...4.
Rk EEE
‘O
O,D CD
o® s

1.E+01

Concentration

1.E+00

1.E-01

Fig. 4.14: On-line and on-site tracer component daia available during testing (semi-log plot).
On-line-Tracerfelddaten (semi-log Plot).

sampling using the faster measurement rate of six readings per minute. Each unit was
connected over distances up to 15 m to their respective data loggers set in waterproof
housings. All data collected was stored on the data logger’s PCMCIA memory card
as well as displayed, stored and manipulated on a site computer. The instruments’ sen-
sitivity was about 0.5 ppb with background measurements in the well waters ranging
from about 0.4-1.0 ppb. There was good agreement between the in-line and sample
bottle uranine values as illustrated on fig. 4.14.
Microspheres were measured using the laser-based fluorescent particle detector, the
basics of which are shown schematically on fig. 4.12a along with a photomicrograph
s equipment was developed specifically for
latex beads and it’s use has been described
HREN & W. KINZELBACH, 1998). An aliquot
a 250-micron diameter flow-through cell.
ssed laser beam. Fluorescent light is emitted
when a microsphere passes through the beam. This microsphere-based fluorescent signal
is detected in real time by a single-photon-counting avalanche diode (SPCAD). The data
from the SPCAD are transmitted to a data acquisition system that stores and displays
the measurements. Measurement frequency is on the order of microseconds and data
are adjusted to provide a result integrated initially over 0.25 sec and subsequently as
a function of the dynamic response of the system being tested. The results of the coun-
ting are displayed in fig. 4.14. There was an interruption of about 90 min in data when
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switching from well C6 to D7. It was unfortunate that the timing associated with end
of measurements in C6 preceded the apparent arrival of the colloids at well D7. The
particular and typical field-generated influences of weather and humidity, vibrations
and changing operational conditions, generator power supply, line filtering of suspended
sediment in the groundwater were manageable. The detection of these injected colloidal
particles was clearly evident and consistent at both wells that were sequentially monitored
continuously.

4.2.3.5. Phage Laboratory Analyses

The analysis of the bacteriophages is a modified version of the method developed
by M. H. ADAMS (1959). Optimization techniques were developed, used and presented
by P. ROsst (1994) and P. Rosst & W. KAss (1998).

Two stages of enumeration are commonly done both of which result in plaque for-
ming units being counted in a petri dish.

The first is a presence/absence test that also serves to indicate the order of magni-
tude for dilution of the sample so that the next step result yields a manageable num-
ber of counts on the petri dish. The basic steps associated with the analysis are sum-
marized schematically in fig. 4.13b along with the typical enumeration method illustrated.
The microbiology laboratory’s optimal processing capacity of about 25 samples per
day was critical input to the sampling strategy. Each sample was analyzed for the
concentration of each of the three phages simultaneously and in duplicate. A total of
about 195 samples was taken during the testing that was concentrated heavily in the
initial five days. The inactivation of the phages during the test was not considered to
be a significant problem over the 12 day time period samples were taken. To evaluate this
the three phages were mixed with the site water and kept in a constant temperature
bath. Every one or two days, the concentrations of the phages present in the spiked
site water were measured.

The results confirmed our expectation that there was no significant reduction over
the time period. The reduction that did occur may have been caused by the air-water
interface in the laboratory vessels or other laboratory situations not occurring natu-
rally in the field’s subsurface environment.

4.2.3.6. Response Assessment and Quantitative Analysis

Bacteriophage bebaviour was compared to solute tracer responses in a manner similar
to methods described originally by R. W. HARVEY et al. (1989). This included compa-
ring concentration history and relative abundance (C/C,,,), maximum dimensionless

concentrations (C/Co)ay, O (T1/Ttg) 0.0 retardation factor (RF) — the ratio of particle

transport takmg place

Transport “arrival” velocities are calculated based on the time that a colloid is first
detected at each well. Analytical detection limits affect the time at which any compo-
nent is observable. Solutes commonly have practical DLs, equipment and background
related, that may be orders of magnitude higher than for colloids. Colloids may have
analytical-based background levels but in general have DLs several orders of magni-
tude lower than solutes. Differences in detection times are therefore difficult to com-
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inappropriate and confusing for colloids when they are being compared to non-reac-
tive non-sorbing solutes. Colloids undergo a high degree of attachment and interface
interaction in the subsurface environment during transport. Their mass being trans-

4.2.3.7. Numerical Modelling

S. NIEHREN & W. KINZELBACH (1998) and S. NIEHREN (1998).

4.2.4. Results and Discussion
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Fig. 4.16: Concentration history by well for all components. a) arithmetic plot, b) relative abundance.
Konzentrationsabfolge: Je Bobrloch fiir alle Tracer. a) arithmetischer Plot, b) relative Menge.
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4.2.4.1. Well B4 Response and Injection Conditions

rescent tracer could be observed in thin layers in the sample tubing. Using different
sampling equipment and 2.6 and 3.7 m circulation intervals at the down gradient wells,
the maximum uranine values during this testing were about 910 and 425 ppb. The sur-
prising result was that the effective order of magnitude higher results at D7 since we
had injected only half the mass (154 g) used by P. ROSSI. Therefore, the injection con-
ditions and sampling protocols, possibly also along with changes in the transport path-
ways at the different test times clearly have significant affects on the migration response
at individual wells. S. HADI’s 1995 and 1996 tracer work using the B4 injection well
had involved injection but below the depth of a packer sct at 10 m, so the results are
not comparable in terms of down gradient results.

4.2.42.Well Co

The concentration history to 6 h (Fig. 4.162) shows that the breakthrough curve rising
and falling limbs of uranine and the phages were continuous and consistent. Uranine
hada Tr,,,,~value of 912 ppb corresponding to a (Ttr/Try),,.. of 1. H40, MS2 and Psf2
had C_,-values of 57,500, 12,000 and 32,000 pfu/ml corresponding to decreasing ori-
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ginal-concentration-normalized (C/Cy),,.-values of 9¢'%, 5¢°% and 4e %, respectively.
The microsphere response also shows consistent data but deviates from the other col-
loids’ response in that it depicts two separate peaks with C, -values of 45 and 62 mi-
crospheres/ml (ms/ml) corresponding to (C/Cy),..-values of 2-3 e %, similar to, but lo-
wer than the phages.

‘max”~

Cé6 Background levels

We expected that these two site factors would mean that only measurements above
1 ppb would be considered as positive presence of the tracer in this test. The micro-
sphere background level was also expected due to light scattering from particles other
than the fluorescent beads injected. The counter background ranged from 0.2-0.6 ms/ml.
"The unexpected background levels were those for H40 ranging from about 4-10 pfu/ml.
H40 was detected to concentrations of one to two hundred pfu/ml in samples taken
from well B4 during the site preparation. It was also detected at levels to 10 pfu/ml in
wells C6 and D7 prior to testing. The site had last been tested using the H40 phage

First phage H40 I HI'IO. MS2, Psf2
microsphere (1st ps-peak)
First phages MS2, Psf2

First microspheres

First uranine

Well C6

=i -Phage H40
A Phage MS2

< --Phage Psf2
+ Microspheres

- @ =Uranine-online 2ndps-peakmaybean v

Phage H40 | =
background . . -
Uranine, @
microsphere "
background s-e-~s s o H40, MS2 and Psf2
R «— non detect levels

Concentrations (microspheres(per ml), phages (pfu per ml), Uranine (ppb))

Fig. 4.17: Well C6 arrival and uranine peak and colloid pseudo-peak properties (log-log plot).
Beobachtungsrobr C6, Ankunft und Uraninpeak und Kolloid-Pseudopeak-Figenschaften
(log-log Plot).
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over two years earlier. According to their typical cycle, they would not be detectable

Cé6 Arrival/Detection

1ppb at about 85 min after injection, demonstrating that the flow through cell measure-
ments were systematically well documented. Phage and microsphere detection limits
are about equal (0.5 particles/ml) and lower than that of the uranine so that the small
differences in time of detection between the colloids and uranine are not conclusive as
to preferential advection of the colloids. It was clear from the fast migration seen for
both the colloids and the uranine that the advective-dispersive transport in the flow
system was relatively rapid. Migration of both the colloids and the solute over the 14 m
distance in from 65-85 min indicates an “arrival velocity” of about 240-310 m/d. Fi-

C6 Maximum Concentration Times and Peaks

levels and detailed monitoring ended.
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C6 Recovery

The calculated relative breakthroughs as they evolved with time for the colloids and
uranine at C6 are in fig. 4.21a. Compared to uranine assumed to reach 100 %, the colloid
total relative breakthrough recovery was 40 %, 16 % and 18 % for H40, MS2 and Psf2,
respectively, and about 9 % for the microspheres (Fig. 4.21b). The calculated micro-
sphere recovery was calculated to about 7 h rather than the 72 h measured for the phages.
However, based on the similarity in the microsphere response to the other colloids to
that point, it is unlikely that the final number rise by more than a few percent over
the remaining time.

4243, Well CD

The concentration history to 36 h (Fig.
rising and falling limbs of uranine and the !
consistent. Uranine had a Tr,, ~value of 296
HA40 and MS2 had C,,-values of 4,800 and 5t
of 8¢% and 9e %, respectively. Psf2 had douk
by about 2.5 h (C/Cy) ey 0f 6, 8¢7). Th

other two phages. The uranine C_,,, decreas

max

decreased 12-fold and MS2 and Psf2 decrea

intra-phage (C/C,),..,-difference was about two at Cé. This increased to nine at CD.
An increased relative attenuation of the MS2 and Psf2 phage compared to FH40 had
occurred in transport to CD compared to C6.

CD Background Levels

At CD, there was a background level associated only with uranine (Fig. 4.18). The
uranine background was expected as discussed above and was about 0.7 ppb at this
location. The CD results were from discrete samples measured on site shortly after
sampling rather than at C6 where they were in line. No background levels of any of
the phages were detected in the samples prior to their testing-related arrival.

CD Arrival/Detection

First detection of the MS2 and Psf2 phages, for which there had been no previous
site use, were both in the sample taken about 4.5 h after injection (Fig. 4.18). H40 was
first present in the sample taken 30 min later. The first uranine detected above the
documented background was also at the same time as the H40 occurrence. CD is lo-
cated off the main channel and exhibits a more dispersive shape for all tracer compo-
nents than at C6 and D7 (Fig. 4.15). Regardless, both uranine and phages exhibited
relatively fast transport. Migration of both the colloids and the solute over the 34 m
distance in about 4.5-5 h indicates an “arrival velocity” of about 170-185 m/d. The 30 min
difference in detection between the colloids and uranine are not conclusive as to pre-
ferential advection of the colloids. The C/Cy-diagnostic plot (Fig. 4.20a) does not show
phage values with timing significantly in advance of the uranine suggesting there is no
evidence of preferential colloidal advection. H40 values were ahead (above those) of
uranine in two samples at about 6 and 6.5 h but the other phage and the remaining H40
samples show the colloids under the uranine curve.

CD Maximum Concentration Times and Peaks

The relative abundance plot of the five components (Fig. 4.16b) illustrates that the
three phages had ps-peak times of between 8.0 and 9.4 h that occurred about 11-12 h
before the uranine peak. There was a double Psf2 ps-peak and the second, higher one,
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occurred at about 11 h compared to the first one at 8.4 h. Timing of these maximum
values was based on 30 min sampling. The calculated mean solute velocity was about
40 m/d determined using the t,,.,..-value. The colloidal (C/C,),,,.-values, were lower
as expected from the off-channel setting in which this well is located according to the
site geophysical studies. H40 and MS2 and Psf2 were about four- and 40-fold less than

higher than the background levels.

CD Recovery

The calculated relative breakthroughs as they evolved with time for the colloids and
uranine at CD are in fig. 4.21a. Compared to uranine assumed to reach 100 %, the colloid
total relative breakthrough recovery was 3.4 %, 0.3 % and 0.2 % for H40, MS2 and
Psf2, respectively (Fig. 4.21b). Compared to the recovery at C6, there was a 12-, 64
and 85-fold decrease in H40, MS2 and Psf2.

1 Time since injection (h)

First phage MS2 —™ : MS2 then Psf2 ps-peaks
First phages H40, Psf2 3 N ‘%—f—rl - H40 ps-peak
and uranine i ...':___ Uranine peak
1.E+03 _—
,
‘ A 1
—# ~-Phage H40 I\
A
A~ Phage MS2 B
A ge | é@@ . .
.0+ Phage Psf2 : )
e
= ® -Uranine ILIA' )
1.E+01 ’
=% o
Well CD T
@ o
[
Loy g
[}
Uranine} HEO
background 0q Y

H40, MS2 nd Psf2
__ hon detect evels

Concentrations (microspheres(per ml), phages {pfu per mi}, Uranine {ppb})

Fig. 4.18: Well CD arrival and uranine peak and colloid pseudo-peak properties (log-log plot).
Bobrloch CD, Ankunft und Uraninpeak und Kolloid-Psendopeak-Eigenschaften (log-log
Plot).
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4.2.4.4, Well D7

The concentration history to 36 h (Fig. 4.16a) shows that the breakthrough curve
rising and falling limbs of uranine, phages and microspheres (once monitoring began)
were continuous and consistent. Uranine had a Tr,,,-value of 426 ppb corresponding
toa (Tr/Try),., of 5. H40, MS2 and Psf2 had C,,,-values of 7,500, 410 and 255 pfu/ml
corresponding to (C/Cy),ae™ “values of 1e%, 8¢ and 9¢™, respectlvely Microspheres
hada C,,, of 33 with a (C/C,),,..-value of 26'05 the highest of all the colloids. The uranine
C,..x decreased three-fold compared to the Cbvalue whereas 140, MS2, Psf2 and micro-
spheres decreased eight-, 78-, 47 and 1.44old, respectively. The H40 MS2 and Psf2 intra-
phage (C/Cy),.. difference of about two at C6 had increased to 19 and 14 for MS2 and
Psf2, respectively at D7 indicating that as between C6 and CD, there had been an in-
crease in the relative attenuation of the MS2 and Psf2 phage compared to H40.

D7 Background Levels

At D7, there were documented background levels associated with uranine and H40
(big. 4. 19) The uranine and phage backgrounds of 0.9 pb and 1 pfu/ml, respectively,
were anticipated as discussed above. No background levels of the other the phages were
detected in the samples prior to their testing-related arrival. Background levels were
not measured for the microspheres as the equipment was set up in line at Cé6 and moved
to D7 only after the colloidal particles were already present.

1.E+03

1.E+01

1.E-01

Concentrations (microspheres(per mi), phages (pfu per mi), Uranine (ppb))

Fig. 4.19: Well D7 arrival and uranine peak and colloid pseudo-peak properties (log-log plot).
Beobachtungsrobr D7, Ankunft und Uraninpeak und Kolloid-Pseudopealk-FEigenschaften
(log-log Plot).
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D7 Arrival/Detection

First detection of the MS2 and Psf2 phages, for which there had been no previous
site use, were both in the sample taken about 6.9 h after injection (Fig. 4.19). H40 was
also first present above background in this sample. The first uranine detected above

transport rate, the solute and colloid arrival velocities to D7 were about 72-82 % as
fast to Cé. The 1 h difference in detection time between the colloids and uranine suggests
the potential for preferential colloidal advection. Indeed, the same-scale C/C,-diagno-
stic plot (Fig. 4.20a) shows first, five H40 and second, the start of the microsphere record,
with values from about 8-10 h above the uranine suggesting the possibility of colloids
had higher advective rates than the solutes. The other phage and the remaining H40
samples show the colloids under the uranine curve.

D7 Maximum Concentration Times and Peaks

The relative abundance plot of the five components (Fig. 4.16b) illustrates that the
three phages and microspheres had ps-peak times of between 11 and 12 h that occurred
about 7-8 h before the uranine peak. Timing of the phage maximum values was based
on 30 min samples and the uranine on 2 h samples. The calculated mean solute velo-
city was about 80 m/d determined using the t,, ., -value. Colloidal (C/G,),,,-values were
lower than at C6 as expected and higher than at CD, the off-channel setting. H40, MS2,
Psf2 and microspheres were about four-, 78-, 57- and three-fold less than uranjne. D7
data on fig. 4.20b shows the differences in the breakthrough normalized to the total
injected mass. The colloid data for the three phages are similar with a smooth break-
through in the rising and falling limb until about 30 h (slope 1). At that time, the slope
flattened and extended to late time as it did at CD (slope 2). For the microspheres, the
pattern is similar but the break in slope occurs earlier than 20 h. There was no evident
late-time tailing for the colloids as had been observed at C6. The microsphere data was
dissimilar to the phages at the initial part of the documentation. The overall pattern
however, matched well with the other colloids. The uranine data exhibited a more dis-
persed form than the phages with no significant changes in its pattern over the appro-
ximate 300 h it was measured at which time its concentration was about five-fold higher
than the background levels.

D7 Recovery
The calculated relative breakthroughs as they evolved with time for the colloids and

actually be higher as the equipment was not on line to monitor the entire breakthrough.
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a) Concentrations normalized b) Concentration normalized

to original input values (early time) against original mass (all data)
1.E-07 1E-05
& Well C6
8 <
oh
c 2
oo
E
1 E-07 1.E-10
. -
O n Phage H40 =
) A Phage MS2 3
© Phage Psf2
Lm o Uranine
1E-10 1.E-13

v 1.E-09
.,
B N

1E-07 1E-12

Phages

< o
o =
O O
A
1E-10 1E-15 —! 1E-09
100 1000
1.E-09 1 E-05
<t
A g O o)
Colloid H40 | s =
and microsphere | R [
values greater | J aQ =]
than solute ;. E
~
1 E-07 1.E-12 1.E-07
[ o o
O = g
O o IS
Well D7
1.E-10 1.E-15 1 E-09
1 10 100 10 100 1000
x-axes: time since injection (h) x-axes: time since injection (h)

Fig. 4.20: Component concentration by well normalized to a) injectate concentration (C/C,) and
b) imjectate mass (C/ M) (log-log plot).
Tracerkonzentration je Bobrung normalisiert auf a) Injektatkonzentration (C/C,) und
b) Injektatmasse (C/M,) (log-log Plot).
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This additional amount, based on the comparable phage RB evolution to those C/C,-
values where monitoring began, would add about 10 % to the total observed, raising
it to ~ 9-10 %.

4.2.4.5. Component Response Comparison

— phage H40 < Psf2 = MS2 < microspheres (C6),
— microspheres < phage H40 << Psf2 = MS2 (CD (phages) and D7).

Attenuation ranges (I'ab. 4.8) at 14 m at Cé ranged from 59-84 % for the phages.
The degree of attenuation dropped dramatically between C6 and was essentially the
same for the phages at both 34 and 64 m. At CD and D7, the attenuation ranges were
over 99.7 % for MS2 and Psf2. However, the attenuation values of H40 and micro-
spheres were significantly lower in the range of 96-92 %. The clean, clayfree and large

pore spaces in the gravel lenses of this aquifer are likely the reasons there is such a re-
latively low degree of attenuation.

propriate.
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Tab. 48: Tracer breakthrough characteristics for uranine, bacteriophages and microspheres. V) ~ ura-
nine is a solute that is commonly referred to as a conservative tracer — and we designate Tr
as the solute component concentration label. Accordingly, werefertot,, ,, andt, ., as the ti-
mes associated with arrival and maximum solute concentrations, respectively. This differen-

vith the colloids;?) — nwranine Tryunits are ppb;?)—
e concentration. We refer to this as a pseudo-peak

creased) for the counter efficiency may be

water conditions during testing; >) —micro

2.8 h. The earlier pseudo-peak ar 2.2 h more closely maiches phage results;®) — phage Psf2 showed
two pseudo-peaks at CD at both 84 and 10.9 b. The pseudo-peak at 8.4 b more closely matches
other phage results; RF — retardation factor is the ratio of the time of maximum particle or
colloid concentration compared to that of the solute; RB — relative breakthrough; Att'n —
attenuation % is 100 % — RB %; nd — not determined. (Continuation p. 207.)
Durchgangscharakreristika fiir Uranin, Bacteriophagen und Mikrosphéren.') — Uranin ist
eine Lisung, die allgemein als konservativer Tracer betrachtet wivd; wir betiteln Tr als die
geloste Komponente. Entsprechend bezeichnen wir mit t,, ., wnd t,,.,,,, die Zeiten fiir den
Konzentrationsersteinsatz und —maximum; dies dient zur Unterscheidung von den fiir die
Kolloide verwendeten 1 -Zeitbezeichnungen;?)— Uranin-TrqEinbeiten in ppb;*) — t .,,.: Zeit
fiir maximale Kolloidkonzentration; wir bezeichnen diese als , Pseudo-Peak“ (ps-peak) weil
sie nicht die selben Eigenschaften besitzen:

Peaks; *) — Bakteriophageneinbeiten sind

ren/ml (ms/ml); die Mikrosphirenwerte

lergenanigkeit, abhingig von den Umwe,

bis zu unter 50 % sein konnte;)— die Mik

2.2 und 2.8 b; der frithere Psendo-Peak bei

Psf2 zeigt zwei Pseudo-Peaks bei CD: 841

anderen Phagenresultaten; RF — Retardationsfaktor ist das Verhiltnis von Partikel- oder
Kolloidmaximumzeit zur Uraninmaximumzeit; RB — ,relativer Breakthrough; Att’n —
Diimpfung % ist 100 % — RB %; nd — nicht bestimmi. (Fortsetzung S. 207.)

Microsphere recovery was high at both C6and D7. Its RBat 64 m was at least two-
fold that of H40. All the colloids are negatively charged with H40 being more nega-
tive than Psf2. Unfortunately, the isoelectric pomt values of the microspheres and MS2
are not well documented so we cannot compare this parameter directly. The size dif-
ference is large between the microspheres and the phages. With similar negative charges,
size could account for the higher microsphere recovery at the further distance. How-

sidered as important to differentiate among
dal surface properties. And surface proper-
» with the chemistry of the water in which
with H40 recovery higher than the micro-
idal differentiation may have occurred along
relland D7. There is a high degree of hetero-
1er C/Cy-microspheres vs. uranine Tr/Tr,-
»rd. Given these conditions, co-mingled and
to travel through is a possible hydrodynamic
: presence further down gradient.

4.2.4.6. CoTrans Model Preliminary Interpretation Results

CoTrans calculates transport of a conservative tracer and colloids in suspension in
a flow model. Details are in S. NIEHREN (1998). A double porosity (two regions, mo-
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Uranine response') Bacteriophage and microsphere responses

DOWH D;i-?rlrllce te-arr ttr-mnx Tl'maxz) i Cearr tc-nmx3) Cmax4) RB Atth
gradient mjection [ ] Particle [h] [h] RF (%] [%]
we [m] (Tr/TrO)max (PS'Peak) (C/Co)ma:
57,000
H40 11 22 09 41 59
9 05
912
32,000
MS2 13 22 09 5005 17 83
e
C6 14 15 25
12,000
Pst2 13 22 09 16 84
4e 0
16404
Micro- 45,62
sphere 14 22,28) 09 reszn 09
4,800
H40 49 94 0.5 34 966
296 8e 00
580
CD 34 5 21 MS2 44 79 04 02 99.8
9&‘07
3¢9 190, 25C
P2 49 841099 05 03 99.7
697, 8¢
7.500
H40 6.9 11.9 06 33 967
le~05
426
410
MS2 6.9 109 06 6o 02 998
D7 64 8 19
255
Psf2 69 109 06 0.2 998
86—07
505
Micro- 3
sphere nd 113 0.6 2ects 8.2 91.8

bile/immobile zone) model is used for the ideal conservative solute tracer —in our case,
uranine. The solute can occur in both the mobile and the immobile zone. CoTrans as-
sumes that the particles follow active porosity zone “flow paths” in which there is a
physical migration (advective-dispersive conditions). The solute moves in these pores
and as well, diffuses into the “dead end” pores into which there is essentially no ad-
vective-dispersive effect, but there is diffusion. Further, this dual continuum model has
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meter that is lower than the mobile zone porosity. Colloid adsorption mechanisms as-

sociated with the matrix are:

a) reversible adsorption of the colloid on the matrix (without maximum capacity),
b) irreversible adsorption of the colloid on the matrix with a maximum capacity, and,
¢) irreversible adsorption on the already irreversibly adsorbed colloids (colony building)

without a maximum capacity.

Each sorption mechanism is represented in the model as a transfer coefficient and

Normalized to intital concentrations

Component SITE DATA CoTrans Model
Uranine O] ---
Phage H40

Microspheres X (60min) -_—

Longitudinal Dispersivity fm] 2t08 25 35
Mobite/lmmobile porosity ratio{-] 034 0.47
Effective grain radius [m} 0.108 005 not applicable
Diffusion constant [m?d) 33" 33¢™
Reversible fransfer coeff. [1/d] not 007 04
Reversible sorption capacity [makg) 2PPicade o8 25
TO. .0

Fig. 4.22: CoTrans modelling results for well D7 (after S. NIEHREN, 1998, S. NIEHREN & K. KENNEDY,
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1999).

Ergebnisse der Col'rans-Modellierung fiir Bobrung D7 (nach S. NIEHREN, 1998, S. NIEHREN &

K. KENNEDY, 1999).



well to the model parameters selected. Despite the model simplicity and inherent
assumptions, it shows that reasonable values of longitudinal dispersivity can be combined

with colloid sorption and two-region solute model parameters to achieve a simulation
of the observed field behaviour.

4,2.5. Conclusions

1) During injection at B4, we discovered flow from the well was into a discrete and

partial earlier response than uranine for periods of 30 min and 2 h, respectively, du-

ring the rising limb, but this is not considered conclusive of earlier colloid arrival.
3) Transport velocity values pertinent to viral surrogates, such as the colloids we used,

may be more relevant when based on the first detection time rather than the time
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high values suggest little filtration is occurring over this 14 m distance. Differences
in H40 and MS2 and Psf2 recovery were only about 2.540old at C6, but their diffe-
rences increased to about 10- to 17-fold at CD and D7. Similar results occur when
comparing the C/Cy-values of their pseudo-peaks. Having similar recovery results
at both 34 and 64 m but in two different subsurface settings illustrates the non-unique-
ness of solutions suggested for the variations in the colloid behaviour. There was,
however, little visual difference in the slopes and patterns of their individual responses
in the falling limb and tailing section at each well suggesting the processes acting on
the individual phages, prior to their arrival may be scalable and proportional, at least
among these three phages. Only at C e shapes of the phage responses after
about 50 h less alike and this may have been related to the MS2 and Psf2 concen-
trations approaching their detection limits. The dispersion characteristic of each phage
appears similar based on the consistent breakthrough shapes at each well.

5) Matching the response of H40, microspheres and uranine at w-
CoTrans, a 1-D numerical code. The initial approach
uranine data had indicated matching the solute respon
tudinal dispersivity range of from 2-8 m. By matching
a longitudinal dispersivity of about 3 m was determin
colloid data matching, the dispersiv
be limited to a smaller range while matching all compon
both colloid and solute tracer helped reach consistent model results using a double
porosity (two-region) model for solute migration and a variable sorption conditions
for the colloids.

6) The prototype instrumentation was able to be successfully deployed under typical
field conditions. Microspheres and uranine were well documented continuously in
the field and rapid analyses were possible of the discrete samples for uranine analysis
as well. The in-line equipment nrovided real-time assessment of both colloid and ura-
nine tracers allowed site sz
particularly important whe
arrival and maximum concentrations observed commc
detection and pseudo-peaks. Relying on solute response:
shown not to be appropriate. Phage laboratory results v
liable. The high density sampling during this test allowed definition of precise break-
through curve shapes and characteristics. Despite large losses in the colloid quanti-
ties, they had a regular breakthrough pattern illustrating that their persistence can
be effective to evaluate and document viral migration patterns. Additional cha-
racterization of the individual colloids used for field tests, however, is needed in or-
der to improve our detailed understanding of what particle parameters and in situ
processes can cause the observed differences in their adsorption behaviour.
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4.3. Merdingen (W. KAss)

4.3.1. Tracer Tests

The testfield Merdingen as well as a combined test in the unconsolidated rocks
there with the tracers uranine, bromide, and strontium was thoroughly described by
A. DE CARVALHO-DILL et al. (1992) in this journal.

The results of a not yet published comparative tracer test from 1988 are presented
here (see tab. 4.9, fig. 4.23 and 4.24).

Four tracers were applied:

— uranine (0.02 kg),

— tinopal CBS-X (0.05 kg),

~ cadmiumsulfate-solution (3.5 1= 1000 g Cd?*),
— and microspheres YG (n =46 x 10°).

Tab. 4.9: Results of a fourfold tracer test in the test field of Merdingen (unconsolidated rocks).
FErgebnisse des 4-fach-Markierversuchs im Versuchsfeld Merdingen (Lockergestein).

Test time Distance Microspheres Tinopal Cadmium

(d] [m] [n/100ml] [ug/1] (ng/l]

0 - -

3 9.5 380 127 52

625 10.9 610 183 95

10 12.5 26 3,450 159 98

25 33 4 4 0

50 16.5 0 0 0

100 0.12 1 0 0

0 - _

3 1.07 1,240 115 41

625 0.57 1,380 20 30

30 25 1.28 2,560 39 36
50 60 3 0 0.5

5 5 0 0 0

100 0.025 0 0 0

0 0.19 5000 160

3 0.19 2,000 12 25

6.25 0.092 1,300 21 20

100 12.5 0.14 2,800 27 19
25 1 8 0 05

50 0.08 0 0 0

100 0.17 0 0 0

200 0.032 -

0 0.07 580 70

3 0.026 1,500 1.5 12

6.25 0.017 1,270 7.6 12

300 125 0.018 1,300 6 11

25 0.1 2 1.5 0

50 0.4 0 0 0

100 0.018 0 0 0

200 0.01 -
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Only the comparison uranine/microspheres was published in the textbook (W. KAss,
1998) and only in the profiles 50 m and 100 m.

On April 5, 1988, the four tracers were injected into the natural groundwater flow
at a two-hours-interval.

The measured maximum concentrations in the transections between the injection
point (O m) and a distance up to 200 m are listed in tab. 4.9.

The comparative results in the transections 3 m, 6.25 m, 12.5 m, and 25 m after a
test time of 10, 30, 100, and 300 d are shown in fig. 4.23. Specific concentrations were
used to a better comparison in this figure. The remarkable behaviour of the cadmum
ion is separately presented in fig. 4.24.

4.3.2. Results

Uranine can be described as a more or less ideal tracer. How quickly uranine is trans-
ported, is clearly recognizable in fig. 4.23. There is practically no uranine left in the test
route 0-25 m after a test time of 300 d.

All the other injected tracers reach the 25-m-transverse profile only in small con-
centrations. The sporadic appearance of microspheres in the 100- and 200-m-transverse
profile is worth mentioning.

Although a comparably large amount of cadmium was injected, a strong sorption
of this heavy metal to the surface of soil particles and clay took place on the flow path
up to 25 m. Figure 4.24 shows, that a real transport of cadmium could only be obser-
ved shortly after the injection.

Furthermore fig. 4.24 shows that a further sorption of cadmium obviously took place
by diffusion from the liquid phase.

160
= 5 140
c 2
9 x 120
g £
£ = 100
L =
éz 80
.g o
8% 40
L g
“ o 20

0

Distance [m]

—~—10 Days ---o--- 30 Days —-*--- 100 Days —+— 300 Days

Fig. 424: Longitudinal profile (0-25 m) for cadminm. Observation times and specific concentration
in Y-axis (left) as shown in fig. 423,
Léiingsprofil (0-25 m) fiir Kadminm. Versuchszeiten und Normbkonzentration (Y-Achse links)
wie in Fig 4.23,
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4.4. Comparative Studies on Tracer Propagation in Quaternary Gravels
and Tertiary Sands of South Germany (K.-P. SEILER, J. MULLER)

4.4.1. Introduction

zlocities can be measured with tracers using

monopole (W. DROST, 1997) or dipole (K.-P. SEILER, 1977) designs or are approximated
on the basis of hydrauhc conductivities and the slope of the groundwater surface. All
these methods refer to different basic assumptions, and to different scales. Monopole
measurements deliver mostly short and variable results, whereas dipole measurements
and pumping tests end in large scale and less differing results.

Since susceptibility of these aquifers for ¢
of flow velocities are requested to better cc
different tracers are applied in hydrogeolog
non-reactive tracer behaviour in the satura
in representative sand and gravel areas was in
of the commonly used hydrological tracers fc

The groundwater experimental site Dornach with Quaternary gravels seems to be
the first and oldest in Germany. It has been demonstrated repeatedly (K.-P. SEILER,
1977, K.-P. SEILER, 1985, M. T. ZAHN& K.-P. SEILER, 1992) that the results of this field
on the propagation of non-reactive tracers and many reactive pollutants are repre-
sentative and applies for all glaciofluviatile gravels in South Germany; recent unpublished
experiments of both authors confirm it. For the groundwater experimental site Neu-
herberg with Tertiary sands this has not yet sufficiently proved.

4.4.2. Geological and Experimental Set Up

In Dornach gravels of the last two glacial cycles (Riss and Wiirm) have been ex-
plored above Tertiary clays in a thickness of 13.8 m by fully penetrating wells. In most,
but not all the wells of the test site, in 9.5 m depth a 15 m thick red soil from the
Riss-/Wiirm-Interglacial occurs separating young gravels above from old gravels be-
neath. This soil horizon is not wide spread; therefore groundwater in both gravels is
unconfined and has the same piezometric height. Also the grain size distribution of both
gravels (Fig. 4.25) does not differ and follows (X 127 samples) a marrow band as it ty-
pically is met in all glacio-fluviatile gravels of South Germany (K.-P. SEILER, 1977) and
which significantly differ from moraine gravels. The hydraulic conductivity “of all these
gravels 1s 4 x 10 m/s and the percentage of clay and silts is lower than 10 weight-%.

In the groundwater experimental site of Neuherberg Tertiary sediments are covered
by 9 m thick Quaternary gravels free of groundwater which end to the former
erosion surface with 15 m of clays. In the Tertiary sediments a sequence of sands and
clays has been explored and within 50 m depth ditferent sandy grain size distributions
typically occurring in Bavaria (K.-P. Seiler, 1983) have been screened and separated from
one another by full tubes and a t1xotrophlc clay. The lump grain size distribution of
one of the screened window 1s shown in fig. 4.26. Groundwater in each screened win-
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Fig. 4.25: Lumped grain size distribution and the arrangement of wells with respect to groundwater
flow at the Dornach test side (Quaternary gravels).
Summenkurve der Korngroflenverteilung und Lage der Bobrungen in Bezug auf die Grund-
wasserstromung im Testgebiet Dornach (quartére Kiese).
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dow is confined and the hydraulic potentials differ in between the three layers; they
are always somewhat hlgger in the upper than in the next lower layer and without
packers cause vertical downward flow along the well axis.

Experiments in the Neuherberg test side have been performed in the upper screened
sand with a hydraulic conductivity of 7 x 10 m/s and the clay and silt content is about

other test distances are shorter. Experiments on the Dornach site have all been perfor-
med under natural gradient conditions.

In the Neuherberg test site three screens, isolated by full tubes and tixotrophic clay,
open windows to Tertiary sands each on the same level of depth (Fig. 4.26). The obser-
vation wells are 10 m, 5 m and 2.5 m distant to the extraction well and follow more or
less a stream channel. Sideward of the abstraction well (B6) are the wells 5and 7 to study
not only the longitudinal but also the transverse dispersion. The three screens have been
isolated by packers to study the tracer propagation individually. All tracer experiments
in Neuherberg are performed with groundwater abstraction of 1.51/s out of well 6. Extrac-
ted water is rejected and does not recycle to the Tertiary aquifer.

Tracer injection has been performed on both test sites identically by either instantan-
eous (Dornach) or continuous injection (Neuherberg); to do so the tracer was circulated
in the injection well by pumping according to the direction of vertical flow in the well; in
both cases tracers entered the circulating water by a bypass. This mode of injection al-
lows a homogeneous tracer distribution in the injection well and a good approach to a
DIRAC signal as initial tracer distribution.

Tracer detection and sampling was done in Dornach in the same way as tracer injection;
so, groundwater flow remained undisturbed. In Neuherberg both on-line registration and
sampling was done behind the pump.

All tracers have been injected simultaneously; consequently the boundary condition
during each comparative experiment was the same for all tracers. With respect to hydro-

Tab. 4.10: Chemical composition of groundwater from the experimental site of Dornach and Neu-
berberg. n.d. — not detectable.
Die chemische Zusammensetzung des Grundwassers im T estgebiet Dornach und Neuberberg.
n.d. — nicht nachweisbhar.

este o G Mge Na oK' NHgHCOS SOF O NO, NO,
est site C pH [mg/l] mg/l [mg/l mg/l mg/l [mg/l] [mg/l [mg/l [mg/l [mg/l

Dornach 94 75 900 240 210 28 =nd 350 200 270 200 nd
Neuherberg 94 75 800 270 80 10 nd 340 200 93 150 nd
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dynamic dispersion and tracer balances, however, results of Dornach experiments, per-
formed under natural gradients, are especially representative for dispersivities and of Neu-
herberg especially representative for tracer balances under forced gradients.

4.4.3. Applied Tracers and Tracer Analytic
In this study the tracers

— bromide,

— lithium,

— fluoreszeine (uranine),
— sulphorhodamine,

— naphthionate,

— strontium

have been applied.

These tracers are often successfully applied in fissured and karst rocks; experiences
in unconsolidated rocks, however, are mostly missing.

During each comparative tracer experiment pH, temperature and O, have been
measured on line and proved to be constant during all experiments.

Tracer detection was performed on line with a field fluorimeter calibrated for flu-
oresceine and a conductivity meter, and with automatic sampling at a frequency re-
lated to the conductivity measurement. Water samples have all been analyzed in the
laboratory

— by spectral fluorimetry at individual pH levels to increase the sensitivity of analysis
(H. BEHRENS, 1971),
- by ion-chromatography and ICP-AES without any sample preparation.

As a rule analytic results were available two to three days after sampling and mean-
while water samples have been stored at 12° C (groundwater temperature 9.5° C).

Since flow velocities in sands are lower than in gravels it was supposed that inter-
actions of soluted tracers with solid surfaces may be more pronounced in Tertiary than
in Quaternary sediments and therefore continuous injection was applied to the Neu-
herberg aquifer to guarantee a significant breakthrough and a measurable recovery;
this continuous injection lasted two days.

In both experimental fields the injected tracer quantity was chosen according to a
breakthrough of minimum one to two orders of magnitude above the detection limit
of the respective tracer. Detection limits (Tab. 4.11) and initial tracer quantities (Tab. 4.12)
are listed.

Tab. 4.11: Detection limits of the tracers applied in both groundwater experimental sites. SF — spec-
tral fluorimetry, [C—ion chromatograply, ICP-AES — inductively coupled plasma atomic
emissions Spectroscopy.

Nachweizgrenzen der in den beiden Testgebieten angewandten Markierungsstoffe. SF -
Spektralfluorimetrie, IC — Ionenchromatographie, [CP-AES — Plasma-Emissionsspektro-

skopie.
Fluoresceine  Sulphorhodamine  Naphthionate Br Lit Sr2
2x10% 7 %107 7x10™ 0.01 0.1 0.01
lkg/1 lkg/1 llg/1 gl [mgl  [mg/l
SF SE SF IC IC ICP-AES
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Tab. 4.12: Quantity of tracers applied in both groundwater experimental sites.
Einspeisungsmenge der Markierungsstoffe in den beiden Grundwassertestgebicten.

Test s Fluoresceine  Sulforhodamine Naphthionate Br Lit Sr2
est site [mg/1] [mg/1] [mg/1] [mg/l]  [mg/l]  [mg/l]

Dornach 10 60 350 230 20 20

Neuherberg 10 60 350 230 20 20

4.4.4. Evaluation Methods

ments (K.-P. SEILER, 1985) and from literature (A. LALLEMAND-BARRES & P. PEAUDECERE,
1978) residence time and sorption are the most important fit parameters in the equa-
tion (P. MALOSZEWSKI, 1997)

3C 8C _8C 1 n
— -V — —S(t 4.1
L5X2 ox Ot n © *
with:
Si(t) =——L =k C - k,Cyy, (4.2)
C 8C
Sy(t) =—2 = k3 —> 43
2(t) 5 9 (4.3)
S(t) = Sy(t) + Sa(t), (4.4)
where
C = concentration,
v = distance velocity,
S = mass transfer function between water and solid surface,
ki and k, = reaction rate constants,
ks = distribution coefficient.

Tracer balance was calculated following the classical equation

- tqu(t)dt
R(®) =%—x 100 [%], (4.5)

Whe[' <

R =recovery,

q =water flux [m3/m t],

M = injected quantity [mg/ m?],
C = concentration [mg/m"].
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verse propagation amounts to 1/10 to 1/100 of longitudinal dispersion. In Quaternary
gravels this may be well approximated by the width of the tracer plume with respect
to the detection limited of fluoresceine (2 ng/l, tab. 4.11). This corresponds to a width
of about 1/10 to 1/5 of the flow distance and can be applied to distances of less than
1,500 m (K.-P. SEILER, 1985).

4.4.5. Results and Discussion

Distance velocities have been calculated from breakthrough curves for Dornach at
30 m/d and for Neuherberg at 1.5 m/d. With respect to the tracing distance residence
time of tracers was half a day and three days underground in Dornach and Neuher-
berg, respectively.

Fagure 4.27 stands for the tracing results obtained in Dornach. It expresses clearly
that tluoresceine can still be assessed as an ideal tracer as compared to bromide
(K.-P. SEILER, 1977). All other tracers, however, experience

— instantaneous sorption without short-term de-sorption (naphthionate),
— instantaneous sorption with some de-sorption (lithrum),
— strong instantaneous sorption (sulphorhodamine B) or

CcM
6.0E-05 == Bromide
*“ Uranine
5,0E-05
’J —0= Lithium
4,0E-05 1 == Sulforhodamine B
N
3,0E-06 f " ! \
"
2,0E-05

:"J’Aﬁ*m oK

1,0E-05 v N
B
22 30 32

0,0E+00
34 386

Time after injection [h]

Fig. 4.27: Breakthrough curves from the Dornach experiment (Quaternary gravels). The measured
concentrations are related to the injected quantity of tracers and thus allow a direct com-
parison.

Durchgangskurven im Testgebiet Dornach (quartire Kiese). Die gemessenen Konzentra-
tionen steben in Bezug zur eingespeisten Menge des Markierungsstoffes und ermiglichen
so einen direkten Vergleich.
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~ very strong instantaneous sorption like strontium that doesn’t appear any more and
therefore 1s missing on fig. 4.27.

Figure 4.28 shows the continuous tracing result from Neuherberg in the upper-
screened window. It clearly shows that

~ bromide and lithium behave conservatively,

— naphthionate experiences some instantaneous sorption, without knowing if this is
related to slow or quick kinetics,

— fluoresceine is retarded,

- sulforhodamine 1s close to its detection limit and

— strontium — as expected — disappears.

Since eosin was already known as a retarded tracer in the Quaternary gravels
(K.-P. SEILER, 1977), in coarse-grained sediments only halogenides and fluoresceine can
be applied to determine distance velocities. Also lithium was applicable if the sediment
composition is of silicate type. In fine-grained sediments again halogenides are appli-
cable but none of the tested fluorescent tracers. Also here lithium was an appropriate
tracer as far as silicates are dominating.

[C/Co] CO related [CIMLA]inB 2

to B2
3,5E-03 == Uranine 1,75E-03
ol
== Sulforhodamine B
3,0E-03 1,50E-03
Na-Naphthionate
2,5E-03 I =< Bromide 1,25E-03
- L'th‘
2,0E-03 fintum 1,00E-03
l &
1,5E-03 7,50E-04
1,0E-03 f % 5,00E-04
5,0E-04 i, 2,50E-04
wlﬁ}@
[ -5
0,0E+00 0,00E+00

24 48 72 96 120 144 168 192 216 240 264 288 312 336 360

Time after the beginning of the continuous injection (h)

Fig. 4.28: Breakthrough curves (right part) from the Neuberberg experiment (Tertiary sands, upper
window). The measured concentrations are related to the injected quantity of tracers and
thus allow a direct comparison. The left part represents the continuous injection.
Durchgangskurven (rechter Teil)im Tesigebier Neuberberg (tertizire Sande, oberes Fenster).
Die gemessenen Konzentrationen steben in Bezug zur emmgespeisten Menge des Markie-
rungsstoffes und erméglichen so einen direkten Vergleich. Der linke Teil widerspiegelr die
kontinuierliche Injektion.
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Summary and Conclusions (K.-P. SEILER)

Theretore, ATH tocussed its interest in the past 36 years in comparing the beha-
viour of ditterent tracers injected either in one place under typical hydraulic boundary
conditions or to defining hydraulic boundary conditions in a catchment through si-
multaneous tracing in different places. These activities led to the use of 16 different tra-
cers, the combination of environmental tracer with artificial tracing information and
the development of low paraterized mathematical evaluation tools, all of which are now
well known in practice.

Most of the past ATH tracing activities refer to karst areas, only few experiments
have been executed in fissured or unconsolidated rocks. Therefore the actual ATH ac-
tivities focussed to artificial, comparative tracing in

— unconsolidated sands (Neuherberg, Germany) with less than 20 weight-% of car-
bonates,

— unconsolidated gravels (Kappelen and Wilerwald, Switzerland; Dornach and Frei-
burg, Germany) with more than 50 weight-% of carbonates and

— aglacier with few crytalline sediment load.

Experiments have been executed with the tracers

— fluoresceine (uranine),

— lithium chloride,

— the fluorescent dye T4,

— pyranine,

— sulphorhodamine,

— sodium naphthionate,

— strontium bromide,

— latex microspheres (1 um),

— bacteriophages H40, H4, HS2 and Psf2 (2-130nm) and
— bioparticles (coloured dead Escherichia coli)

on tracing distances ranging from 2.5, 5, 10, 11, 20, 60 to 75 m.

In allinvestigations cocktail tracing was applied with simultaneous pumping of the
water in the injection and detection well in a circuit or in the karst area by injecting
the tracer cocktail into a sinkhole receiving surface water.
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Tracer injection technique has a pronounced impact on the geometry of the break-
through curve; this is specially true for short distances in both consolidated and un-
consolidated rocks.

The analysis of organic tracers should be executed immediately or short after sam-
pling to avoid tracer decay by abiotic or biotic mechanisms.

In between all the applied tracers

mnconsolidated and consolidated rocks from
n the nonfiltered portion analysed in the
an the non-reactive tracer. Only in gravels
s (K.-P. SEILER, 1974) filtering of particles
ligible;

1and particle tracers proved to behave re-
ze, mineralogy and diagenesis of the inve-

carbonate gravels and proved to be a reli-
ith crytalline particles and in quartz sands
with few carbonates;
_ fluoresceine (uranine) suffers negligible sorption in most gravels but gets significantly
retarded in sands.
— sodium naphthionate is in both gravels and sands reactive and undergoes instantaneous
sorption;
— the new fluorescent dye T4 was only checked in crystalline hard rocks and proved
non-reactive.

In both consolidated and unconsolidated rocks matrix porosity or stagnant waters,
respectively may significantly influence tracer propagation according to differences in
molecular diffusion as compared to flow velocities.

As a general result it was stated that we do not dispose of sufficient reliable non-
reactive tracers to be applied in unconsolidated rocks; this number is somewhat higher
in consolidated rocks but not at all high enough to initiate tracer experiments at different
places within a catchment to determine the ruling boundary conditions for ground-
water flow.

Since groundwater flow in unconsolidated rocks usually does not converge to one
outflow but directs mostly to line exfiltrations, since transverse dispersion is weak in
it and double porosity systems are scarce, only few non-reactive tracers are needed to
investigate such media. Contrary, in consolidated rocks with both line and punctual
exfiltrations a wide array of non-reactive tracers was desirable. Therefore it 1s recom-
mended that

— new non-reactive tracers should be developed and
— tracer application should always first assure the non-reactive behaviour of selected
tracers.

The scale for such a check is bromide, but could also be tritium, oxygen-18 or deu-
terium. These tracers of the water molecule, however, are seldom used i groundwater
studies in order to not destroying the environmental information of the isotopes of the
water molecule.

222



References

ACKERMANN, H.-W. & M. S. DUBOW (1987a): Viruses of Procaryotes.— Vol. 1, General Properties
of Bacteriophages, 202 p., CRC Press, Boca Raton, Florida.

ACKERMANN, H.-W. & M. S. DuBow (1987b): Viruses of Procaryotes.— Vol. 2, Natural Groups of
Bacteriophages, 242 p., CRC Press, Boca Raton, Florida.

Apawms, M. H. (1959): Bacteriophages.— Interscience publishers N.Y., 592 p., New York.

BaTscHE, H., F. BAUER, H. BEHRENS, K. BUCHTELA, F. HRIBAR, W. KAsS, G. KNUTSSON, J. MAIR-
HOFER, V. MAURIN, H. MOSER, F. NEUMATER, L. OSTANEK, R. RAJNER, W. RAUERT, H. SAGL,
W. A. SCHNITZER & J. ZOTL (1967): Vergleichende Markierungsversuche im Mittelsteirischen
Karst 1966~ In: MAURIN, V. & J. ZOTL (Eds., 1967): Specialists” Conference on the Tracing
of Subterranean Waters in Graz, March 28-April 1, 1966.— Steir. Beitr. z. Hydrogeologie, N.F.,,
H. 18/19, 331403, Graz.

BaTtscHE, H., F. BAUER, H. BEHRENS, K. BUCHTELA, H. J. DOMBROWSKI, R. GEISLER, M. A. GEYH,
H. HOT171, F. HRIBAR, W. KASs, ]. MAIRHOFER, V. MAURIN, H. MOSER, F. NEUMAIER,
J. Scrmrrz, W. A. SCHNITZER, A. SCHREINER, H. VOGG & J. ZOTL (1970): Kombinierte Karst-
wasseruntersuchungen im Gebiet der Donauversickerung (Baden-Wiirttemberg) in den Jah-
ren 1967-1969.— Steir. Beitr. z. Hydrogeologie, 22, 5-165, Graz.

BAUER, F., H. BEHRENS, W. DROST, W. K Ass, Ch. LEIBUNDGUT, H. MOSER, W. PERLEGA, V. RAJNER,
D. RANK, W. STICHLER & H. R. WERNLI (1981): Tracerhydrologlsche Untersuchungen im
Langetental (Schweiz).— Steir. Beitr. z. Hydrogeologie, 33, 9-123, Graz.

BAUMLE, R., H. HOTzL & K. WITTHUSER (2000): Flow pattern and transport behaviour of granitic
rock intersected by a highly permeable fault zone.— In: DASSARGUES, A. (Ed., 2000): Tracers
and modelling in hydrogeology. Proc. of the TraM’ 2000 Conference held at Liege, Belgium,
May 2000.— TAHS Publ,, 262, 283-288, Wallingford, UK (IAHS Press).

BEAR, J. (1972): Dynamics of fluids in porous media.— 764 p., Amsterdam (Elsevier).

BECKER, M. W. & A. M. SHAPIRO (2000): Tracer transport in fractured crystalline rock: Evidence
of nondiffusive breakthrough tailing.— Water Resources Research, 36/7, 16771686, Washington
D.C.

BEHRENS, H. (1971) : Untersuchungen zum quantitativen Nachweis von Fluoreszenzfarbstoffen bei
ihrer Anwendung als hydrologische Tracer.— Geologica Bavarica, 64, 120-131.

BrHRENS, H. (1986): Water Tracer Chemistry — a Factor Determining Performance and Analytics
of Tracers.— In: MORFS, A. & P. PARASKEVOPOULOU (Eds., 1986): Proc. 5™ Int. Symp. on Un-
derground Water Tracing, Athens 1986.— 121-133, IGME/Athens.

BrHRENS, H. & M. ZUPAN (1976): Tracing with Fluorescent Tracers.— In: GOSPODARIC, R. & P. HABIC
(Eds., 1976): Underground Water Tracing. Investigations in Slovenia 1972-1975.— Institute
Karst Research Postojna,139-164, Postojna.

BEHRENS, H. & G. TRICHMANN (1982): Neue Ergebnisse iiber den Lichteinfluf§ auf Fluoreszenztracer.—
Beitr. z. Geologie der Schweiz — Hydrologie, 28/1, 69-77, Bern.

BeHRrRENS, H., R. BENISCHKE, M. Bricery, T. HARUM, W. KAss, G. Kosi, H. P. LEDITZKY,
Ch. LEIBUNDGUT., P. MALOSZEWSKI, V. MAURIN, V. RAJNER, D. RANK, B. REICHERT,
H. STADLER, W. STICHLER, P. TRIMBORN, H. ZOJER & M. ZUPAN (1992): Investigation with
Natural and Artificial Tracers in the Karst Aquifer of the Lurbach System (Peggau-Tann-
eben-Semriach, Austria).— In: ATH (Ed., 1992): Transport Phenomena in Different Aqui-
fers (Investigations 1987-1992).— Steir. Beitr. z. Hydrogeologie, 43, 9-158, Graz.

Biacar, D, P. BossarT, U. KUHLMANN & F. MUNCHEMBERGER (1994): Modellierung der Strémung
und der Nitratausbreitung im Berner Seeland.— Eclogae geol. Helv., 87/2, 429-438, Bern.

Boatii, A, & T. Harum (Eds., 1981): Hydrogeologische Untersuchungen im Karst des hinteren Muota-
tales (Schweiz).— Steir. Beitr. z. Hydrogeologie, 33, 125-264, Graz.

DASSARGUES, A. (Ed., 2000): Tracers and Modelling in Hydrogeology. Proc. of the TraM’ 2000 Con-
ference held at Liege, Belgium, May 2000~ IAHS Publication, 262, 1-571, Wallingford, UK
(TAHS Press).

DE CARVALHO DILL, A. (1993): Spatial variability in porous aquifer properties.— Ph. D. Thesis, Univ.
of Neuchatel, Hydrogeology Centre, 199 p., Neuchitel.

223



De Carvarto D, A., K. GERLINGER, T. HAnN, H. HOTZ1, W. KAss, Ch. LEIBUNDGUT,
P. MALOSZEWSK], I. MULLER, S. OETZEL, D. RANK, G. TEUTSCH & A. WERNER (1992): Po-
rous Aquifer — Test Site Merdingen (Germany).— In: ATH (Ed., 1992): Transport Phenomena
in Different Aquifers (Investigations 1987-1992).— Steir. Beitr. z. Hydrogeologie, 43, 251-281,
Graz.

Drosr, W. (1997): Radiohydrometrische Grundwassererkundung in Lockergesteinsaquifern.— Bei-
trige zur Hydrogeologie, 48, 3340, Graz.

EinsiEDL, E,, P. STEFFEN & B. FRIEG (1999a): Tracer Tests (June 14-July 8, 1999).- NAGRA NIB 99-47,
Wettingen, Switzerland.

Emnsiepr, F, D, KLoTZ & S. WOHNLICH (1999b): Evaluation of a new fluorescent dye for ground-
water tracing.— Geophysical Research-Abstracts 1999, 1/2, 343 p., Den Haag.

EinsieDL, B, H. LANGHALS, P. MALOSZEWSKI, K. WITTHUSER & S. WOHNLICH (2000): Application
of two new fluorescent dyes and fluorescent particles in a horizontal and vertical fracture.—
In: DASSARGUES, A. (Ed., 2000): Trracers and Modelling in Hydrogeology. Proc. of the TraM’
2000 Conference held at Liege, Belgium, May 2000.—- IAHS Publ,, 262, 175-179, Wallingford,
UK (IAHS Press).

FOSTER, S. 8. D. (1975): The chalk groundwater tritium anomaly —a possible explanation.—J. of Hydro-
logy, 25, 159165, Amsterdam.

GOLDSCHEIDER, N. (1997): Hydrogeologische Untersuchungen im alpinen Karstgebiet Gottesacker
und Schwarzwassertal (Aligiu/Vorarlberg).— Dipl. Thesis, Univ. of Karlsruhe, 128 p., Karls-
ruhe (unpublished).

GOLDSCHEIDER, N. (1998): Der Ladstattschacht - tracerhydrologische Untersuchung einer organi-
schen Aldast im alpinen Karst— In: CZURDA, K., H. HOTZL & M. EiswirTH (Eds., 1998):
Natiirliche und anthropogene Umweltgefahrdungen. Forschungsergebnisse aus dem Lehr-
stuhl fiir Angewandte Geologie.— Schr. Angew. Geol. Karlsruhe, 50, 155-172, Karlsruhe.

GOLDSCHEIDER, N. & H. HOTzL (1999): Hydrogeological characteristics of folded alpine karst sy-
stems exemplified by the Gottesacker Plateau (German-Austrian Alps).— Acta Carsologica,
28/1, 87-103, Ljubljana.

GOLDSCHEIDER, N,, J.-P. ORTH, K. VATER & H. HOTZL (1999): Die Schwarzwasserhohle - eine hydro-
geologisch bedeutsame Estavelle im alpinen Karstgebiet Hochifen-Gottesacker (Kleinwalser-
tal, Vorarlberg, Osterreich).— Laichinger Hohlenfreund, 34/2, 69-96, Laichingen.

GOLDSCHEIDER, N. & H. HOtzL (2000): Tektonik und Karstentwisserung.— In: Hochifen und Got-
tesacker — eine Karstlandschaft zwischen Bregenzer Wald und Allgauer Alpen.— Karst u. Hohle,
2000, 51-82, Miinchen.

GOLDSCHEIDER, N., I1. HOTZL & W. K485 (2001): Comperative Tracer Test in the Alpine Karst System
Hochifen-Gottesacker, German-Austrian Alps—Beitrage zur Hydrogeologie, 52, 145-158, Graz.

GOLDSCHEIDER, N., H. HoTz1, W. KAss, K. KOTTKE & W. UFRECHT (2001): Kombinierte Mar-
kierungsversuche zur Klirung der hydrogeologischen Verhiltnisse und zur Abschitzung des
Gefdhrdungspotentials im Mineralwasseraquider Oberer Muschelkalk— Schriftenreihe des
Amtes fiir Umweltschutz, Stuttgart (in press).

GOSPODARIC, R. & P. HaBIC (Eds., 1976): Underground Water Tracing. Investigations in Slovenia
1972-1975— Institute Karst Research Postojna, 309 p., Postojna.

GRISACK, G. E. & J. F. PICKENS (1980): Solute transport through fractured media.— Wat. Resour. Res.,
16/4, 719-730, Washington.

Hapy, S. (1997): New Hydrological Tracers — Synthesis and Investigation.— Ph. D. Thesis, Albert-
Ludwig Univ. of Freiburg, Germany, 191 p., Freiburg 1. Br.

Harwmes, C. (1993): Redoxprozesse in Grundwasser am Fallbeispiel Aarberg.— Diploma Work — 3+
cycle, CHYN, Univ., EAWAG Diibendorf, 63 p. plus appendices, Neuchatel.

Harvey, R. W, L. H. GEORGE, R. L. SMrTH & R. D. LEBLANC (1989): Transport of microspheres
and indigenous bacteria through a sandy aquifer: results of natural and forced gradient tracer
experiments.— Environ. Sci. Technol., 23, 51-56, Washington D.C.

HiMmMELsBACH, T., H. HOTZL, W. KAss, Ch. LEIBUNDGUT, P. MALOSZEWSKI, 1. MEYER, I. MOSER,
V. RAJNER, D. RANK, W. STICHLER, P. TRIMBORN & E. VEULLIET (1992): Fractured Rock —
Test Site Lindau/Southern Black Forest (Germany).— In: ATH (Ed., 1992): Transport Phe-
nomena in Different Aquifers (Investigations 1987-1992).— Steir. Beitr. z. Hydrogeologie, 43,
159-228, Graz.

224



HrvmEerseacH, T., H. HOTZL & P. MALOSZEWSKI (1994): Forced gradient tracer tests ina highly per-
meable fault zone.- In: Voss, C. 1. & W. E. WiLsoN (Eds., 1994): Applied Hydrogeology.—
J. of the Int. Ass. of Hydrogeologlsts 2(3/1994), 4047, Hannover (Heinz Heise).

Hivmerssac, T., H. HOTZL & P. MALOSZEWSKI (1998): Solute transport processes in a highly per-
meable fault zone of Lindau fractured rock test site (Germany).- Ground Water, 36/5, 792-800,
Worthington, Ohio.

HOMMEYER, P. (1995): Hydrogéologie et hydrochimie dans 'aquiféere du Seeland (Berne, Suisse).—
Diploma Work — 3 cycle, CHYN, Univ. of Neuchatel, 49 p. plus appendices, Neuchatel.

Horzi, H. & A. WERNER (Eds., 1992): Tracer Hydrology.— 464 p., Rotterdam/Brookfield (Balkema).

HorzL, H. & B. REICHERT (1996): Schadstofftransport und Schadstoffabbau bei der Uferfiltration
am Beispiel des Untersuchungsgebietes ,,Bockinger Wiesen® im Neckartal bei Heilbronn.—
Deutsche Forschungsgemeinschaft ,,Schadstoffe im Grundwasser, 4, 346 p., Weinheim.

HyproL. KoM, SCHWEIZ. NATURE. GES. (Ed., 1982): Tracermethoden in der Hydrologie— Beitr. Geol.
Schweiz — Hydrologie, Nr. 28, I . II, 552 p., Bern.

KASELOw, A. (1999): Analytische und numerische Modellierung von Stofftransport in einer St6-
rungszone im Grundgebirge.— Dipl. Thesis, University of Karlsruhe, 132 p., Karlsruhe (un-
published).

KA4ss, W. (1972): Grundwassermarkierungsversuche im Pleistozan der Freiburger Bucht.— Geol. Jb. C:2,
BGA Hannover, 119-151, Hannover.

Kass, W. (Ed., 1972): 2. Internationale Fachtagung zur Untersuchung unterirdischer Wasserwege
mittels kiinstlicher und natiirlicher Markierungsmittel, Freiburg/Br. 1970.~ Geol. Jb. C:2, BGA
Hannover, 382 p., Hannover.

KAss, W. (1992): Geohydrologische Markierungstechnik.~ Lehrbuch der Hydrogeologie, 9, 520 p.,
Berlin/Stuttgart (Borntrager).

KAss, W. (1998): Tracing Technique in Geohydrology.— 581 p., Rotterdam (Balkema).

KELLERHALS, P. & B. TROHLER (1976): Hydrogeologie Seeland: Grundlagen fiir Schutz und Bewirt-
schaftung der Grundwisser des Kantons Bern— Wasser- und Energiewirtschaftsamt des Kan-
tons Bern.

KELLERHALS, P. & C. HAEFELI (1988): Seeland: Infiltration aus Hagneckkanal und Alter Aare. Grund-
lagen fiir Schutz und Bewirtschaftung der Grundwisser des Kantons Bern.— Wasser- und
Energiewirtschaftsamt des Kantons Bern.

KENNEDY, K. (2000): Bacteriophages as particle migration indicators in subsurface environments. Tra-
cers and Modeling in Hydrogeology.— IAHS Publ,, 262, 151-158, Wallingford, UK (IAHS
Press).

Kro1z, D. (1982): Verhalten hydrologischer Tracer in ausgewihlten fluvioglazialen Kiesen, Hang-
schutt-Kiesen und tertiaren Kies-Sanden aus Bayern.— In: HYDROL. KOM. SCHWEIZ. NATURE.
Ges. (Ed., 1982): Tracermethoden in der Hydrologie.~ Beitr. Geol. Schweiz — Hydrologie, Bern.

KNoP, A. (1878): Uber dic hydrographischen Bezichungen zwischen der Donau und der Aachquelle
im badischen Oberlande.~ N. Jb. Miner., 1878, 350-363, Stuttgart.

KOTTKE, K. (2000): Die Stuttgarter Mineral- und Heilquellen: Kombinierte Markierungsversuche
zur Klirung der hydrogeologischen Verhiltnisse und Abschitzung des Gefdhrdungspoten-
tials.— Dipl. Thesis, Univ. of Karlsruhe, 88 p., Karlsruhe (unpublished).

Kozgr, R. (1992): Erfassung organischer Spurenbelastungen, inbesondere durch Pflanzenbehand-
lungsmittel in oberflichennahen Lockergesteins-Grundwissern.— Ph. D. Thesis, Faculty of
Science, Univ. of Neuchitel, 334 p., Neuchitel.

Kranyc, A. (Ed., 1997): Karst Hydrogeological Investigations in South-Western Slovenia.— ACTA
CARSOLOGICA, KRASOSLOVNI ZBORNIK, XXVI1/1, Ljubljana.

LALLEMAND-BARRES, A. & P. PEAUDECERF (1978): Recherche des relations entre les valeurs de la dis-
persivité macroscopique d’un milieu aquifére, ses autres charactéristiques et les conditions de
mesures. Etude bibiographique.— Hydrogéol. Géol. Ing., 277-284.

LEGE, T., O. KoLDITZ & W. ZILKE (1996): Strémungs- und Transportmodellierung.— Handbuch zur
Erkundung des Untergrundes von Deponien und Altlasten, 2, 418 p., Berlin (Springer).

LersunDaGut, Ch,, A. DE CaARVALHO DL, P. MALOSZEWSKI, 1. MULLER & J. SCHNEIDER (1992): In-
Vestigation of Solute Transport in the Porous Aquifer of the Test Site Wilerwald (Switzer-
land).— In: ATH (Ed., 1992): Transport Phenomena in Different Aquifers (Investigations
1987-1992).— Steir. Beitr. z. Hydrogeologie, 43, 229-250, Graz.

225



LENDA, A. & A. ZUBER (1970): Tracer dispersion in groundwater experiments.— Isotope techniques
in groundwater hydrology, Vol. II, IAEA-SM-129/7, 619-641, Vienna.

MacKay, D. M., D. L. FREYBERG, P. V. ROBERTS & J. A. CHERRY (1986): A natural gradient expe-
riment on solute transport in a sand aquifer, 1. approach and overview of plume movement.—
Wat. Resour. Res., 22/13, 20172029, USA.

MAGDEFESSEL, J. (1990): Zum Fliefiverhalten von Tracern und Schadstoffen im Porengrundwasser.—
Unpubl. Diplomarbeit, Univ. Freiburg 1. Br, 109 p., Freiburg 1. Br.

MALOSZEWSKI, P. (1997): Mathematische Bestimmung des 'T'ransportverhaltens der Herbizide Chlor-
toluron und Terbuthylazin aus Daten eines Feldversuches.— Institut fiir Iydrologie-Jah-
resbericht 1997, GSE-HY 1/98, GSF Neuherberg.

MALOSZEWSKI, P. (2000): Lumped-parameter models as a tool for determining the hydrological para-
meters of some groundwater systems based on isotope data.— IATIS Publication, 262, 271-276,
Wallingford, UK (IAHS Press).

MALOSZEWSKI, P. & A. ZUBER (1985): On the theory of tracer experiments in fissured rocks with a
porous matrix.— J. of Hydrology, 79, 333-358, Amsterdam.

MALOSZEWSKL, P. & A. ZUBER (1993): Principles and practice of calibration and validation of mathe-
matical models for the interpretation of environmental tracer data in aquifers.— Adv. Wat.
Resour., 16, 173-190.

MAURIN, V. (1967): Vorbereitung und Organisation grofierer Markierungsversuche zur Verfolgung
unterirdischer Wisser.— Steir. Beitr.z. Hydrogeologie, 18/19, 311-320, Graz.

MAURIN, V. & J. ZOTL (1959): Die Untersuchung der Zusammenhinge unterirdischer Wisser un-
ter besonderer Beriicksichtigung der Karstverhiltnisse.— Steir. Beitr. z. Hydrogeologie, 10/11,
1-184, Graz.

MAURIN, V. & J. ZOTL (Eds., 1967): Specialists’ Conference on the Tracing of Subterrancan Waters
in Graz, March 28-April 1, 1966.~ Steir. Beitr. z. Hydrogeologie, N.F., H. 18/19, 413 p., Graz.

Morrs, A. & H. Zojer (Eds., 1986): Karst Hydrogeology of the Central and Eastern Peloponne-
sus (Greece).— Steir. Beitr. z. Hydrogeologie, 37/38, 300 p., Graz.

MOSER, H. & W. RAUERT (1980): Isotopenmethoden in der Hydrologie.~ Lehrbuch der Hydrogeo-
logie, 8, 400 p., Berlin/Stuttgart (Borntrager).

MULLER, I. & J. G. ZOTL (Eds., 1980): Karsthydrologische Untersuchungen mit natiirlichen und kiinst-
lichen Tracern im Neuenburger Jura (Schweiz) - Steir. Beitr. z. Hydrogeologie, 32, 125-264,
Graz.

NERETNIEKS, 1. (1980): Diffusion in the Rock Matrix: An Important Factor in Radionuclide Retar-
dation?- J. of Geophysical Research, 85/B8, 43794397, Washington D.C.

NIEHREN, S. (1998): Neue Methoden zur Grundwassermarkierung: Entwicklung eines feldtauglichen
Mikrosphirenzihlers—Ph. D. Thesis, Eidgenéssische Technische Hochschule Nr 12710, Ziirich,
93 p., Ziirich.

NIEHREN, S. & W. KINZELBACH (1998): Artificial Colloid Tracer Tests: Development of a Compact
On-line Microsphere Counter and Application to Soil-Column Experiments, MIGRATION
’97.~J. Cont. Hydrol, 35, 249-259, Amsterdam.

NIEHREN, S. & K. KENNEDY (1999): Dispersive and diffusive transport processes in porous media ~
combined particle/solute tracer test results.— Oral presentation, 1999 EGS Annual Meeting,
The Hague.

OUSSEINI, M. (1998): Characterization of porous media heterogeneity with geophysics and tracer tests.—
Diploma Work — 3 cycle, Univ. of Neuchatel, 65 p. plus appendices, Neuchtel (in French).

OYONO, E. (1996): Geophysical and hydraulic studies of the Kappelen hydrogeologic research site
in the Seeland aquifer.— Diploma Work — 3 cycle, University of Neuchatel , 52 p. plus ap-
pendices, Neuchatel (in French).

REICHERT, B. (1991): Anwendung natiirlicher und kiinstlicher Tracer zur Abschitzung des Ge-
fahrdungspotentials bei der Wassergewinnung durch Uferfiltration— Schr. Angew. Geol. Karls-
ruhe, 13, 1-226, Karlsruhe.

RICHTER, D. (1984): Allgiuer Alpen—Slg. geol. Fiihrer, 77, 253 p., Berlin/Stuttgart (Borntriger).

Ross, P. (1994): Biological tracing experiments in hydrology by the means of bacteriophages: Opti-
mization of the method and study of the bacterial viruses behaviour in aquifer waters.—Ph. D.
Thesis, University of Neuchitel, 200 p., Neuchatel.

226



Rosst, P., A. DE CARVALHO DiL1, I. MULLER & M. ARAGNO (1994): Comparative tracing experi-
ments in a porous aquifer using bacteriophages and fluorescent dye on a test field located at
Wilerwald (Switzerland) and simultaneously surveyed in detail on a local scale by radio-
magneto-tellury (12-240 kHz)— Environ. Geology, 23, 192-200, Berlin.

Rossi, P., N. DOERFLIGER, K. KENNEDY, 1. MULLER & M. ARAGNO (1998): Bacteriophages as sur-
face and groundwater tracers.~ Hydrol. and Earth Sys. Sci., 2/1, 101110, Eur. Geophy. Soc.,
Lindau.

Ross1, P. & W. KAss (1998): Sec. 2.8, Phages.— In: W. KAss (1998): Tracing Technique in Geohydro-
logy.— 244-270, Rotterdam (Balkema).

Ross1, P. & K. KENNEDY (1999): Enhanced Colloidal Tracer Particle Enumeration and Identification
Methodologies as Applied to Subsurface Contaminant Migration and Transport Behavior Re-
search—Poster, ASM International Symposium on Subsurface Microbiology, Vail, Colorado.

SANSONL, M., B. SCHUDEL & 'T'. WAGNER (1987): Tracermethodischer Beitrag zum Stofftransport im
Porengrundwasser.— Publikation Gewasserkunde, 94, Bern (GIUB Presse).

SANSONI, M., B. SCHUDEL, T. WAGNER & Ch. LEIBUNDGUT (1988): Aquiferparameterermittlung im
Porengrundwasser mittels fluoreszierender Tracer.— Gas— Wasser — Abwasser, 6/3, 141-147,
Zirich.

SCHNEGG, P.-A. & K. KENNEDY (1998): A new borchole fluorometer for double tracer tests.— Pro-
ceedings — Mass Transport in Fractures, Aquifers and Aquitards (Copenhagen), Univ. of Copen-
hagen, Denmark, 60-63, Copenhagen.

SCHNEGG, P--A. & N. DOERFLIGER (1997): An inexpensive flow-through field fluorometer.~ Proceedings
6h Conference on Limestone Hydrology and Fissured Media, la Chaux-de-Fonds Switzer-
land, 47-50, Neuchatel.

SCHNEIDER, J. (1991): Tracer Experiments in a Porous Aquifer in Switzerland.— Diploma Work, Univ.
Freiburg 1.Br. (unpublished).

Scriorz, H. (1995): Bau und Werden der Allgiuer Landschaft.— 305 p., Stuttgart (Schweizerbart).

Scrutz, H. D. (1998): Evaluation and interpretation of tracing tests.— In: KAss, W. (1998): Tracing
Technique in Geohydrology.— 341-376, Rotterdam (Balkema).

SEILER, K.-P. (1975): Geologische Grenzflichen in fluvio-glazialen Kiessanden und ihr Einflufl auf die
Grundwasserbewegung. Hydrometrische und radiohydrometrische Untersuchungsergeb-
nisse aus dem Norden der Miinchener Schotterebene—~ Z. dt. geol. Ges., 126, 349-357, Han-
nover.

SEILER, K.-P. (1977): Hydrogeologie glazial ibertiefter Taler der Bayerischen Alpen zwischen Lech
und Wossner Tal— Steir. Beitr. z. Hydrogeologie, 29, 5-118, Graz.

SEILER, K.-P. (1983): Hydraulische Kennwerte von Sedimenten der Oberen Siifiwassermolasse nach
Laboruntersuchungen an gestért entnommenen Proben.—In: BAYERISCHES LANDESAMT FUR
W ASSERWIRTSCHAFT (1983): Untersuchung zum Grundwasserhaushalt des Tiefenwassers der
Oberen Siilwassermolasse durch Grundwasseraltersbestimmung.— Informationsbericht, 8/83,
89-98.

SEILER, K.-D. (1985): Results of field experiments on hydrodynamic dispersion in Quaternary gravels
of southern Germany.— Proc. Scient. Basis for Water Res. Management, 351-360, Jerusalem.

SEILER, K.-P., V. LOEWENSTERN & S. SCHNEIDER (2000): The role of bypass- and matrix flow in the
unsaturated zone for groundwater protection.— In: SiLLO, O. et al. (Eds., 2000): Groundwater:
Past Achievments and future challengis.— 307--311, Rotterdam/Brookfield (Balkema).

SGRO, J.-Y. (1994): Phage MS2 image.— Univ. of Wisconsin, Inst. Molecular Virology (Copyright).

SHREVE, R. L. (1972): Movement of water in glaciers.— J. Glaciology, 11/62, 205-214, Cambridge.

SINREICH, M. (1998): Hydrogeologische Untersuchungen im oberen Schwarzwassertal (Vorarlberg).
Wechselwirkungen zwischen Bergsturzmasse, Karstgrundwasserleiter und Flyschgebiet.—
Dipl. Thesis, Univ. of Karlsruhe, 118 p., Karlsruhe (unpublished).

SMART, D. L. & I. M. S. LAIDLAW (1977): An evaluation of some fluorescent dyes for water tracing.—
Water Resource Research, 13/1, 15-33, Washington D.C.

SNF (1984): Quantitative Erkundung von Lockergesteins-Grundwasserleitern am Beispiel Emmental.
Handbuch Nationales Forschungsprogramm Nr. 2 ,,Grundlegende Probleme des Schweize-
rischen Wasserhaushaltes®, Teilprogramm 2 ,,Grundwasserdargebot, quantitative und qua-
litative Aspekte®. SNF, Sonderdruck 1056 Gas — Wasser — Abwasser, 5, 25-66, Ziirich.

227



SPOCKER, R. G. (1961): Das Holloch als geographisches Element.— In: SCHMIDT-THOME, P. (Ed., 1961):
Das Holloch bei Riezlern im Kleinen Walsertal (Allgiu — Vorarlberg) — eine karstkundliche
Monographie.— Wiss. Alpenvereinsh., 18, 33-53, Innsbruck (Univ.-Verl. Wagner).

SUGDEN, D. E. & B. S. JOFN (1976): Glaciers and Landscape. A geomorphological approach.— 376 p.,
London (Edward Arnold Publishers).

YURTSEVER, Y. & L. ARAGUAS (1993): Environmental isotope applications in Hydrology.- TAHS Publi-
cation, 215, 3-22, Wallingford, UK (IATHS Press).

ZACHER, W (1973): Das Helvetikum zwischen Rhein und Iller (Allgau-Vorarlberg). Tektonische,
paliogeographische und sedimentologische Untersuchungen.— Geotekt. Forsch., 44, 1-74, Stutt-
gart.

ZAHN, M. 'T. & K.-P. SEILER (1992): Field studies on the migration of Arsenic and Cadmium in a car-
bonate gravel aquifer. - J. Hydrol., 133, 201-214, Amsterdam.

ZHANG, P., W. P. JoHNSON, M. J. P1aNa, C. C. FULLER & D. L. NAFTS (2000): Potential artifacts in
interpretation of differential breakthrough of colloids and dissolved tracers in the context of
transport in a zero-valent iron permeable reactive barrier.~ Ground Water , Westerville, Ohio,

USA (in press).

228



Zusammenfassung (H. ZOJR)

229



