
Beitrage zur Hydrogeologie / 52 / Seiten 103-230 / Graz 2001 

Comparative Tracer Studies in Groundwater 

Vergleichende Studien uber Markierungsversuche im Grundwasser 

(R. BAUMLE, H. BEHRENS, F. EINSIEDL, N. GoLDSCHEIDER, K. GRUST, 
H. H0TZL, w. KAss, K. KENNEDY, w. KINZELBACH, R. KOZEL, I. MOLLER, 

J. MOLLER, S. NIEHREN, P. ROSSI, P.-A. SCHNEGG, K.-P. SEILER, 
K. WITTHUSER, S. WOHNLICH, H. ZOJER) 

Content 
Page 

1. Application of Artificial Tracers in Comparative Tracer Experiments 
(H. BEHRENS, H. H0TZL, w. KAss) ................................................................... . 
1.1. Objectives ......................................................................................................... . 
1.2. Performance of Comparative Tracer Experiments ................................... .. 

1.2.1. Recommendation for Test Areas ........................................................ . 
1.2.2. Preferential Reference Tracers ............................................................ . 

1.3. Evaluation of Comparative Tracer Experiments ...................................... .. 

2. Review of Earlier Comparative Experiments of the ATH Group 
(H. BEHRENS) ......................................................................................................... .. 
2. 1. Lurbad1 and Buchkogel Sy ·tern , 1966 ........................................................ .. 
2.2. Danube LnfiltraLi n and R iegelenge Tracing Experiments 1967-1969 .... . 
2.3. 'Underground Water Tracing in ;\ ◄ vcnia 1975 .......................................... .. 
2.4. Mu ta Valley (Alpine Kar t, 1979-1980), Neuenburg Jurassic (Folded 

Kar. t, l979) and Lang ten V"1.ley (Unconsolidated Rock, 1979-1980) .. .. 
2.5. Combined Tracing Experiments in the Peloponnesus (1984-1985) .......... . 
2.6. 0111bined Tracer Experiment .in the Lurbach System 1988 .................... .. 
2.7. Further Comparative Experiments ........... .................................................... . 
2.8. Resume .............................................................................................................. . 

J, Test Sites .................................................................................................................. . 
3.1. Glaciers (K. GRUST, W. KAss) ....................................................................... .. 

~:it re:rr~~~~.~~~.~.~~~~~.~~.~~.~.~~ .. ~~.~~~~~~~~~~~~.::::::::::::::::::::::::::::::::::::: 
3.1.3. Conclusions ............................................................................................ . 
Acknowledgements ........................................................................................ . 

3.2. Comparative Tracer Studies in a Highly Permeable Fault Zone at the 
Lindau Fractured Rock Test Site, SW Germany (R. BAUMLE, 
F. EINSIEDL, H. H0TZL, W. KASS, K. WITTHUSER, S. WOHNLICH) ....... . 
3.2.1. Introduction ........................................................................................... . 
3.2.2. Hydrogeology ........................................................................................ . 
3.2.3. Methodology .......................................................................................... . 

3.2.3.1. Test Configuration ................................................................... . 
3.2.3.2. Modelling Concepts .................................................................. . 

105 
105 
106 
106 
110 
115 

117 
117 
118 
118 

122 
123 
127 
130 
131 
131 
131 
132 
134 
135 
136 

136 
136 
136 
137 
137 
139 

103 



3.2.4. Results...................................................................................................... 139 
3.2.4.1. Tracer Performance................................................................... 139 
3.2.4.2. Model Validation ....................................................................... 143 

3.2.5. Conclusions............................................................................................. 145 
3.3. Comparative Tracer Test in the Alpine Karst System Hochifen-Gottes-

acker, German-Austrian Alps (N. GoLDSCHEIDER, H. HbTZL, W KAss) 145 
3.3.1. Overview................................................................................................. 145 
3.3.2. Geology and Hydrogeology................................................................. 147 

3.3.2.1. Geology....................................................................................... 147 
3.3.2.2. Karstification, Springs and Surface Waters........................... 147 
3.3.2.3. Results of Earlier Tracer Tests................................................ 151 
3.3.2.4. Underground Drainage Pattern of the Karst System.......... 152 

3.3.3. Comparative Tracer Test...................................................................... 153 
3.3.3.1. Selection of Tracers, Injection, Sampling and Analyses....... 153 
3.3.3.2. Results . ............... ....................... .. ................................................ 154 

3.3.4. Conclusions ............................................................................................. 157 
Acknowledgements.......................................................................................... 158 

4. Unconsolidated Rocks ............................................................................................ 158 
4.1. Characterization of the Kappelen Groundwater Research Site (BE), 

Switzerland, and Preliminary Bacteriophage and Solute Tracer 
Component Responses (K. KENNEDY, I. MOLLER, P.-A. SCHNEGG, 
P. ROSSI, R. KOZEL).......................................................................................... 158 
4.1.1. Introduction ............................................................ .. .............. ................ 158 
4.1.2. Geophysical Exploration....................................................................... 160 
4.1.3. Hydrogeological Characterization...................................................... 163 
4.1.4. Biogeochemical Characterization......................................................... 166 
4.1.5. Tracer Testing......................................................................................... 169 
4.1.6. Summary and Conclusions ................................................................... 178 
Acknowledgements.......................................................................................... 180 

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, l. MOLLER, W. KINZELBACH) ...... 180 
4.2.1. Introduction............................................................................................ 180 
4.2.2. Wilerwald Site (Canton Bern, Switzerland)....................................... 182 

4.2.2.1. Hydrogeologic Setting.............................................................. 182 
4.2.2.2. Previous Site Tracer Testing and Related Activities............ 184 
4.2.2.3. Current Research Perspective ................................................. 184 

4.2.3. Methods ............................................................ .............. ......................... 185 
4.2.3.1. Well Instrumentation, Injection and Sampling Methods..... 186 
4.2.3.2. Injection Conditions .................................................................. 186 
4.2.3.3. Tracer Components................................................................... 188 
4.2.3.4. Field Analyses............................................................................. 188 
4.2.3.5. Phage Laboratory Analyses ..................................................... 192 
4.2.3.6. Respons Assessment and Quantitative Analysis.................. 192 
4.2.3.7. Numerical Modelling................................................................ 193 

4.2.4. Results and Discussion.......................................................................... 193 
4.2.4.1. Well B4 Response and Injection Conditions .......................... 196 
4.2.4.2. Well C6 ........................................................................................ 196 
4.2.4.3. Well CD....................................................................................... 199 

104 



4.2.4.4. Well D7 ....................................................................................... 201 
4.2.4.5. Component Response Comparison ..................................... ... 205 
4.2.4.6. Co Trans Model Preliminary Interpretation Results............ 206 

4.2.5. Conclusions ............................................................................................. 209 
Acknowledgen1ents..... ..................................................................................... 210 

4.3. Merdingen (W. KAss)....................................................................................... 211 
4.3.1. Tracer Tests............................................................................................. 211 
4.3.2. Results...................................................................................................... 213 

4.4. Comparative Studies on Tracer Propagation in Quaternary Gravels 
and Tertiary Sands of South Germany (K.-P. SEILER, J. MOLLER).......... 214 
4.4.1. Introduction............................................................................................ 214 
4.4.2. Geological and Experimental Set Up................................................... 214 
4.4.3. Applied Tracers and Tracer Analytic.................................................. 217 
4.4.4. Evaluation Methods............................................................................... 218 
4.4.5. Results and Discussion.......................................................................... 219 

Summary and Conclusions (K.-P. SEILER)................................................................ 221 
References ..................................................................................................................... 223 
Zusammenfassung (H. ZOJER)................................................................................... 229 

1. Application of Artificial Tracers in Comparative Tracer 
Experiments (H. BEHRENS, H. HoTZL, w. KASS) 

1.1. Objectives 

The term "comparative tracer experiment" i u ·cd qui e differently in connection 
with groundwater studies. In senso stricto it refers to 111 1·c r less parallel injection f 
two or more tracers at one site under the 11ame hyd.rologic aod hydraulic condition . 
In this case, there are the tracers which are comp, re I with regard to Lheir pr perties 
and transport behaviour during the underground passag . Sometimes the term is 
used for "combined" or "multitracer" experiment (V. MAURIN & .J. Z TL, 1959 
H. BATSCHEet al., 1970, H. HoTZL&A. WERNlm, 1992, A. DASSARGUES 2000), where 
tracers are injected into different locati ns at the same time or it is applied to repeated 
experiment at the same location but at different time and probably different hydro­
logu conditi n . 1n these two last option there are not the tracers but the discharge 
conditions of the u.ndergr und flow from different sites or respectively the hydrologic 
comliti m at different time which are to be compared. 

The objectives of this study are of cow-sc the direct comparison f the tracers them­
selves. There are the specific physic -chemical proper tie of the tracer and their n:sulLing 
interacri n with oil and ro k particles as well as th ir transport behavioLJr which arc 
to be compared directly. TIP question is how far che pos ible deviatiJ.1g result of dif­
ferent experiments wirb different tracers are due to intrinsic propertie of the aquifer 
systems or they are due r che behaviour of the tracers. Though multitracer experi­
ment are not regarded here as comparative era er experiments, che increasing appli­
cation of mulcitrace,r experiments in the pa t chirty year raised up the demand f r c; m­
parative tracer tudie , t ee if the tracer are di.reedy comparable under eh conditions 
of groundwa er £1 w. A noLher gue tion is how far the tracers influence each other if 
they are mixed within one aquifer -ystem (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 
injection 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: 

[ rom the hydrological aspect of getting information on the whol c,uchment a.t equal 
hyclrault' conditions a w IJ as of the on mic.·-d point of view it is of advantage LO 

inject comparable tracers at different places simnlta.ne usly. 
The different behaviour of tracers ca n give i.nformatio.11 on the retardation capa ity 
of a cemiin aquifer. 
The be.havi ur of new or relatively unknown tracer can only be asses eel under com­
plex natural condirions by comparison with that fa well kn WJl reference tracer. 
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. 

f urthermore, rnmparis n of independently obtained insights into propercie f dif­
ferent tracers can be regarded as comparative tracer studies if the test have been per­
formed under closely rel..tted ondicion . This especially is the case if rnultitrncer 
experiments have been perforn1ed with the individual tracers n different flow paths 
but in the same study area simultaneously 1mder identical hydrological conditions. 

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 prcsrudied carefully ace rding the aim. ne 
of the precondition is the detailed knowledge of tbe hydrogeol gic frame 0/. MAURJN, 
1967, H. BATSCHE et al., 1970, H. HbTZL &B. R . .EJO-IERT, 1996). Normally a tracing distance 
is chosen for such experiments, where travel times of few hours up to several days are 
expected. The distance should be representative for the flow condition of the selecred aqui­
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 
mamly chat ofa channel flow with min r contacts of the tracers to the matrix. In order 
ro g ta more represenr.acive result f the tracer interaction with the porous, fissured or 
karsci aquifer, a travel rime along the test distance of several and more days might be 
more appropriate (H. BEHR ·N t aL 1992, H. H◊TZL & B. REICHERT, 1996). 

For the injection of the tracer. exi ting natural accesse to the groundwater, like . wal­
low boles r open fissllr s, r artificial pening , like hand dug weU r drilled well , 
are preferably chosen (V. MAURIN, 1967, W. KASS 1998). ln the case f just testing the 
behaviour of the tracers in the underor und it i l1ot s important if :m additional short 
distance through the unsaturated zone is included bef r the tracer reaches t he ground­
water table. In case of a diffuse distribution of the tracers on the surface and natural 
infiltration (partly also due to artificial irrigation) the percolation or migration through 

. . . . . . . . . . -. . . . . . ~ . . . . . . . . . . . ' ...... . :• :,: ' : ·: ': •:,: ': ''. • '. ' '. • '. • '.- :GRAN11E • :-: •: •: •: • '.-'. • '. • . . . . . . . . . .. ' ...... . .·.·.·.·.· .· .. ·.·.·.·.·.·.·.·.·.·.·.·.· ·.·. ·.· ·.· .. 
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l'ig. U- Test site "Lindatl", Blac~ Fnnm, So,ul~est Gennanr f-xper~me~tal set 1111 in ~he parallel 
u.mnel used for co,rip,ll'at tVe n·acer experiments and lhe mvestigtittun of comarmnam trans­
port along a. defined J,-act11re system. The graph hows the schcmalic expc1•,;meT11al sel-llJI for 
tra.cer experiments (T. T-il .l'/MFWIA :11 et al., 1992). 
T 1!5tfeld,,Lindau,,. Scl:rwarzr&ald, Siidwesulc11tschland: Versuchs,ino!'dmmg im Par,t!lel,tollen 
fiir;;erglefrhende M,irkierimgsversud,e ur,d fiir dw chr1dstof{t.ramport1mtenudumg ent­
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kierungwC'/'snche (T. H/1\IMFJ. IIII CN et al., 1992). 
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the unsatm-ated zone down to tbc grouodwatcr table mi ht last weeks or momhs. Such 
tests sh uJd be carried out where theunsawrated z ne itself or special question of un­
saturated transport is the goal of the investigation (c mpare chapter "Tracers in the 
Unsacmated Z ne"). If the re ults of the tracer comparison pertain co the behavi ur 
in groundwate.l' flow or even to a special type, like p rou r fissured flow rhen the 
injection hould be doned.in:ctly into the groundwater for in ranee by means of a na­
tural shaft or by a well. Wells in hard rocks frequently don't have di.re t co1ttact wicb 
the main flow. ometimes the hydraulic connection occui-s only a!ong inter ·eccion of 
joints reacting like communicacing pipes. In such cases the flu h out of che tracer fr 111 

the well into the aquifer ha to be enslU'ed by a sufficieiir rinse f ·!ear water. 
'The flow direction from the injecrion plac should be known in advance f thccom­

p:u·ative tracer experiment. The ob ervation and ampr ng point, a well or a pring, hould 
be selected directly down tream within the m:iin flow. A tmll'ginal discharge with low 
!ecovery rate may lead to a ":ron_g ½1-terprera~ion ~f the compar~d tracers espe ·ially 
1£ ne f them has a low derecnon limit, so that 1t ant be detected m the cho en sampl"' 
site. On the other han L ,if signifi<.:ant hydrauJi dispersion from t:he injection pla e occur , 
ic can be very he.lpful t ntrol th · whole di per ion fan by several ·ampimg 'tations, 
pecial cesc fields with dense pattern of observation an ampJjng wells (Fig. 1.2) were 

e tabushed in many countries for tracer experimems and th investigacio.n of c 11ta-
111inaot transport (D. M. M.Ad Yet al., J98.6, H. H UL & B. R.£1 ,ERT, 1996). 

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
fers 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
trati n are then too strongly attenuated to be detectable. The recovery r.1te gives , 
chance ro calculate the share f the fast flow component. Bul to c me tc a right inter~ 
prccati m of the ob ened recovery rare for a new tracer, it i. imp rtant that the refe­
rence tracer is an absolute conservative tracer. thcrwi e ·orptivity or possible de­
gradati n of then w tracer n:1ight be ver- r undercsrim:~tcd. 

for the asse sment o.f sorption and degradation processe adcliti nal information 
are necessary o.n the lithology of the aquifer, the mincralo y of th r cks as well as 
the chemical and biological milieu conditions. 

Summarizing the arguments for the selection of certain test areas in connection with 
a planned comparative tracer experiment, it can be rec mmended to select rather a simµle 
aquifer: sy tem. Tes structure -and fl w conditions need to be very well kn ·wn. For 
the comparative experiment n t only the hydrogeologic hara tcrizatioo but als the 
time-depending h draulicc nditions have co be consider d. Otherwise rhe interpretation 
of the comparative tracer experiment ntight lead t wrong conclusioDs regarding the 
properties and suitabilfry of the new tracers. 
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Fig. l.2: '1'11st s1i-e "Bocki'.nger \'Qiesen ", Ileilbromt, oitthwest Germany. f.xperimemal well field in 
•a 4m thid: confined gnrvel aq1tifer along an infiltr,ition /irofile from the bank of river Neckar 
lo a, 100 m distant pumped well. Tha graph shmos the result of a comparative tracei· expen:­
numc with P')'rani11e ( PY), 11apchionate (NA) and lithi1m1 ( LI) ( B. R li!C!IE/a~ 1991). 
Testfeld ,,Bockinger \Vie en", Heilbronn, iidwesuieutschland. Versuchsfehl in einem 4 m 
machtigen, gesparmten Kiesgmndwasserle1:u:r ent.lang eines l nj1ltrttlionsprofils zwischcm dem 
Neckar-Ufer 1111d einem JOO m emfernt gelegenen f.ntrlflhmebnmnen. D,e Abbild,mg zei.gt 
dtts 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 contained 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 
or tritium atoms. However, for several reasons this is not a generally applicable option 
because: 

- 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 tritium. 
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 fu· t and u1dispensable is a physlcal and chemical truccw-e which let the Lrac.er 
travel in such a man~er that it repre ents rhe hy(~·auli par~meter t be n:e.'tsu_red 
perfecdy. T herefore it ·hould not be · rbed to aquifer mat l'1als or lost by £1ltntton, 
lL must be chemically table and not be lost by any process of degrada(ion (including 
for instance microbial attacks). 

- 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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Fig. 1.3: Tracer breakthrough in a comparing tracing test with bromide and tritiated water in a 
laboratory column ( after H. BEHRENS, 1986). 
T racerdurchgang in einem vergleichenden Markierungsversuch mit Bromid und tritiiertem 
Wasser in einer Versuchssaule (nach H. BEHRENS, 1986). 

may sh 'C\v chat id al tracer basically do noL exist (Fig. 1.3). Here two tracer (the bromi le 
,mion an tritiated water) poss ing in.ore r les no ncgacive propcrtie , have I een 
injected simultaneously u1t the flow through a soil column. R.em.arkably, they Jj pl<1-y 
very-dill rem breitkthr ugh and thtts different residence times or flow velocities in the 
c lumn. The reason for that clifferenc is that the neutral tritiated water exchanges with 
immobile water in the olumn, which the negatively charged bromide cannot enter (partly 
due co ion ex lusion). Thu , che tr1tiaced warei· represents the movement of more or 
les the total water in rhe olumn while the br mide represent the freely-moving wa­
ter, the -called flux. f n rbat ·ense, both tracers r fleet diff rent flow parameters in 
am re or les perfect wa each. Therefore, a tracer will always be representative for 
a certain parameter c b dctel'mined. Such and other phenomena (e.g. ·orpti.on, dif­
li.1 i 11) hould be taken im consideration whenever a tra er i selected a a "rcf erence 
tracer" for testing other tracers. 

Classification of Tracers and Some Important Properties 
According to their very different nature, the common tracers are divided into cliff erent 

groups. These reflect on the one hand their physical and chemical nature, on the other, 
however, their detection method. These groups are: 

Dyes, especially fluorescent dyes: The mo t imp rtant group of aU tracer ai pre­
sent is that of the fluorescent dyes which are mainly of the xanthcne type. The rn.tiJ1 
reasons for their p pularity arc: extreme dcte tion sensitivity low or almost no back­
ground abundance in the environm nt relatively easy and quick detection which 
i also verywcllquanritatively achievable, and good environmental t lerance. Their 
orptive b haviour which is differem, varies from low, for uraninc, over modernte 

fore sin to stronger in the _equence sulforhodamines and rhodamine B; it is influenced 
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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 in 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 UV-fluorescing 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 inter£ erence by the fluorescence of organic substances. 
Radioactive tracers: ln t.he 19S0's they brought ab ut a jump in the development 
of hydro.log.i tra er techniques thanks to their sensitive ·elective and precise detec­
tability. Als a wide variety with different chemical properties became available. A 
special type of cl1e e tracer arc the chemically very stable chelat ornpl x s of va­
rious radioactive i otopes (e,g. of chromium, indium, dysprosium, cobalt, gold, and 
more). However, nowadays radio.tccive tracer have lost their imp rca.nce be rnse 
of cnvit"onmcntal objections and due to progress in the decc cabiLlty of< ther tra­
cers, especially of the fluorimetric ones. Trac rs which arc detc ·ted by neutron ac­
tivation analysi are often counted. mong th radi active tracer . H vcver, a-'> they 
are u ed in inactive form they actually repre nc chemica l tracer whi h just use 
radioactivity for the det ction - thu · n t p sing related environmental problems. 
An advantage f radioactive tracer is tbat uffo.:ient radi activity i b und on very 
small amounts of matter. Thu radioa rive tracers normally d not present a chem:ical 
poi onous ·srr s t the environment. Du · to the radioactive decayl they disappear 
"automaticaUy''. 
Particulate tracers:. everal type · f natural matter exi ring u1 small UL1its hav been 
prop sed and used as water rrac rs. Lycopodium sp res were used y temati­
cal ly since chc 19S0's, besides others also by eh arst r earch group in Graz (see 
V. MA URIN &J. Z TL, 1959) where great improvements were achieved in respect 
tO techniques for the spores preparati 11" a speciality was the colouring of the pores 
wit!, three different dyes, s · that four discernible tracers reJ ttlt I. The scale was further 
expanded by W. KA (1998)wh developed the dyeing of pores with three fluorescent 
materials. The ize of spore is ab ur 30 pm and their fom, allow their identification 
under the microscope. 
Bacteria ha ve already been used as tracer si.nc:e the end of lhe 19'11 emury, at that 
time m:unly to investigat the propaga ion of bacteria in water supply installation . 
To be suited as water tra ·ers in hy<lrologic sy ems, the bacteria sh uld have some 
propertie lil e: rhey sh uld survive r ufficiently long times in the hydr logicsy­
. terns, however not repr duce. They should be ab olutely non-pathogenic. Por eh 
dee ction they sh uld f< rm olonie easy ·co identify. T be not distw-bed by back­
ground · they h uld not l resident in the sy tern under investigation. These re­
quirem nts are very weU fulfilled by Sermtia rnarcesccnce, whi h produces bright 
red ol nies n agar plat . Also E cherich£a coli has succcssfuUy been u e<l a wa­
ter tracer. The ize of bacteria is mainly in the I µm range. 
Another cype f microbial tracers aye viruses and phages: Whilevirnses are path -
geni to animals (including man) and plants, phages are s only t bacteria. There­
fore phao-es are .trougly preferable co viruses for u. e as water tracers. Like for bac­
teria, th field of application of vi11.1ses and phag s 1s mainJy for reconnaissanc of 
spreading of pathogens in hygiene i sues. However, phag s have also beeo u ed a. 
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water rracer e pecially m karst ysten,s, on long flow conduits. The size of viroses 
and phages ranges below that of bacte,·ia down to about 0.2 µm. 
In contrast to the described particulate tra ers of natural origin, a further type of 
wa ter u·acer Jre artificial microspheres which are endowed with fluorescent dyes 
for their detection, and hav been developed among ot her ptu-pose · fonesring blood 
circulation. Ltk the spores rhe.y are identified and counted, ;i.fter fihnitiort, under 
the microscope, w hereb their adh ring fk,orescence greatly helps r find chem. f 
all the Jiffereot type , nJy the neutral forms with a polystyrene matrix were found 
to be uscfo I a tracer che ochers were alway lost completely in groundwater systems 
pre tunably by sorpti n. Microspheres are available in a wide rano-e of i.ze ; if they 
are applied in a size of about 1 µm, then they can . erve t simubce the cransporr 
aqd spreading of a bacterial contamina tion. 
All particulate t1;acers ha e common propagation properties: they can be lost by 
filtration or sedimentation, and have been found to reappc;lT moscly only in small 
yields. [t appears that they need fast and best close to rnrbu1ent water flow ro be 
cranSp<?rted. ~herefo~·e, they frequently show up at t~,e beginning of the breakthrough, 
some tJm pnor to dissolved wat r tracers and decline fas ter than the e; the loss race 
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
. i t of the- rw componenr , anioJ1 and cation which dis ociace after dissolution. 
Therefore, in principle, wid1 the use: of a salt two substanm have been introduced 
which both can ace a a tracer and according to the ir different physico-che111ical pro­
peni , , display different tran p rt prop rtie . The effect of rev rsib.l ion exchange 
of cations which restuts in their retardation compared to tbe flow of water, · mo­
derate m karsr S)' tems with their mo tly moderate ratio of sorb.in1:> u1faces and wa­
ter voll11ne; however, it can seridu ly increase in fine-gra,ined unconsoJjdated aquifer 
( and and ilt). Mostly ne of the salt's components is analy ·ed a a tracer, However, 
if both have trace1· character (thac mean low backgr tmd anJ high detection sen i­
rivity e.g. li thium bromide), then tht-y can be used, together, for comparative tracer 
tests. Salt tracer breaktlu·oughs are ea ily detected just by che increase of e.lect rical 
·onductivity of rhe water, howeve.r n n-specifically and w itl, low dcrcctio11 sensitivity . 

.Betrer suited are specific chemical reacti n like titrati n ·, and nowadays ever more 
in!itrumental analyrical technique, , like ion chrornat graphy and variou · kinds of 
spectroscopy. Of other hemicals different types of cornplexes, especially the chelate 
complexes shall be menti ned which until now have pr ven g a t:tacer pr percies, 
and possess fu rther potential f r deriving ne tracers. fall salt tracers, the br, nude 
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 simultaneously; 

- 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 cliff erent 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 i.t~ected 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. 

One approach could be to make tests in systems which are hydraulically very well 
explored and thu can serve as calibration courses (somewhat similar to the calibra­
tion of hydraulic measuring devices in a hydraulic laboratory). This can be done for 
example in. porous aquifer which is pumped in such a manner that all the water from 
a distant injc tion site reappears in che production well. If at least for one tracer a 100 % 
rcc very has been found cl1en the test field may be suited for the determination of the 
wanted sorption parameter. However, it seems almost impossible to obtain precise data 
on flow velocities i.t1 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 especially I< ng, can give exact 
data on the relation between water and tracer flow vel city. for ·1..1ppon, proccs es 
which n.re resp nsible f r retardation, like · rption or roatrix diffusion, can be i1we ti­
gated in adequate tests like batcb s rpLion/dcsorption experiments. Finally, critical eva­
luaci n of ex erience gained in field tests c uld al o contribute to some clarity about 
tracer transp rt velocity. 

After experiences rri.-ide hitherto, the bromide anion seems to be the best candidate 
f r a reference tracer among the escabli hcd water tracers, and for research on tracer 
propertic it should be in luded in c mparative experiments whenever possible. Tracing 
with spiked water (deuterared or t1·itiated) could serve as a reference tracer which in­
cludes the xchangeable water in the ysce1n. If there are differences in the breakthrough 
berween br m.ide and spi.L ed water, then this difference can give information about 
chc ratio of che ex:changeable immobile water 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 G- 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, a very 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 ref er 
to the fraction of initial concentration which is applied preferentially in connection with 
step input injections: 

(1.1) 

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

M -1 [ -3] 
Ctnorm = Ct · in m • (1.2) 

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 off= 105 

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: 

(1.3) 

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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v max = maximal effective flow velocity determined by the time of first detection of 
the tracer (begin of breakthrough, tbeg), 

Vdom = dominant effective flow velocity determined by the time of the maximal tra­
cer concentration (tdom), 

Vmean = mean effective flow velocity determined by the time of the center of gravity 
of the area below the breakthrough curve (tmean), 

tmean = f Ct · t dt/ f C dt, (1.4) 
0 0 

v min = minimal effective flow velocity determined by the end of measurable tracer 
breakthrough (tend)-

Breakthrougb curves with the ame velocity values but different n rmalized con­
centrations indicate los es of tracer by irreversible sorption r/and hem.icaJ/biologi­
cal degradation of at lease the tracer wirh che lower concentration. 

Retardation with re pect to the reference tracer, shown in delayed an I decreased 
peaks as well as in elongated tailings, can be caused by different factors, amongst which 
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Fig. 1.4: Breakthrough curve of uranine and cumulative recovery curve from a short distance tracer 
experiment along a fracture system at the test site "Lindau" (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 van Uranin und Wiedererhaltskurve eines kleinrdumigen Markierungs­
versuches entlang eines Kluftsystems im Testfeld ,,Lindau" (vgl. Fig. 1.1). Dreiecke und 
Quadrate stellen die gemessenen Werte dar. Die durchgezogenen Linien zeigen die jeweils 
beste Anpassung berechnet mit dem Einzelkluftdispersionsmodell (SFDM) (T. HI MM EISBACH 

et al., 1992). 
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(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 
be included in the theoretical approaches. For more details the reader is referred to the 
comprehensive literature on this topic, e.g. J. 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. Z6TL, 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-EDT A-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 
negative propertie of ornc f them were revealed: diminished reappearance and tailing 
. f the iodide tracer by probable biochemicals rption) retardation o~ cati~:°~c tracer~~ 
1011 exchange and complete loss of rhe mangane e tr,'lc~r by probable msuH1c1 ntstabil1ty 
of the complex (H. BAT HE et al., 1967). 

The different behaviour of the p:1rricuJate tracer (earlier appearance than the dissol­
ved tracer -, reduced railing in the straighttbrough conduit of the Buchkogel, enhanced 
tailing in the Lurba h sy. tern with its many dead waters) suggested that "substantial 
difference.,; in the respon e of different L'ra{:er could reflect essential hydrogeologic charac­
Leristics of the in esrigated ystem ·". 

This event a Grai. inspired future common work on water tracing with periodical 
a1-.rangement of y mp ia, and can be re arded as the foundation of the later ATH. 
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2.2. Danube Infiltration and Riegelenge Tracing Experiments 1967-1969 

The next joint u-acing event w:,s perf rmed in SW Germany in 1967- 1969, thee ·­
perimeats fr 111 now ori precedin the final symposium 1970 in Preiburg (W. KASS, 
1972). One f the selected srudy areas was the region of the upper Danube which lo -
es near Inunen<lingen a considerable fracti n and :n low flow all of its water to the 

l arst und rground. In contrast to the Graz experiment , this time ic was tried t trace 
beside th river infiltrati n itself as many as possibl injection points in tl1e Uffoun­
ding area to obt in a foll overview f the h droge logic sy cem (the reappearance of 
the infiltrated Danube water in a large 14 km distant kar t spring the Aa ·h-Quell 
had already been proved in several preceding tests among these the historically fir t 
apE]jcation of the dye flu rescein by A. KN P, 1878, cited in W. Kii.ss, 19"98). Thineen 
different tracers-(tbe fluorescent dyes uranine and sul.forho lamioe G, the sn.lts odium 
and potassium chloride, brown and green c loured lycopodium pores, lanthane-ED'TA­
complcx and bromide for activation analysi , the radi active chrom.ium-51-EDTA,om­
plex, rwo surfactants tl,e ba tcrium erratia ma.rcescens as a microbial tracer, and the 
more. 'ex tic" fragrances limo11e11e and isob !mylacetate) were applied at 10 injecti n 
l oints. This disu-ibution of the tracers allowed lc ·s direct comparison, however it wa 
again f unJ rhat the ·hromium complex w rke.d very well. while the lanthanum ap­
peared mainly t1 l e transp rted aJs rbed on su ·pend d matter after disinte rat ion of 
the less table c< mplex. n eh orher hand, che t:, mbioarion f ·imultaneou. l[ .injec­
ted tracer gave deepened insights imo the hydrogeologic y tem (l l. BA HE et a ., 1970). 

The Riegelcnge experiment was an early example f combined tracing in a pleisto­
cene u11consoli lated r k aquifer. The rest fi IJ wa developed by nwnerous 2-inch wells 
in three horiz n in a depth between 5 and 45 m and over horizomal flow distances up 
to 30 m. Uranine and the bacterium Serratia marcctsc:ence were inject -cl in tb uppe.r 
• quifer, rri tiated water, iodate as an activable tracer, and a det rgent (at rhe high amoun 
of 30 l g) into cbe medium layer and eosin together with pota ium chloride into the 
lower horizon. Uranineworked well, while.the bacteria were completely lo t by wha t 
was to be a sumed f-ihratiort. Tritium and iodine could not be dete ted, pr bably due 
t high dilution and falling bel w che detection limit , while 1;.hc detc ·gent was found 
i11 a l0 m listant well with a maximal con entration of 1.,200 ppb 60 days after tnjec­
tio11 (tritium wa not measured with the high ensitive t chniquc as used for eh 
environmental isotope but rnther wicb normal liquid sci.ocillat:ion counting). Potas .. ium 
coulJ not be found in any observation well, bm the belor,gi11 chl rid showc l clear 
breakthrough ,urves. The obviou lo ' of the potassium by ion exchange was nfirmed 
by correspondi11g increa e f alcium and magne ium oncentration , Eosin show d 
regular breakthrough cmves, how ver, in comparison tQ the c n.servacive chlor.id break­
thro-llgh som dekiy by reversible sorption was Lndicaced. Jn this xperiment addition­
ally single--wcll tracer techniques and investigations of the environmental i otopes tritium 
and c~rb~n- l4 wer~ succc sfully inc)udcd demonstrating the gain in informnti n by 
ombmatmn f an us mcth d.nloglCS (H. B/\'"l'SCJ I · et al. '1970). 

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 km2

• Again the sequence, first doing the field work and then presenting the results 
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withi.o th frame of a genera l war.enracing ymposium (1976 in Bled) was followed. This 
study wa n t r.he first in this hydrogeol gi ·ally complex system, since the scientific re­
sear h, including tracings, wa alre.1.dy beg1,m in the 19th century. However, it was now 
expected thar the effort of a combined investigation with simultaneous tracings could 
cleat-up still hidden secrets of this important hydrological system. Likewise, the experi­
ments were regarded as a trainjng field for the further development of the tracing tech­
niques and an opportunity for scientific exchange between experts. After extensive me­
teorological, hydrological, speleological, hydrochernical, environmental-isotopic and 
rnicrobiologic 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 injected almost simultaneously on the same day (May 
27, 1975) except the lithium alt whi ·h was applied five days later. The tracing was made 
into 12 dif fercnt ponors. The distribution of the different tracers on the individual ponors 
was made according to their d tection sensitivity (high sensitive tracer at expected high 
diluti n); for imilar tracers (e.g. dycS) which could interfere in the detection, the injection 
point, were selected in uch a wa · that a least 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-EDT A-complex as activable and chrornium-
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 
types which \.v'e1·e treated and prepared in a different way. 

The observation f the tracers reappe,1rancc was ma.inly TTllld • by taking water sam­
ples according ro a detailed schedule. ln addition, for the spores plankton nets and f r 
the dye charcoaJ bags were installed. Allrogecher 35 ampling station. w re perate I 
with a ampling frequence of up r four houJ"s. , ampling wa,,, c>..'ten led unti l 47 Jay 
after tracer injection. 

/\na] se f the ample were mad as oon as possible. Especially in the case of the 
Fluor · nt era er , deterg nt 1 tassiu111 alt and spores a field laboratory was instal­
led. ln the case of special anal tical procedw es, e.g. the activable and radioactive tracers, 
the :;ample were analysed at the respe tivelaboratories in Munich and Ljubljana; char­
coal bag w re analysed in Vienna and the detergent in Freiburg. ln r peer r com­
parison of the analytical reliability of tracer techniques it was agreed hat the samples 
for the fluorc cent trac rs were taken in dupl icate; one et wa · analysed. by rhc Slo­
venian group and the other by GSF/Munich. This comparison resulted in a remarkable 
observation, which without this comparison cenainly w uld haver mained undi do ed 
and eventually would have misled the interpret:arion of the tracer breaktbi-ough: while 
for most of the registered dye tracer breakthrough curves satisfactory agreem nt bet­
ween the two laboratories was seen, espeGially f r the uranine in a few pring dra­
matic differences appeared, which could n t be explained by ana lytical uncer ainti 
(Fig. 2.1). Repeated measurements of these amples showed gener Uy a ontinui.ng de­
crease of uranine concentrations, which fin~.lly stopped after some JU nt.l . At that time 
just the decay of the uranine was stated and a c ntamination by sewage in the respective 
springs was considered as involved in the phenomenon, but n specific process was found. 
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Fig. 2.1: Comparison of the measured uranine concentrations by two laboratories on samples from 
spring 1.13 (Underground Water Tracing in Slovenia 1975) which had been taken identically 
in 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 van 
zwei Laboratorien ermittelten Uraninkonzentrationen (linkes Bild) und spdtere Nachmes­
sungen des GSF-Labors (rechtes Bild); die Proben wurden in zwei Serien fur die beiden La­
boratorien identisch entnommen (nach H. BEHRENS et al., 1976). 

A cording to later experiences microbjal decay can be assumed as a cause for this ef­
fect by which ea ionally uranine, an I even m re so pyranioe, is affecLed. 

All applied rlu rcscenr tracers (dyes and optjcal brightener) delivered clear and easy 
t .interpret breakthrough curves in the different sprmg grollps f the Lju blja.n.ica (Fig. 2.2). 
ulf rhodamine G which was ioje ted m st to the N (Hotenka polje) was also detec­

ted in almost oppo ite direction in springs at the Jdrija river. The tracer concencrati n 
reached in tbe mai11 passages values of about 10 ppb, which is very pr pcdor the tracer 
detection; this fact confirmed that choice of the amounts of injected tracer material was 
optimal. The optical brightener Tinopal CB ¥X did not fully meet the high expecta­
tions behause of low solubility in the natura.l watel' and high backgrow1dflu rescence 
values, however, in the observed concentration ran,ge also u eful information wa ob­
tained. The lycopodium spores yielded very detailed informations about flow paths in 
the whole study area which can not be listed individually here. However che green 
and the brown spores which had been injected at the ame poi.n , h wed discin t re­
coveries. This was attributed to differences io the prepar,1tion of the two sp re types 
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Fig 1.2: Distribution of the fluorew:n.t ti·acen- in lhe L1ubljanic1i catchmcnl an'a £n the comparative 
t7;.acer expl'nmenc 1975 (from R. GO.,f>OD/\RI • & P. H11R/ 1976). 
Uberblick iiber die im Ein-1.1~gsgebic1 der Lj11hjanica im vergle1 henden /11arkienmgwersuch 
1975 nadJgewiesene Ausbreittmg der F/1,1,oresxenztrna>r (au.s R. G f>OD/\RI & P. H HI<~, 
1976). 

which may have effe ted diffet,ent swelling and other physical pr pcrcies and rhtis be 
a hint on poss:ible se.nsicivity of tracer tran p rt behaviour against smaU variations of 
their phy ·ical or chemical strucrure. N even:.heles the value of this old method for karst 
inve rigations wa thu agauJ c nfirmed. The potassium alr delivered also inf rma­
tion 0 11 some connections, however, becau c of relatively low detection ensitivity and 
hjgh background values the ujtability of thi. t racer i . limit d. The lithium tracer suf­
fered also from the proble.(rl, but co a lower excent. lts breakthr ugh curves gave good 
1nform,u1 n on flo~v nnections and resi lence times, however, the recovery was dif­
fic\1lt co calculate on ac · unt of om' il)cercamty of the background values. The radio­
active clu·omium gave a good bl'cakthrough information with more than 60 % reco­
very in ju l one spring and a mu h smaller one iJ1 a ncigbb urmg spring. The a ttvable 
mdium indicated the ame flow connccti.on as the .lithium, how ··ver with some dif-

121 



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 injection. 

2.4. Muota Valley (Alpine Karst, 1979-1980), Neuenburg 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 Neuchatel another karst area, the Neuenburg Jurassic, 
was proposed. 

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

- rest and comparison of the available tracer. under the condition f this stem, pe­
ciaUy in respect to the strongly differemjac d rock "tructure with clay interlayer , 

- further hydrological rcconnaissan of the local and regional kar t sy tem and it 
draining proccs cs, especially with the advantaBe f investigating the different om­
ponents of the system imultaneou ly under th ·am· hydro\ gi al ondi ion with 
the mulritracer techniqu . 

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 lithium 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 
by using different pH-adjustments. Improved solvents for extracting charcoal bags were 
applied. Thinh1yer chromatographic separation was especially tested for the resolution 
of dye rnixrnres in charc al extra t . However, while there was satisfactory discri­
mination with the direct peccr • copy of water samples, the investigation of charcoal 
extrncrs suffered mainly from interfere.nee by unknown water ingredients, among these 
probably humic substances. 

From the new tested tracer materials, the tinopal A.BP was not satisfactory, mainl 
due to _e or dctew1bi.Licy. ln contra t, the flu .rescently dyed - pore were found to b 
very effective iJ1 r spect to their m re easy detectability with help of flu rescence mi­
crosc py. The lithium pr ved again as a go d tracer, while the sodium alt and also 
the detergent gave relatively poor re ·ult mainly due tc their limited sensit.ivit of 
detection. Th information n the influ nee f orption on the migration o.f the dis­
solved tracers was limited because, due to the distribution on different injection point , 
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. B6GLI & 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 & 
J. G. ZOTL, 1980). 

Most of the comparative studies of underground water tracing bad been mad in 
karst and to a lesser extent also in fissured rock aquifer · where the influence of the 
solid phase surface on the tracer transport (e.g. bys rption, filtration etc.) is relatively 
limited. However, much more serious problems in this respect arise in uoc nfine<l por us 
aquifers with a much larger ratio between of solid pha e urface an<l water volume. 
Because the application of water tracing has in reasingly turned to invesrigati ns in 
such media (e.g. for demarcation of water pr tection zones or <lisper ion of contami­
nants), there is strong demand for knowledge on uitabiliry f the establ.ishe I tracers 
andp sibJy new more perfect materiaJs for this purpo e. The experiments in the Lan­
geten valley were an attempt in this direction. Ther specrive aquifer consists of alpine 
Quaternary ra els which is developed vcr an ex.tension of more than 3 000 m by a 
good number of b ervati n well and has a downstream outlet in springs. 

Tn the experin, ' 11.t six tracers were applied in three pairs: 20 kg of eosin and 100 kg 
of cinopal ABP, 10 kg f uranine and 100 kg of borax, and 205 g of indium-EDT A to­
gether wirh 15 mJ of a odium hloride brine were injected on April 28, 1979 into three 
elected wells, with flow d:i · anccs up to about 3,000 m to the downstream spring area. 

Sampling from wells and springs was done for about one year. While uranine could 
be followed over the whole extension of the aquifer, the b rax wa onl, found u1 che 
most close observation well with a roughly compatable breakthrough curve but how­
ever half the relative maximum concentration. The yield of ura.nine in Lhe downstream 
springs was about 5 %. The eosin could be foll wed half the way at much lower con­
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, 

- to do 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): 

LEVIDI o 

TRIPOLIS o 

0 MEGALOPOLIS 

TRACER INJECTION 
K2 Pyranine 

Sodium chloride 
K4 Uranine 
K5 Rhodamine 
K6 Red spores 
KB Naphtionate 

Fluorescent spores 
(Acridinorange) 

K9 Eosin 
Potassium chloride 

oNEMEA 

K12 Phagus H5 

0 1 2 3 4 5 6 7 8 9 10 km 
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@ii INJECTION POINT 

--TEST1984 

········ WATERSHED LINE 

K19 Coliphage "fz" 
K26 Chromium-51 

Coliphage "G" and "fz" 
K43 Tinopal 

Fluorescent spores (Tinopal) 
Lithium chloride 
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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. M ORF IS & 
H. ZOJER, 1986). 
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- the six fluorescent tracers uranine (K 4), eosin (K 9), rhodarnine 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 f2 (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 113 and S 106 
(Anavalos) were submarine karst springs in the Gulf of Argos, where special installa­
tions for sampling had to be made. Furthermore seven small submarine springs at the 
A1·gos c a tline were included. The inve ig:ttioo · were mainly made b rnkin wa­
ter samples which were brought to the respective laborat ries. In Kiv ri, at the Gulf 
of Argos coastlinie, a field laboratory was installed, where majnJy the tests on the pbages 
w ere pe1forrned1 and simultaneously this lab served al o as a logistic enter for c Uecting 
antl reo-istration of the water sampl . The obscrvaLi n I y water sample. k ted mainly 
until the end of April 1984 ex ept monitoring for salt c: ncemrn,tion and exp sition 
of char · nl bag. whi , h was c nti.nued over 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 were exrosed, m inl over intervals of one 
day in the begin and several days with proceding o thee periment; harcoal sampling 
was extended over several months. Example f comparison of results from in itu mea­
surement versus those of samples as well a:, from charc a1 are iven i.n (ig. 2.4. It was 
found that pyranin whi h came out in Lad .na spring ( 18) decay d str ngly within 
·everal days in the samples; the uranin ~ whi h appeared aJmost sinwltaneously in d1e 
same spring wa als degrade I bu · at a lower rate. Eo in prov d to be hilly stable in 
the samples and rh ,damin B als did o. A more or less funny but not unimportant 
experience wa made during che lacer analysis of the many samples in the IGME 
laboratory: here a flu rcs en e wa, letected which could be attributed to rhodamine 
B n behalf of the . pectra, wa f und sporadically in amples Fr m the whole tudy 
area. This was in a manner which could n t be explained with hydraulic flow paths. 
Finally a connection with the pretty red n;:iil paint of a bb w man operating the 
spectrofluorimeter was supposed. After removing the paint and thoroughly leaning 
the hands the ghostly tracer evidence had vanish d. H we;ver, this may lighten the fa t 
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
be·. ln other springs sampling by flow of water throughchascoal columnswasapplied; 
by this emidunenr cl, d tection limit wa sp ificd a one nCi/m~. Th injected am um 
of chromium-51 was lJ Ci. Comparedwichurnnine, thi would be equivalent with about 
20 I O f the ;ye but certainly at needed measuring times of a~nost a quarter of an ham 
per :.-amp! . The chromium~S I, injected inco the ink.hole of Kanata, appeared with a yield 
f 95 % in rhe pring · f Kiveri ( 1.13) and a very small rate at Xovrios (S 160). 

Complex re.suit were obtained wich the spores. nJy the blue dyed spores appea­
red in larger number in th spring tymfalia (S 7). AU other spores and also the blue 
p res in other springs appeared only sporadicaUy in very small numbers, so that no 
ound values for the r appearance and only the flow velocity to S 7 can be gi: en. At 

least some flow connections were proved, albeit with low percentage of the infiltra­
ted water or poor conditions for the tran p n of the pani ulate tracers. 

The comparison of ttaccr which had b en injected into the same sink bole gave only 
limited information. The acridine range dyed ·pores were only f und sporadically at 
low unts in ·prings S 110, S 111 and S 112 (Arg group)while naphthionate wa onJy 
detected at spring S I LO at I w nceocration of O 3 ppb with unclear differences f the 
regi trated breakthrough time between differenc inv lved laboratories. The combined 
tra ing wicb lithium chlo1·ide tinopal and ti.nopal-dyed sp re in K. 43 gav nly sp -
rndic i.adicaci n lo"e to the detection limit, in the spring Kastania (S 182) wher aU­
togethcr five spores were found and aL o some indications f lithium; the existence of 
a fli w connection wa · hardened by two sample with tinopal just above the detection 
linut but not ufficient for construction of breakthrough ctu-ves for deLailed compari­
' OO on chi obviously meagre flow c nnection. Beuer information was obtained from 
the injection of chrom.ium-51 and phagcs G, b th injected in Kanata. Both were detected 
in the Kiveri spring (S 113) and at smaller rnre at Xovrios (S 160) in the same time pe­
riod. However, in comrasc c the homogeneous breakthrough rnrves f the . hromium 
tracerwitb ·calculated outcom f morechan 95 %, the phage yielded only about20 % 
with m re rugged breakthrough urves; another breahhrnugh f the pha.ges in Lerni 

l 11) wa n t found with che hromium tracer. Go d agreement was obtained bcc­
ween rhe pyranine an l th · odiumchl ride at pringLa<lon( 18),a wclJa incheflow 
time as in the reappearance of> 67 % and 80 % respectively (the pyranine was airea­
dy partially degraded when quantitatively analysed). The situation with the uranine 
and potassium chloride injected in K 4 was similar with corresponding flow velocities 
to spring S 18 (uranine: 2,616 mid and potassium chloride: 2,717 mid) and reappearances 
(uranine: 86 %, salt: 80 %). 

2.6. Combined Tracer Experiment in the Lurbach System 1988 

After the pasr multitracer experiments with many injection points in a large stlldy 
field, it as n w decided t perfonu a tracing action with limitation c ne flow syscem 
for comparis n of all actual tracer under identical flow condition . The hydrogeolo­
gically and hydraulically very well expl . red Lurbach sy tern near Graz wa cha en 
for thi purp se. Thi karst . yscern ha<l already erved as a te t field for the first com­
panl'tive test field in ,the fir t common exF erirnenc 1966. ven in. titute participated 
in rhe t - ·t . The test flume was the reek which 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 
sa.mp~ng points were checked at least for the dye tracers by the "Institut for Geothermie 
und Hydrogeol gie" (IGH) in Gral. The fluorescent tracers were measured by allin-
titutes as far as ther wer equipped for this rra r type, CXC pt the naphthionate which 

was nly measurec by _!he' Institut Hir Hydrologie in Frcibut'g' and by GSF. J □ the 
analy i f the dyes difficulties aro e by the spectral overlap of them in the rnixwre 
which had t be overcome by ·pecial sample treatment and corre ring calculaci ns. So 
far, this experiment as al o a comparison of the analytical P!:!ti nnance of the invoJved 
laboratories. M1cr spheres were on1y measured by W. KASS bromide and indium­
I 14m only by the GSF, phages only by the li~stitute of Biology in Ljubljana, hlnridc 
nJy by the IGH, and lithium only by W. KASS and GSF. 

For the comparison of the different tracers the breakthrough curves from the Ham­
mexbach were normalized to the injected amounts. It was decided to regard the bro­
m.idcwh.icb appeared to be the most con ervative tracer, as a reference. All the tracers 
'hawed breakthrough curve · f rhe same :;hape as it could be expected in this system 
with low influences e.g. from sorbi:ng wfaces. However, there were differences in the 
yield (reappearance) and in the rability f the different tracers which has to be seen 
under the fact that the kar t inflow i omewhat 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). 

- Eosin 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 amounts and 
time of injection ( after H. BEHRENS et al., 1992). 
Vergleichender Tracertest am Hammerbach, 28.Juni 1988: die getesteten Tracer, ihre Ein­
gabemengen und die Eingabezeiten (nach H. BEHRENS et al., 1992). 

Tracer Amount injection time 

Pyranine 5 kg 09.00-09.02 
Microspheres, YO, 0,89 µ 6,5 X lQl0 09.15 
Microspheres, YG, 0,95 µ 5,3 X lQl0 09.15 
Microspheres, BB, 1,00 µ 4,5x lQl0 09.15 
Phages P22H5 8 X 1014 09.28 
RhodamineB 4kg 09.34--09.36 
Sodium bromide 50 kg 09.55-09.57 
Lithium chloride 100 kg 10.10-10.12 
Indium-114m-EDTA 60mCi 10.22 
Sulforhodamine G 3kg 10.25-10.29 
Eosin 5kg 10.35-10.38 
Naphthionate 25 kg 10.45-10.48 
Uranine 2kg 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 (Jette 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 GSF. 
Sulforhodamine G had clearly losses by sorption; however, the RRB's varied stron­
gly with 106, 7 4, 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, BB and 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). 

129 



"00 

• ,ro 

3 ,00 

2 :Sc 

2 00 

l !iO 

l 00 

D 00 
~ 
8 

.. 
"' D 

::i 

(\ 

\ 

n 

I \ 
/ \I I ~ 'A ft I( 

I u ~ ~ V \/ \ I 

j / \ i-..... 
!ii ., 
~ 8 

Flow time I h J 

m 
D 

K-

~ 
.., Ill 

i'l ~ 

Fig. 26: ·rrndng experinu:nt /988: breakthrongh cnrves at 11,i.mmerb(t h spring of the tracers poly­
s~yrene microphere~ (sqacires) a.nd phage P22!-15 (triangles) compt1red with bromide as a re­
Jerrmce (boldja.ced line), nfwr N. /J1111111'.N. et al. ( 1992). 
Markienmgsverwch 1988: Durchgang der Tracer Pol,,s,yrol-Mikrol?ugeln (Q11ad1·11t11) und 
flht1-gen r>22H5 (Dreie,:ke) im Vergleich %um BromiddH,rchgang (feue K1irv11), nach H. B£HRf.NY 
er al. (7992 ). 

The microspheres were together with the phages the only tracers which reappea­
red at very low counts also in the Schmelzbach and thus indicated a very weak flow 
connection to this outlet (RRH = 0.1 %). 
Phages reappeared with a breakthrough curve similar to that of the dissolved tra­
cers in the Hammerbach spring however, witb lower recovery (RRB=4.6 %,) and 
with less tailing (Fig. 2.6), a bebaviom which is frequently observed in the breakthrougb 
of particulat matter due to transport prevailing in the m:iin flow. 

- Chloride, this trncer was that hloride which with the ~rhium salt n.ecess,irily was 
injected (chloride content in the lithium chloride: 83.3 %). The breakclu·ough curve 
of this very conservative tracer was of good ·hapc, however, du<! to uncertaint i · 
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. KRANJC, 1997). 

2.8.Resume 

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 where nor or only with re.~ervation, where 
deficits are and how these can be overcom . The pa t work of the ATH was mainly 
dedicated to this task. The experiences in the tracing of groundwater have shown that 
incompetent application of the tracing techlliques, so easy they appear (just throw any 
tracer substance into a sinkhole and look for it reappearance), can le.-1.d LO wrong r -
ul ts. It ha been found that in grnundwater tracing the structure of the investigate I 

systems has a strong influence on the trnccr pe.rf rmance and that vice versa the u·a­
cer pr pertics play a role in this interaction. The main problem are sorption of tra­
cers, filtration or sedimentation (particubte tracers), instability, perturbation of tbe tra­
cer detectability by background signals ere. So far the "ideal Lracer" w hicb i o t impaire l 
at all and yields the desireJ inf mw:ioo corre ·tly in all re peers, ha n t yet been found 
and is n t likely t ome in the futw-e. H wevcr competent application of the know­
ledg~ available unriJ n w i a s und ba is for succesful work with the LO I of "'ater 
trac.m.g. 

Dw-ing the worl of the ATH g ad met nodological progresses have been made e.g. 
in th dctecti n techniqu s of the m. Sl important tracers, the fluorescent dyes. The 
range f these and other tracers has been extended by several new tracers. Important 
progre was brought by applying the procedures on the field of contaminant trans­
port. Sufficient exp · riencc has been gained by the practical comparative application of 
the tracing t.eclmiques, uch that it systematic evaluation is a good starting point for 
continuing w rk n water rra ing devel pment. 

3. Test Sites 

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

h. ha been argued time meltwatcr movement through temperate glaciers is analo­
gous to groundwater flow in karst aqulfers (R. L. SHREVE, 1972, D. E. SUGDEN & 
B. S. J HN 1976). In both sy rem. , fl w occurs through a porous aquifer as well as 
chr ugh a fissured sy tern of c mprising caverns and cavities. However, the chemical 
and physical qualities of water in tbe tw ystems are quite different (Tab. 3.1) . 

. aft tra e_r. ha~c previ usly b_1ten used \n groundwater i.nvesti~~tioos including 1i­
th1u111 hi nde (LiCI) and tront1un1 chi nde (SrCl2·6H2 ) (W. KASS, 1998). 

Due to the very low levels of minerafu,ation in glacial melt.waters the u c of salts 
seemed to be opportune in tracer experiments on glaciers. The nanira.1 conccn.trari.on 
of lithium and strontium in the meltwaters of Vernagtferncr (Prnvin ·e Tyroi Aus ria) 
are approximately 1 µg/1 for lithium and 5 µg/1 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 Eigenschaften van Karst- und Gletscherwiissern. 

Parameter Karst water Glacier water 

Temperature Medium seasonal surrounding temperature plus 2-4° C 0-1°c 

Conductivity 400-650 µS/ cm 4-12 µSiem 

Turbidity 0.l-30TU/F 5-S00TU/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 km2 

temperate glacier in the Oetzvalley, Austria, in August 1998 (Fig. 3.1). The tracers ura-
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Fig: 3.1: Location map of the geographic situation at Vernagtferner. □ - test area, fig. 3.2. 
Ubersichtskarte zur geographischen Lage des Untersuchungsgebietes. □ - Untersuchungs­
gebiet, Fig. 3.2. 
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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. Two 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 Mehrfach-Markierversuchen am Vernagtferner, August 1998. 

Experiment 1 Experiment 2 

Injection point Moulin, 3,022 m a.s.l. Moulin, 3,015 m a.s.l. 
Injection date/time 9. August, 1998/14.35 11. August, 1998/11.25 

Tracer weight [kg] weight [kg] 
Uranine 0.04 0.10 
Sulforhodamine B 0.10 0.20 
LiCI/Li 0.89/0.146 1.12/0.18 
SrCli-6H2O/Sr 3.089/1.015 4.0/1.314 

Sarnpliug poim Mittelbach Schwarzkogelebach 
Dist:111ce from injccti n point lmJ 1,592 1,474 
Distance fro111 glacier snout lm] 525 570 
Discharge [ml/] 3.52 3.70 

3.1.2. Results 

The imiJar behavi ur of the in~ulcaocou ly i.njecccd tracers in the g.lacial drainage 
seem arc clearly cvid nt (Fig. 3.3). AJJ four tracers show very imila r J"eturn cw-ves, 

tra1Jsit rim s, flow velocities, and di per.sivitie . 11 wcv r, re overy rates differ signi­
ficantly, ranging between 24 and 92 %. T he recovery races f each of the tracers in 

th experiments are shown .in tab. 3.3. 

Tab. 3.3: Recovery rates for the tracers used in experiments 1 and 2. 
Wiedererhalt der in den Versuchen 1 und 2 verwendeten Markierstoffe. 

Tracer Experiment 1 Experiment 2 

Sulforhodamine B 80 % 88 % 

Lithium 76% 73 % 

Uranine 54% 61 % 

Strontium 25% 23% 

Higb rec very rates f r sulforhodamine B are a consequence f both little adsorption 
c u pendcd sediment in ~lac1aJ runoffs and itS light-resisl-ance. The lithium ion, even 
eh ugh light-re. istant, hows a light tendency to ard either sorption or i n-exchange 
011 bedrock and turbid matters. Uranine ha been pr ven c be light-sensitive 
(P. l. MART & l. M. S. L/IJDLAW) 1977, H . BIJ.HREN & G. 'T'EICHMANN, l982), and in­
tensive radiation with a high 1N-conrenr at midday and at high alticud (nearly 3,000 m) 
may have aused ph tochemical decay of urao.ine in the pr >glacial tream before the 
observar.i n point. The trontium ion s ems t be tr ngly orpcive and tends co ion­
exchange. 
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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 

120,0 

00,0 

Of the four tested tracers, sulforhodamine Band lithium chloride appear to be the 
most useful tracers in glacial meltwaters. Uranine is a useful tracer, if it 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, SW Germany 
(R. BAUMLE, F. EINSIEDL, H. H6TZL, 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. KAss, 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. S. D. FOSTER (1975) and I. 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. HIMMELSBACH et al., 1992, 1998, R. BAUMLE et al., 2000). Although many different 
tracer· wer utilized by these investigators, no methodical study was performed until 
now in order to ad,i ve a comparative tracer characterization at the Lindau test site. 

The objective of this paper hence i to describe and to compare the advective-dispersive 
and the diffusive tran port behaviour of the most common and of some recently 
developed artificial tracers for small-scale experiments 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 

The Li.odau test site (Fig .. 3.4) is located within the Albtal granite Pluton (Southern 
Black Forest, SW Germany). 

Tb~ spars ly fractured ofraniticr ck i almost vertically interse ted by a N- striking 
ore dyke. The chicl ness o the dyke varies between a few decimetres a.ncl 3 m. The per­
meabifa I of rhc dyke and its contact zo.ne is ome m gnitude. higher than eh per­
meability of the adj"acent granitic rock ,1s a result of imense fracturing by cect nlc shear 
processes, hydrot 1ermal alteration1 incrca .ed wearheriag by descendant aqueous 
solution and of cavities created by the di olution of the more soluble ore minerals 
uch as flu rite and barytc. The hydraulic conductivity of the granitic rock varies between 

5 x 10-10 and l X 10-s m/s whereas the K-values for the dyke range from 5 x 10~ to 
1 x 1Q-4 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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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 Lindau mit dem Eingabebohrloch Bl. 8 und dem Beobach­
tungsbohrloch 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 in tab. 3.4. 

Experiment no. 1 was carried out in March 1999. The recently developed fluorescent 
dye tracer T 4 (F. EINSIEDL et al., 1999a, 19996) and uranine were injected simultane­
ously into well Bl. 8. The tracer volume was 11 and 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 (CL Solvent Green 7), 
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Tab 3.4: Summary of the experimental design for the two comparative tracer experiments. 
Zusammenstellung der Daten zum Versuchsaufbau der beiden Tracerexperimente. 

Experiment no. 1 

Date: March 1999 
Injection borehole: BL 8 Production rate: 0.8m3/h 
Observation borehole: BI. 10 Injected tracer volume: 11 
Distance: 11.6m Volume of chase fluid: 20 I 

Tracer: Uranine T4 

Injected 
0.5 0.25 

mass [g] 

Experiment no. 2 

Date: Sept 2000 
Injection borehole: Bl.8 Production rate: 0.6 m3/h 
Observation borehole: BL 10 Injected tracer volume: 21 
Distance: 11.6m Volume of chase fluid: 5 I 

Tracer: Uranine 
Sulpho-

Pyranine 
Naph- Br- a- Li+ Sr2+ Fluores- Fluores-

rhod.B thionate brite YG brite Red 

Injected 
1.0 5.0 5.0 20.0 

mass [g] 
362.0 436.5 85.5 198.5 - -

Injected no. 
of particles 

- - - - - - - - 2.3 X 1010 2.3 X 1010 

ulphorh dan.unc .8 ( . f. Acid Red 52) and sodium naphthionatc, the salt tracers tron­
ciu m bromide and lithium chloride and the fluorescent polystrene latex microspherc 
Fluoreshrite1'J.·t YG (yellow,gree.11) and Fluoreshrzte'l'M Red. rluore brite Red was used 
the first time as an artifi ial tracer. The microsphere with a diametcl' of 1 µ are elec­
tro tatically neutral. Further information on th chemical and physical properties of 
these tracer a.recovered in detail by W. KA&5 (1998). The average production rate during 
the eicperiment at the bor hole BI. IQ amounted tO appr ximately 0.6 n.,3/b. The distance 
frorp the injecti 11 t the observation b reh le is l1.6111. Recent research at the Lindau 
rock te t ite highlighted tbe influence o{ th iojecrio.a type on the mea ured break~ 
through curve (BT ) f r malk ale tracer experiments (K. WrrTHO ER, 2001). 
According to the e results, the use of packer :ystems is recomrnen,ded. A double pack~ 
was therefore inserted Lnto the injection bor hole BI. 8. The packer test interval of 1 rn 
corresponds to a volume of 3.41. The tracer volume (2 1) and the volume of the cha e 
fluid (51,) wer reduced to the mallest po ible a111 \.111t in order to minimize tlle initial 
preading f the tracer plume around the injection borehole. The in·ecrion could b 

ace ,mplishcd within 20 s. 
The fluorescent 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 ~.oncentra­
tion were measured by AtomicEmis ion pectroscopy (laboratory of W. KASS). Jonie 
chromatography was ti ed rodeterminechechl.01idea11d bromide ontent of the samples 
(laboratory of the Envi.ronmental Research Centre, Univer icy of Karl nihe), The micro­
spheres f the;_250 ml ample were c llnted using a fluores ence mi r scope (labora­
tory of W. KASS). 
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3.2.3.2. Modelling Concepts 
One-dimcn ·ional analytical s lucions to the transp i:t eqt1ation were applied for the 

modelling of the convergent flow tracer tests. The applied m dels po nihte that the 
tracer behaviour is ideal, i.e. that neither orption nor degradation or chem.i al reac­
tions will considerably affect the tracer rra.nsp rt. AdditionaUy, density effect are 
assumed to be negligible despite the hjgh tracer input concentration . Tt was further­
more assumed tbat the onclitjoo of an inslantaneous inje tion which can be mathe­
matically expressed by the DTRAC-<ielta function, i fulfilled. 

The well-known ordinary Advecrion-Dispersion Model (ADM) by A. L1;.N A & 
A. ZUBER (1970) was con ider d an appropriate approach if the diliu .ive tran p rt from 
the fractures int che adja nt rock matrix ater is either negligible r, a f r the micr -
spheres does not occur. The ingle Fissure Di persion Model (SFDM), developed by 
P. MALOSZEW KJ & A. ZUBER (1985), assumes that the fracture system can be sub ti­
Cllted by a single fracture. This mo lei account for diffu ion processes into an adjacent 
infinitely ext nded matrix. The c ncenrration Cat the pr duction well can be cxpre~sed 
in term of the mean resid nee time (to), rhe Peeler number (Pc) and a third fitting pa­
rameter (a): 

aM . ~ tJ [ Pe(to - -r)2 

C( t,to,Pe) = -- 'v Peto exp - ----
2nQ o 4to't 

(3.1) 

where 't 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 ( np), the fracture half width (6 ), the molecular diffusion coefficient in free water 
(Dm), the tortousity factor for micropores ('tp) and the constrictivity factor (E) by: 

_ np ✓EDm (3_2) 
a -26 •p · 

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. l. Tracer Performance 
Figure 3.5 show the tra er BTC and the relative recovery RR for experin1ent n< . 1. 

lo comparison L the conservative tracer w·anine, the new tra er show the ame tran.s~ 
pnn cb,ua teri ri during the [I w du·ough the fra cure sy tem. Thu , it can be u cd 
as a reference (ideal) tracer. The peak f eh C/M-dat-a and the tailing of the flu res~ 
cent dye T4 demonstrates a min r difference which can be interpreted a :, rc ·ti.lt of 
matrix diffusion. 

Th BTC of rbe fluoresc nc dyes, the salt tracer and rhe mi rosphere obtained from 
the experiment n . 2 are presented in rhe fig, 3.6, 3.7 and 3.8. Each figure ntains the 
umninc BTC as a reference. We prefer double logarichmic pl t in rhi. study becau e, 
in a log-log ·cale, mall concentrations are b. tter displayed and the railing of the BTCs 
can be more easily di tinguished fr m each.other. The diffusive tran port of the tracer 
intorh ad'a emmatri, canbeidentifiedbyataili.ngwitha lopeof-1.S(Y.W.TsANG, 
1995). Overall, the presented BTCs btained fr m thi · experiment are rather imilar. 

According t tab. 3.5, the time of first appearance YaJ·ie between 1.17 hand 1.50 h. 
However these differences do not olely represent the tracer behaviour, but can par-
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Fig. 3.5: Tracer BTC and relative recovery of the tracer T 4 compared with uranine ( experiment no. 1). 
Tracerdurchgangskurve und -ruckerhalt des Tracers T4 im Vergleich zu Uranin. 
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the applied fluorescent dyes ( experiment no. 2). 
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Fig. 3.8: Tracer concentration C divided by the recovered tracer mass/no. of particles MR vs. time after 
injection for uranine and the microspheres ( experiment no. 2). 
T racerkonzentration C fur Uranin und die Mikropartikel geteilt durch die ruckgewonnene 
Tracermasse MR gegen die Zeit nach Einspeisungsbeginn. 
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Tab. 3.5: Time of first appearance (t J, maximum actual flow velocity (vm-.), concentration peak arrival 
time (tdomJ, dominant actual flow velocity ( v domJ, and relative recovery of the tracers applied 
in the comparative tracer experiments. 
Erstankunftszeit (tJ, maximale Abstandsgeschwindigkeit (v,,,axJ, Zeitpunkt des Auftretens 
der Maximalkonzentration (t,1omJ, dominierende Abstandsgeschwindigkeit (vd0 ,,J und rela­
tiver Tracerruckerhalt. 

Experiment no. 1 

Tracer: Uranine T4 

t 1 [h] 0.75 0.75 
vm,, [m/h] 15.5 15.S 
Cdom [h] 3.25 3.5 
Vdom[m/h] 3.56 3.31 
Recovery[%] 74 76 

Experiment no. 2 

Tracer: Uranine 
Sulpho-

Pyranine 
Naph- Br- er Li• Sr2• 

Fluores- Fluores-
rhod.B chionate brite YG brite Red 

t, [h] 1.42 1.33 1.25 1.25 1.17 1.50 1.33 1.50 1.17 1.25 
Vni,x [m/h] 7.90 8.40 8.96 8.96 9.60 7.47 8.40 7.47 9.60 8.96 

tdom [h] 2.08 2.25 2.17 2.25 2.25 2.17 2.25 2.17 1.92 1.92 
VJom[m/h] 5.38 4.98 5.17 4.98 4.98 5.17 4.98 5.17 5.84 5.84 
Recovery[%] 5.2 5.5 1.0 4.0 5.3 4.2 3.0 1.2 1.2 0.9 

tially be explained by the cliff erent 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 
peak arrival time. Tbc peak con entn.tions occur between 1.92 hand 2.25 h after the 
inje tion. The maximum error in determining tbe peak arrival time is o- iven by the 
sampling iJ1terval and :amounts to-0.08 h (approximate.ly-4 %) f reach tracer. Hence 
the observed range of the peak arrival times which yields 0.33 b (± 16 %) is ignificaml 
b.igher than the error creat d by Lhe sampling interval. Although rJ1ese djfferences are 
of minor importance in this tudy, they should be taken into consideration for large-
cale experiment . T he dom.it1ant flow velocity follows the sequence: 

(Fluoresbrite YG, Fluoresbrite Red)> uranine > (pyranine, ci-, Sr2+) > 
> (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. 1 is 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 Tracerruckerhalt gegen die Zeit nach Einspeisungsbeginn am Bohrloch 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 relative recoverie (fig. 3.9). Tbe lowest rec very 
was obtained for the microspheres, strontium and pyranine. The l wer recovery of 
the microspheres could be explained by f~ltration during the passage through micro 
fissures. Strontium is the only divalent ion amon the injected tracers, nd may have 
undergone sorption at the clay minerals. Pyranine was repeatedly reporced to yield poor 
recoveries (e.g. N. GOLDSCHEIDER et al., 2001). Mier biological degradation may c..·uise 
the loss of pyranine, but research will have t come up wiLb further insight into rhis 
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 t0 of 2.4 h and a Peclet number Pe of 20. 
Compared with the experiment no. 2, a significantly higher longitudinal dispersivity 
( aL = 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 BTC obtained from the experiment no. 2 could be excellently fitted to 
the SFDM (Fig. 3.10). However, the best fit yielded non-plausible values for the Peclet 
number (Pe = 300) aml the longicudinal dispersivity (aL = 0.04 m). Furthermore, the 
Peel et number pr ved to be a rather in ens ttive 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 MR vs. time after 
injection for uranine and Fluoresbrite Y G. Best fit of the uranine data using the SF DM yields 
t0 = 1.7 h, Pe = 300 and a = 0.48 h-112• Theoretically, the simulated ADM-curve (t0 and Pe 
identical) and the simulated SFDM curve for bromide (a= 1.01 h-112) should fit the BTC for 
microspheres and bromide, respectively (experiment no. 2). 
Gemessene Tracerkonzentration C van Uranin und Fluoresbrite YG geteilt durch die riick­
gcwormene Trac;etmasse M~ gegen die Zell 11ach Einspeisun~sbeginn. Beste Aripammg an 
des 'FDM ergibt: r0 = 1.7 h, Pu =300, a= 0.48 h-1h• Diesim,~.lier/,e ADM-Krtrve mil identi­
scher miulerer \fe1·weifzcit t0 rmJ Pucl111.-Zahl Pe solltc theore/.isd, der gemossencn Kurvc 
der Partikel fofgen; entsprechend sollte die simuh:ene SFDM-K11.rvl! mit a= I.OJ f.;-112 die 
Bromidd11rchga11gskm-ve w iede,·geben. 

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: 

auranine = 
nuranme 

m 
b 'd · abromide "" 0.47 · %romide D romt e · 
m 

(3.3) 

The simulated bromide BT is presented in fig. 3.10. The matrix cli.(hisi n will pr -
duce a slight increase of the railing and a trong reduction of che peak oncentracion, 
However these effectS could n t be observed in experin1ent n . 2 for the fluorc cent 
dye and the saJt tracer (Fig. 3.7). nly the microspheres (Fig. 3.8) ·h w a ,reduced 
peak concentration and a lower tailing yet not t the extent predicted by the trao -
port models. As a con equence, -eh · tailing f the BTCs c;in only partly be attributed 
to the effect f matrix diffusion. The tailing are most likely produced during the injection 
by an initial spreading of the tracer plume around the injection borehoJe. Depending 

n the volume of the chase fluid, a p rtion of the tracer is pushed upstream nnd has ro 
mi&r-ate a longer distance. This effect is crucial for the interpretation of small- Ollc ex­
pernnents. Besides we assume that a part of the tracer m1ss wa injected into dead-
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end fractures and was only slowly released into the fractures connecting the borehole 
Bl. 8 with Bl. 10. 

Non-<liffusive tailings of the BTG 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 
BTCs for tracer experiments between borehole Bl 10 and Bl. 11 despite the strongly 
cliff ering diffusion coefficients of the injected fluorescent dyes and particle tracers. 
K. WITIH-OSER (2001) concluded from comparative tracer studies that the spreading 
as well as the tailing of the resulting BTG, 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 lithium 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 cliff ering flow velocities and the recoveries should be taken into considera -
tion. 

The BTCs of both the soluble and the particle tracers are characterized by strong 
tailings. Since the BTCs of the particle tracers show higher peak concentrations and 
lower tailings compared to the dyes and the salt tracers, it is 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 BTCs to analytical solutions of the transport equations like the 
SFDM or the ADM will lead to inaccurate transport parameters if 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 BTCs 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. H6TZL, 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 Hen) 
is the highest summit. The northward bordering Gottesacker covers an area of about 
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JO krn1 and is con idered to be one f cbe mosc specra ular alpine karst landscapes(.' Got­
tc ·a kc-r" mean "field f god• or "graveyard"). 

lt i buiJr up by nly abom 100 m rhick ljm wnc, the o-caUed Schrattenkalk which 
c vers rhesurface of tbe Gottesaoker lik a I .u·stified skin ("Schratt nkall "meaos "kar­
ren limcscone") (Fig. 3.1 J). The site does not bel ng to the type of plateau-like karsc 
massif but is a typical rep ,·e ·cmative of folded alpine karst y ten (N. LD LELDJ!R & 
H. H · rLL, 1999). However, iris ften ·alle<l a ''plateau". The fold axes culminate in 
the central part of the area and plunge under rhe bord ring hwari.wasscr valley in 
southea te1·n direction, 

Hydrogeological re.search, especiall tracer tests, made it pos ibJe to under taJ1d the 
underground drainage pattern: The elevated area. discharge via the plunging synclines 
im che b rdering alley . ln the Schwa.rzwa ser valley, a hydrnulically connected karst 
quifer ·ollecc • U eh wacer and is discharged by , few kar t spring in the lower sec­

tion f the valley. The entire G ttesa I er an.d th upp r ·hwarzwa . er valley belong 
co the zone of shallow and open karst, in the lowest section f the valley we find deep, 
confined and, I cally, artesian conditions (N. G LD " 1 :ITDER & H. H6TZL, 2000). 

In { rder to co~pare th behaviour of different tracers in a w_ell known alpine karst 
system, the Hoch1fc11-Gottesa ker area was se_l,ecred ,1s a test 1cc. 

According t0 the suggestion given by W. KASS to the As ociacion of Tra er hydro­
logy (ATH), ten ubstances were used a tracers: the £luorcscenr dyes naphthionate, 
pyranine, uranine and ulforhodamine. three different sal~ with lithium, strontium and 
bromide a ioni tra ers and fluorescent miero phcre in red and green as pa.rti le tf';lcers. 
Addiri nally J. 13 I INERT inventeJ and pr duced so-ea.He I bi parci ·Je. which w r 
u ed a a tracer for che fir t tim . 

Ill Hochifen 

IV 

V -...----~=~""..,_~:"'J:'i'f=~.). 

Fig. 3.11: Block diagram of the Hochifen-Gottesacker area (G WAGNER, 1950). df-Drusbergformation 
or older, sk - Schrattenkalk limestone, gf- Garschella formation or younger, III-VII -
anticlines. 
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Blockbild des Hochifen-Gottesacker-Gebietes (G. WAGNER, 1950). df- Drusberg Forma­
tion oder alter, sk - Schrattenkalk, gf - Garschella Formation oder ji-inger, III-VII -
Antiklinalen. 



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. GoillSCHEIDER, 
1998). 

3.3.2. Geology and Hydrogeology 

3.3.2.1. Geology 

The Hochifen-Gottesacker area belongs to the Santis 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 so-called 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. W YSSLING, 
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 limestone 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 Hochif en-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 Nin roman 
numbers; the synclines are numbered by combining the numbers of the bordering anti­
clines (according to G. WAGNER, 1950). 

The Schrattenkalk lin1estone 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 the-entrance 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). 

Most other relevant sedimentary rocks in the area are characterized by low per­
meability and, consc;quently, by surface runoff. The underlying marls and slates of the 
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Fig. 3.12: Location and hydrogeological map of the test ~ite (N. GOLDSCHEIDER &H. HoTZL, 2000). 
Lage und hydrogeologzsche Karte des Testgebzetes (N. GOLDSCHEIDER &H. HoTZL, 2000). 

Dn1sberg formation form r.he base of karstifit:ation. They often outcrop in the cores 
f anticlines where th ' chrattenkalk is er ded. Th verlying g.lau onit.ic sandstone 

. nd the extremely I w permeable Amdener marl ar only preserved in the or f 
synclines (Fig_ 3.1 1), Al tbe rocks f the Ultrahelvetic a.nd Rhen danubic Flysch nap­
p • are f 1 w perme:ibilit y. 

ln the chwarzwasscr valley, the kar ti.f.iedli.mest ne plunges under the Fly h nap­
p in oucbe.rn d ea tern direction. Thi. geological a ymmetry lead ro a hydrological 
asymmetry: The Plysch mow1.tains at the SE (right) ide of the valley are drained by 
surface rw1off, while the kar ·t area at the NW (left) ide is drained undergroimd. There­
for the Schwarl. was er river is supplemented by many cributatics from the rjghL s.icle 
of the valley but no tributaries from the left side. 
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Fig. 3.13: Surface waters, karst springs with their catchments and underground flow paths proved by 
tracer tests (N. GOWSCHEIDER & H. HOTZL, 2000). The shorthand symbols of the springs 
are explained in the text. 
Gewi:issernetz, Karstquellen mit ihren Einzugsgebieten und durch Markierungsversuche be­
legte unterirdische Fliefipfade (N. GOWSCHEIDER & H. H OTZL, 2000). Die Kurzel der Quel­
len sind im Text erk/art. 

Consequently, there are two flow systems in the valley (see N. GoLDSCHEIDER & 
H. HbTZL, 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 in 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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Fig. 3.14: Generalized hydrogeological cross section of the Schwarzwasser valley under extremely low and high water conditions (N. GOLDSCHEIDER & 
H. HOTZL, 2000). Location of the section and geological legend see fig. 3.12. For the comparative tracer test, the estavelle QE served as the in­
jection point; QA and QS were sampled. 
Generalisierter hydrogeologischer Profilschnitt des Schwarzwassertals bei extrem niedrigen und ho hen Abflussen (N. GoLDSCHEIDER & H. H OTZL, 
2000). Lage des Profilschnitts und geologische Signaturen siehe Fig. 3.12. Fur den vergleichenden Markierungsversuch diente die Estavelle QE 
als Eingabestelle, QA und QS wurden beprobt. 



gest in the Alps. It connects the surface river with the underground karst water flow 
(N. GoLDSCHEIDER et al., 1999). 

In the lower part of the valley, the anticfuJe V pluoge undet the valley} O that the 
limestone outcrops and is cut by the river once again. This is the loca tio11 of three kar ·t 
springs: The Aub.tch pri.ng ( A) at 1,080 m Ii charges up to 6 m3/s but dries up in 
long d1·y periods, Th prings QBat 1 050 rn and QK at 1040 m discharge nearly con­
stantly ,tb ut 40 and 15 1/s. re pc tively. Bel w tbese springs, che limestone is overed 
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 is the location of the Sagebach spring (QS) that discharges 
between 150 and about 2,000 l/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 l/s 
(N. GoLDSCHEIDER & H. HbTZL, 2000). 

3.3.2.3. Results of Earlier Tracer Tests 

Three large tracing experiment with 15.inje cions points. werec:trrieclout in the 1-Ioch­
ifen-Gottesad,er area by the ienti. ts . G LD HEIDER (1997, '1998), Ch. T MSU ('1998) 
and M. SJN.R.EIGI I (1998). Figure 3.13 bow the hydrauli connection which wer pr ved 
by d,esctracer test'>. The tra er · which were ii1jcctcd in the upper section of the Schwarz­
wasser . alley (E3, E7 in fig. 3.13) and in thesauchern pa_rt of _the Gottesa ker_ (E2) first 
reached rhe esta velle (QE) and lacer on all the karst spnn s w the lower section of the 
valley (QA, QB, QK, QS). The tracers which were injected in the central (E9-10) and 
eastern (El) 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 Holloch cave (E 1) and 
the Sagebach spring (QS) had already been proved by tracer tests in 1949 and 1955 
(R. G. SPOCKER, 1961). 
. These observations pn ve tl~e hych- )gcol 1gi al funcri n of the kars_t aquifer i11 the 
d1warzwas er valley as a drn.u:ia~e y temfc r the I ar t waters cOJnlllg d wn from 

the ,lcvated area al ng the plungmg syn lines. No trace f the fl u re cent dye was 
detected in the river llpstream of the es ,weUe. This is the evidence that it receives n 
water frnm the karst nrea at the NW (left) side of the V'a.lley but is elusively supple­
mented by tributaries from the Flysch mountains at the SE (right) side and from the 
landslide in the upper section of the valley. 

The connection between the sink of the Schwarzwasser river into the landslide and 
its rcsvrg1;11ce (QR) was proved by rhe injecrion E8. It was possible to dem nstrate 
that a portion of che inking stream water does n t reach the resurgenc OLit seeps 
imo rhe brst aguifer and reappears in rbe escavelle and the sprin0 s in the low r vaUey. 
The resuks from the western part of the area are not relevant here. Ac rnpreh n iv" 
and derailed discussion f aU che tracer tests is given by N. .., ws r TEI DER & 1-f. H fZL 
(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. 

151 



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 T racertests im Schwarzwassertal (N. GoWSCHEIDER, 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 
H ydrologic conditions: medium discharge; estavelle acts as a swallow hole (6.61/s) 
Date: 97/08/14 
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QA 210 1,000 6.8 11.8 67.0 14.0 147.1 84.6 45.2 20.9 
QB 38 1,325 7.8 12.8 67.1 13.6 169.9 103.4 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 22.2 31.4 118.7 6.1 100.2 70.9 34.4 15.7 

Total 
462 148.3 90.9 90.9 21.0 average 

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 te?.t in the Hochifen-9ottesacker 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/E6 in 
fig. 3.12-3.14); automatic samplers were installed at the Aubach (QA) and the Sage­
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 ofTiibingen) 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 
earlier 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. 

The discharg of the springs was m asured usu1g the ak-dilution rneth d. During 
the experiment, the discharge f the Aubacb spring ( A) de rea ed from 101 t J 8.21/s 
and the discharge f rheSagebach pring (QS) decreased from 265 to 1991/s. The other 
spring were o t sampled bccau e it wa n t the purpose of this cxperim enc to pr ve 
again well-kn wn hydraulic connections, but to compar different tracers, G.)nscquently 
it i evident that rh recovery rat f the tracer is less than 100 %. 

The fluorescent !yes were analysed at the lab rarory of the AGK (Appli.ed Geo­
logy Karlsruhe) u i.ng the y nchron- can-Method. Br mide and chJoride were analy­
sed at the AGK laboratory with an ionic du· matograph. However, the variati n of 
che m1.turaJ backgrnund of hloride i.n he spring water were too high and the amount 
of injected chl ride wa, t \ow co.~se this an.ion as a tracer. The catj ns lfrhium and 
trontium were analysed by W. KASS with the AES-method. W. KASS analysed the 

partide tracer by filtering 250 mJ amples and counting the particles under a fluores­
cen.ce micr cope. 1 t is pos ible t identify 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 Jett hervorgehoben. 

Class Type of tracer Injected amount 

Auorescent dyes Sodium naphthionate M = 1,000 g 
Pyranine 120 % M= 100 g 
Uranine M= 20 g 
Sulforhodamine B M= 100 g 

Salts Strontium (as SrCii,6H20) M=7.26kg 
Lithium (as LiCl) M =2.62kg 
Bromide (as NH4Br) M = 5.71 kg 

Particles Fluoresbrite Yellow Green (YG) Microspheres, 1.00 µm n =2.05 X 1011 

Fluoresbrite Polychromatic Red Microspheres, 1.00 µm n = 4.32 X 10 11 

Bioparticles (killed, fluorescent dyed Escherichia coli) n = 1012 
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by means of five criteria: size, shape, intensity of fluorescence, fluorescence coulour 
using blue hght and fluorescence coulour using UV -hght. 

3.3.3.2. Results 

F r a better compari on f the obtained breakthrough and recovery curves, all con­
cenrracion · were divided by the injected tl'acer rnass ( /M) and the re very racej cal­
culated in percent. 

The breakt.hr ugh urve f the recent tracer test are completely different than th e 
of the earlier experiment which was cauied our in the same syst m in L997 (Fig. 3.15). 
1 n the recent experiment, the transit rune is longer, the c ncentration are signi1icantl 
lmver and ·the r co ery rate i Isa lower than in the e:uli r experiment. Both experi­
ments were carried out under low water conditions. H wever, the d.isd,arge of QA 
wall lower in the recent experiment. The main rea on f r the ob rved chlfereoces is 
probably che amounc of water sinking into the cave enmtnce dming the injection: lo th 
earlier experin1ent, it was 6.61/s, in chc tecent one, it was nly ab ut 25 1111/s. Pr bably 
the tracer were d layed .ignificanrly on thei1· way clown to the gr undwate.r which 
is about 20 m be! w rhegrotind u1fac:eunder low water c nditions (N. G LDSO·lE!O •R 
et al., 1999). 

four of the 10 tracer disappeared (almost) comp1 rely (Tab. 3.8): N > tra e of 
pyranine wa detected in the ;pring cve.o thougb rh expcctc<l con ·entration sh uld 
have been significantly bigher than th limjt of detection. This result can nly be 
explained by fast microbiol gical r chemical decay r irrcver ibl adsorption. Afs all 
the pani le tracer di appeared (except from thr · e green mi rosphere in QA). As the 
microspheTCS have almost the same density a water, the edimentation is too sl w to 
expfain this re ·ult. Pr bably, the particles were taken away by filtration throt1gh the 
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Fig. 3.15: Comparison of the breakthrough 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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Tal . J. 8: Results of che compaMtive tracet u·st in the Hoc:hijen-Goue~acker ,m~a. ,:. r - prl!Condit ions 
uf 1he mutlytical model are not fitlljillcd; only ,·elative values; '-'2- high van·aiionrnfnawi-al 
Sr-backgro11nd; M precise val1t1?$, irregular br/?J,[ktbrough C/iY'IJC; "J- cr)l]centralions m·e dose 
lo I he detection limit; IJO precise values, i:rn:gu.lar breakthrough curve. 
f:rgehnisse des 'llergleichenden MarkiemngS'IJers1rch:; irn Gebiet Hochifen- ,ottes ccker im 
Uherblick. ~-, _ Vorau.Hetzungen fiir die emalytische MocLellie>'mig nicJJt a,fiillt; daber n.rtr 
ndative Werte; *2-hohe chwankungen cles nt-1,tudic:h1m. r-Ur/1,t-rgrnndes;claher ungenane 
'Xl6'rte; 1111regelma/Jige D1trehga11gsk11rve; "3- Konzent1·e1lfrmen nahe der analytischi:n Nach­
weisgren;w: dahl,r 1,mgena111: Wlerte; 1mregelmiiftige Dm·chgarigskurvc. 

Injection point: Schwarzwasser cave (estavelle) Short symbol: QE, E6 
Sampling point: Sagebach spring Short symbol: QS 
Distance QE-QS: 2,225m 
Discharge of QS: decreasing from 265 to 1991/s 
Hydrologic conditions: low water; estavelle acts as a swallow hole (-25 ml/s) 
Date of injection: 00/10/19 

µ >< c >.. 
"' <l.) "' ·02 ·5:o ;>-, . ;; u s u ;.;;: >.. :~ Tracer '+< t::: t::: ~8 ~8 '+< "' 0 0 ._____ ... 

"' <l.) 0 ... u u > ._, > ._, 
6 

... 
<l.) "' <l.) .r:::::;, 

{I ~ . ~ . <l.) 

.§ 
<l.) 

.§2 
>< ._____ ~-,--, 

8::2 "' t,J) 0 ~ 0 s u ,--, 

F-< "'._, F-< ._, ~2; ~~ µ:; s µ:;..g ~~ o£s 
Naphthionate 29.9 43.3 7.4 7.4E-06 74.4 51.4 19.7 44.6 
Pyranine - - - - - - - -
Uranine 31.6 46.6 0.10 4.8E-06 70.5 47.8 14.9 49.2 
Sulforhodamine 29.9 46.6 0.16 1.6E-06 74.4 47.8 5.0 43.1 
Strontium ('f2) - 44.9 41 5.6E-06 - 49.5 16.3 -
Lithium 31.6 44.9 14 5.4E-06 70.5 49.5 15.7 43.2 
Bromide (3) 33.3 48.3 71 1.3E-05 66.9 46.1 32.8 -

Green microspheres - - - - - - - -
Red microspheres - - - - - - - -
Bioparticles - - - - - - - -
Average 31 46 - 6.2E-06 71 49 17 45 

sand, gravel and leaves on the bottom of the cave entrance or somewhere else in the 
sy ·tem. 

The s:ix other tracers were cl tecced in both prings (fig. 3. 16). As the result for the 
cw springs show no relevant diffcren es, onJy the result of rhe Sagebach spring (QS) 
are discus ed in the following. Please note: The maximum con enrration of bromide 
(71 ~~g/1) is clo e to the limit of detection (25 µg/1) and the maximu m concemrati n of 
strontium (287 µ / l) i dose to the natural background in che water (238 ~tg/l) which 
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 co remind 
the reader of this fact. 

The differences in era vel time ,rnd fk w velocity between the tracer arc detectable 
but not significant: All tracers appeareJ at QS between 30 and 33 h after the injecri n 
and reached the maximum concentration after 43-48 h. Tak ing into account the domi­
nant fl w velocity (time f maximum concentration), naphthiotiarc was the fast c, 
strontium (?) lithium urn.nine and sulforhodami.oe were slower and bromide(?) was 
the slowest tracer. 
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Fig. 3.16: Comparison of the breakthrough curves in the Sagebach spring (QS). 
Vergleich der Durchgangskurven der verschiedenen Tracer an der Sagebachquelle (QS). 
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Fig. 3.17: Comparison of the recovery curves in the Sagebach spring (QS). 
Vergleich des Wiedererhalts der verschiedenen Tracer an der Sagebachquelle (QS). 
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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 (c/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 in 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 point. W. KASS (1992) describes several examples 
of the successful application of microspheres and comes to the conclusion that they are 
a good tracer. 

The biopartide which wer.e invented by J. BOHNERT (University ofTubingen) 
ate n promising new tracer: They are cheap, can easily be deLected under Lhe fluorescence 
micr tscope, allow the .'imulation of bacteria mu, port andaren t harmful!. They sholild 
be tested in further comparative tracer rests. 

Bromide and strontium a,-e nly suicable for short distance tr:1cing, othi:rwise the 
required tracer mass is co la..rg due to tbc relatively high limit of detection and natural 
background respectively. Amongst the alts (ions), lithium is probably th best er.acer 
because of its low natural background and limi t of detcct i n a1~d becau e fits con­
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. MOLLER, P.-A. SCHNEGG, P. Rossr, R. KOZEL) 

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. 

Objectives 
The objectiv of tbe field rcseard1 work at Kappelen were part of a continuing scien­

tifi · pr gram to characterize bacteriophage (phage) migration and to develop and carry 
out compan1tive particle and solute transport investigations in porous media aquifers. 
The three principal goals of the field research 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 have followed four programs. The first pro­

gramc nsistcd of sw-face geophysical investigations, first ata regionalandsubscquently 
at a ite cale. B Uow -up detailed work addressed techniqu improvement. The econd 
program addressed hydrngeological characterization. Regiooal wells within 2 km w "re 
measured and gradients were cC>nfirmcd. lnscalling two shallow piez.ometers filled a 
water level data gap in the immediate site vicinity aUowing confirmation that it aligned 
with regional hydrodynamjc grndient . ixceen 102-mm diamet r well were in tal­
lcd to depths of a bout IS rn, devel ped ancl 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 potentiometric surface ( October, 
1996). 
Obersichtskarte mit Bohrungen und See/and-Aquifer Pegeloberfldche (Oktober 1996). 

The tb.ird program was a reconnais ance biogeochemical characterization chat was in­
tensified due to the impact of redox conditions in the lower part of the site aquifer. Fi­
nally, a tracer testing program was initiated. Seven test were undertaken, with two 
ll'I the upper and five in the lower part of the aquifer. The results presented herein are 
for the most part based on work conducted during che contract period between Sep­
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 aquifer is an important public water as well as 
agricultural supply. It extends over an area f ,\bout 70 km•, has a depth up to 25 m, 
and a water table about 2-5 m below ground surface. W rk to (k1.te ha included; regional 
aquifer mode~g (D. BIAGGI et al., 1994),_ impact definition from su~~ 1:e:fining and 
other waste site releases (C. HALMES, 199.3, P. H orrMl!Y 'R, 1995), art1f1c1al recharge 
studies (P. KELLERHALS & C. HAEFELI, 1988) as well as groundwater protection and 
monitoring of the quality of subsurface conditions (R. K ZEL, 1992). While many well 
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 is 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 440-445 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 m locally. 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 DILL, 1993) and 
other porous media sites (P. TURBERG et al., 1994) were conducted during July and 
August, 1996. 

Six sites over an area of about 6 km2 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 4.2c 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 4.2c 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 Orn) 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. 
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Fig. 4.2: Geophysical results from the site investigations. a) VLF-EM 3-D contour map, b) interpreted 
resistivity data providing 3-D depth projection to aquitard, c) 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 zum Stauer, c) VLF-EM Profil in E-W-Rich­
tung, d) berechnete echte Widerstande und Tiefen zum Stauer 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-
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Fig. 4.3: Geophysical correlation. a) measured vs. geophysics-based predictions of aquitard depth, 
b) true, apparent resistivity and hydraulic conductivity. 
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Vergleich von a) Schichtmdchtigkeiten nach geophysikalischer Interpretation mit erbohrten 
Mdchtigkeiten, b) Korrelation wahrer und scheinbarer elektrischer Widerstand mit hydrau­
lischer Leitfahigkeit. 



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 .Qm and 350-
500 .Qm corresponding to K-range estimates of about 1e-0s m/s and 7e-04 to 3e-03 m/s, 
respectively. K-values were taken from grain size analyses as well as preliminary site 
hydrogeologic characterization activities at individual wells. There is a_ reasonable agree­
ment in the relationshif and consistency of the two values given the--range in proper­
ties of the two types o materials. 

4.1.3. H ydrogeological Characterization 

Bad ground water level inf rmation was obtained from the well-established regio­
nal groundwater monitoring network. A bout 12 existing wells, six of which are shown 
n fig. 4.1, were u cd co update the regional picture of the groundwater flow system 

and quantify the potentiomeU'i surfac . \JVater level measurements-were made over 
a period of ab ut tw months and the gr undwater flow direction pattern from Sep­
tember anc\ October 19%wa compared ro the historical data going back over 10 years. 
The 1996 data fit well with previous records indicating a general northwesterly flow 
direction at the site. A visual reconnaissance revealed the existence of three nearby and 
previously undocumented extraction points that could be utilized for groundwater 
monitoring location . Two f rhese could be readily accessed and water levels measure­
ments :md surv -ying wer' done to c mbine these site-specific data with the regional 
information. Data gaps, however, exi ted m the coverage at the site and the influence 
of the AJte .Aare River t the E of the i c was not well understood. Accordingly, a 
shallow (Rammsondienmg) 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.Sa. Typical well construction is shown in fig. 4.Sb. 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. 4.4: Kappelen well field layout. 
Lage der Kappelen-Bohrlocher. 

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 l/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 Kl.1 and K3.1 using a large capacity 600 l/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 
30011 min from wells K3.1 and K7 .1. Similar rapid draw down 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. OY0N0 (1996) with wells KB and K9 added. 
n/ a - not applicable; all wells have surface seal at - 1 m w ith 0.5 m compactonite. 
Kappelen Bohrlochbeschreibung nach E. OY0N0 ( 1996), KB und K9 hinzugefugt. n/ a - nicht 
verfiigbar; alle Bohrungen sind oberjldchenversiegelt bei ~ 1 m mit 0.5 m K ompaktonit. 

Borehole Well Screen Gravel pack Well seal 

Well 
Ground 

Drill & Install D epth Depth Stick- Base Length Top Base T op 
Plug Plug 

elev. up base top 

[m a.s.l.] Date lm] [m] [m] [m] [m] [m] [m] [m] [m] lmJ 

Kl.1 442.54 10/14-10-96 15.5 13.2 -0.10 13.0 3 10.0 13.0 9.2 9.2 8.0 
Kl.2 442.46 23/24-10-96 9.3 7.8 0.25 7.8 3 4.8 8.9 3.8 n/a n/a 
K2.l 442.24 28-10-96 16.0 15.0 0.00 15.0 5 10.0 14.4 9.2 9.2 7.8 
K2.2 442.23 29-10-96 8.9 8.0 -0.05 8.0 3 5.0 8.5 4.0 n/a n/a 
K3.l 442.45 14/16-10-96 15.0 14.9 0.15 14.9 5 9.9 15.0 9.0 9.0 7.1 
K3.2 442.53 24/25-10-96 8.6 8.2 --0.20 8.2 3 5.2 8.5 3.9 n/a n/a 
K4.1 442.62 29/30-10-96 15.7 15.2 -0.15 15.2 5 10.2 15.7 9.1 9.1 7.6 
K4.2 442.56 30/31-10-96 8.9 7.9 0.05 7.9 4 3.9 8.9 4.2 n/a n/a 
K5.l 441.78 21/23-10-96 16.2 15.0 0.00 15.0 5 10.0 15.0 8.9 8.1 6.7 
K5.2 442.09 23/25-10-96 8.9 8.1 --0.10 8.0 3 5.0 8.1 4.6 n/a n/a 
K6.1 442.35 25/29-10-96 16.5 15.1 -0.10 15.1 5 10.1 15 9.8 9.8 8.5 
K6.2 442.33 29 /30-10-96 8.5 7.9 0.15 7.9 3 4.9 8.0 3.4 n/a n/a 
K7.1 442.37 16/21-10-96 15.0 15.0 0.00 15.0 5 10.0 15.0 9.1 9.1 7.6 
K7.2 442.35 30-10-96 8.5 8.1 0.10 8.1 3.2 4.9 8.5 3.5 n/a n/a 
K8.1 --442.44 21/22-07-97 15.7 15.5 ~0.50 14.5 4 10.5 15.7 9.7 9.7 8.6 
K9.l --442.42 22/25-07-97 16.3 16.0 ---0.70 15.0 4 11.0 16.3 10.5 10.5 8.8 

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 5e-04 to le-02 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 le-04 m/s. 
Most calculations of hydraulic conductivity carried out at the site assumed the thick­
ness of the conu·jbuting zone wa equivalent to the screen for the lower zone and to 
the saturated thi kne s in the weU for the 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 ml d in our site vicinity. We under­
took scoping based on this simplistic set of assumptions using a range of hydraulic con­
ductivity from 5e-03 to le-02 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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a) Kappelen Wellbore K3.1 b) Kappelen Well Construction Layout 
0.3 Topsoil 

Brown gravelly clay, round pebbles, 
1,() cobbles (max 15 cm) LOWER UPPER 

Sandy gravel, fine grey belge sand, 

2.0 round pebbles, cobbles (max 16 cm) 
Kx.1 Kx.2 

Ground SUrflC(! 
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cobbles (max 16 cm) 

3.80 A 
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15 1.5 Inrn sl.otled,~een 

14.78 
0 - Sand with very little gravel (max 12 cm) 

1~,30 · · · ·· ··- ----- Silty clay, rounded pebbles (max 7 cm) 

T0-15.60' Land: 442 7 46 m( asl}, Coard: 568347 I 212803 

Fig. 4.5: Geological interpretation. a) well log for KJ.1, b) schematic of typical well completions. 
Geologische Beschreibung. a) Bohrlochprofil fur KJ.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 

Diver e and widespread reduced xygen conditions exi tin th ee.land aquifel'. To 
the S · th e are mclin1 due to the eepage, rich in degradable organu , from unlined 
di charge at the st1gai- refinery lagoons. Studies in the 1950s and 1970s howcd an ex­
tended plume. of reduced grow1dwater deteriorating water supplic . Thi$ heterogeneiry 
make it diffjcult t > detemtine exact horizomaVvcrtical p1urne ex.tent, its redo. con­
ditions and rhc transport of contaminants DOC, Fd-t, Mn2• and J '. Recen regional 
surveys showed limited rchabilitaci n fr 01 the infiltrating Alte Aare River. Red x 
enviJ nment in groundwater situation · are comt'non. H we er, che r:it of reactive 
cl1anges are rypicnlky ·ir spe ific. Do urnenting the t:hemical sedimentary and micr 
biologic param ter was critical t carry ut further gr undwater research an I ass s­
the migration p tential f tracer at che ·ite. 

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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Tab. 4.2: Groundwater chemistry in the vicinity of the Kappelen site. D,a, - total hardness;< - indicates below detection limit; no result - not measured. 
Sample results from Canton Bern Analytical Laboratories, 1997, 1998. 
Grundwasserchemie in der Nahe des Kappelen Testgebiets. Dia, - Wasserharte; < - unter der Nachweisgrenz e; ,,kein Wert" - nicht gemessen. 
R esultate des kantonalen Labors Kanton Bern, 1997, 1998. 

Parameter 
Cond. 

pH 0 2 DOC Dro, Na+ K+ fe2+ Mn2+ NI-I/ er so.2- NO
3
- Eh 

[µSiem] [mg/ ij [mg/1] [mmol/lJ [mg/ I] [mg/1] [mg/ ij [mg/ ij [mg/1) [mg/ 1] [mg/ I] [mg/1) [mV) 

Regional wells and river 

AlteAare 8.1 9.2 1.7 1.32 2.0 1.0 0.06 0.01 0.2 2.6 24.6 4.8 
7.2 705 7.0 1.3 1.3 3.91 4.97 11.5 0.08 0.02 < 7.9 41.1 4.2 
RBl 314 7.5 < 0.6 1.64 2.23 1.7 0.05 < < 2.4 27.6 0.51 
RBl (lower) 337 7.5 < 0.6 1.75 2.83 2.0 0.47 0.23 0.07 2.5 31.5 0.14 
A2 406 7.3 < 0.5 2.13 3.75 3.9 0.92 0.47 0.06 5.6 34.4 0.03 
Al 610 6.9 7.0 1.4 3.37 6.32 5.6 0.38 0.06 0.02 7.8 36.7 1.17 
RB2 448 7.2 1.2 0.9 2.4 3.29 1.8 0.05 0.02 < 3.6 27.7 0.84 
RB2 (low er) 389 7.2 1.1 0.7 2.07 3.06 1.8 0.05 0.02 < 3.1 27.4 0.44 

Site wells/Upper zone 

Kt.2 465 7.7 0.5 0.8 2.25 3.9 3.3 0.21 0.79 0.14 4.0 36 < - 51 
K3.2 483 7.7 1.0 0.7 2.4 4.5 3.8 0.17 0.31 0.1 4.4 37 < - 91 
K4.2 545 7.6 2.7 0.6 2.5 4.6 3.8 0.037 0.2 0.045 5.1 36 0.26 45 
K5.2 545 7.6 0.5 0.7 2.65 4.0 5.3 0.76 0.63 0.029 5.4 38 < - 86 
K7.2 534 7.6 1.1 0.6 2.65 5.0 3.9 < 0.01 < 6.0 36 < 61 

Site wells/Lower zone 

Kl.1 465 7.7 0.5 0.8 2.15 5,2 4.6 0.98 0.56 0.51 5.5 37 < - 85 
K3.1 467 7.7 0.5 1.5 2.25 5.8 4.5 1.1 0.58 0.52 6.9 37 < - 105 
K4.1 488 7.5 0.6 0.8 2.55 6.6 4.4 1.3 0.71 0.31 7.3 35 < - 90 
K5.1 504 7.8 0.6 0.8 2.4 4.7 6.0 1.4 0.66 0.31 5.9 39 < - 128 
K7.1 513 7.7 0.5 0.8 2.4 6.2 4.7 0.92 0.65 0.39 7.4 37 < - 38 
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Fig. 4.6: Rcdox-related paramet.ervatiability in the vicinity oj'the Kappelen site. a) iron, b) manganese, 
c) sodium, d) potassium, e) ammonium, j) chloride, g) aeria.l variations in fli!', Mn11 and DOC 
in the Kappel en vicinity. Data in 1,lott a) throu.gh J) are wells at Kappeler, site. 
Verteilung der redox1~bhlingigen Parameter m der Na.he des Testgebietes. a) Eisen, 
b) Mangan c) NatriiNn, d) Kali1tm, 1.1) Ammoni11,m, {) Chlorid, g) regiona.le V,tri.a.tiom:n. vun 
Fe1~, Mn1• ,md DOC in der Omgeb1mg vom Kappel en. Daten in den Grafiken a) bis}) sta.m­
men von den Bohmng,n innerhalb des Testgebiete. 
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Neuchacel (CHYN) hydrogeoJogists and (LAMUN) microbiologists and the Canton 
of Bern's Analyci al L'lborarory and En ironmental and Groundwater Protection 
Department taff. Redo, chemistry an I microbial activity were evaluated in 10 wells 
:it L appclen. These wells are about 750 m from the northern extent of the sugar fac­
cor r settling ponds (Fig. 4.1). Redox conditions varied strongly even over the limited 
distance of 70 m and between the shallow and deeper aquifer layers. Characterization 
with results of sampling is listed in tab. 4.2. Eh varied from -130 mV to -t-61 mV. Dis­
solved oxygen ranged from near zero to 25 % of saturation. 

Results of geochemical amplin,g ~t the site (Fig. 4.6a through 4.6t)indicate that, bet­
ween the llpper and lower zone, there i a high degree of variability in l'cdox-related 
indicacors. Consi. tendy, the re2~, M.112+, Na-+, K\ NH/ were significantly lower in the 
upper - 9 m f che aquifer eh. n in Lhe lower 10-15 n; zone. Some c mponents of the 
regio11al redox sttJdies have been erratic and hard to define with Continuity through­
out the area down gradient from the disposa l lagoons. Tt as not always able t · de­
termine whjch depth samples actually repre ented. Mixing . ource vertical <lepth when 
d piecing aerial conceutrations in a heter geneous gravel aquifer may not all wad­
equate characterizati n fa plume'· narw·e and extent particularly wh n the settiJ1g l 
heterogeneou lluvio-glacial gravel and sand dep sits. igur 4.6g illu ·trate the d cg;Tee 
of variabilit in Mn-+, fie2

' and D C in regional wells, the Ake Aar River and the 
upper and lower zone at the site. We were interested in observing rheextem tow hi h 
parameter at che site varied over several tens of meters. These. data were compared 
to change · documented over w.ider areas of the Seeland aquifer. Results suggest that 
for parameter Mn2+ and Fe2• (Fig. 4.6a 4.66), the shallow and deep zones at Kappelen 
show c nsidcrablc variability illustrating that at one site there is as much variability 
as is documented regionally at wells Al, A2 and 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 trus 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 
trus water with the naturally occurring recharge in the local groundwater flow. 

4.1.5. Tracer Testing 

The site was prepared so as to begin tracer testing in the deeper part of the aquifer 
in December 1997. All seven deep locations were equipped wirhdedi ated cubing samp­
ling equipment. In addition, low volume p.ristalcj · pump werc·set up to excract fr m 
wells K.2.1 and K3.1 closest to the injection well Kl.I. Freezing weather precluJed in­
itiating the testing until the end of February 1997. ln the following 18-momh period, 
seven tracer tests were done with five in che deep/I wer and two in tbe shaUow/up­
per zone. Testing focussed on the deeper :wne in the first year and the shallow zone 
in year two. In the lower zone, the first tlu·ec tests were successful in term of defi­
ning response timing and magrutude. Tests 4 and S were not successful due to signifi­
cant biofouling in the well screens in wells K3 and K.2. Both tests 6 and 7 in the upper 
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zone were successful although there were only limited responses in row 2. Table 4.3 
and 4.4 summarize the tracer components, the input conditi 11 , analyticaJ method u eel 
and the characterization resulcs for the bact riophage and uranine respon es in test 
3 and 7. These two tests represent the be t tra er bscrvations we have to date for the 
ice. The test de. c_riptions io che following ·ecti n summarize the rati nale and result:; 

arising from each of rhe seven tesrs undettal<en. 

Tracer T t l AP 1 
KAP t began in late February 1997 with the injecti011 of about 80 g of uranine and 

Ja ted ab ut 10 d. Being the first test, it pui·pose was feasibility and reconnaissance, 
namely to d cument th •roundwater travel time to plan future tests. The in.jeccion 
was done by pumpiog about 20 I f tracer cocktail c ntaining about 80 g of uranine 

Tab. 4.3: Trncer rnmponc:nt eh iracteristics, analysis methocfr and injection conditions. Tracer tests 
KAP 3 (Lowe,• zone) ,mdJCAP 7 (uJ,per 2one). 1)- colloid delai/s al'e sfae (head, tail), mor­
plmtype (family), genetic material (gm)- singlu (ss) or donble ( ds) stranded, isoeleccrr.c point 
(pH at which the parti'cles possess 7.L>ro net harge) and zeta potential (m V - the charge ba­
l,mce, expressed in millivolts measttred ar a pH of 7.4 ar a given ionic strength) for the bac­
tedophages; l)- described in P.-.A. CHNl:'G " N. D Gl:.lll'UCF.I{ ( 1997) and $iir,il;i.r ton , 
equipment with the same resol11,tion as in P.-A. SC/-/Nf, & K_} cNNr:J)Y ( 1998); 3)- bac­
teriophage J !40 de'Uelapcd for tracer swtlies by LAM UN, Microbiology Dep,mrncnt, Uni­
varsity of Ncucha.tel (P: R0ss1, 1994); -t) - H.-W. A Kl:.71MI\NN & M. S. Du8o\tl ( 1987a, b)· 
nm - not measured. 
Tracerchan.1ktcristika, Analysemethoden 1md Eimpeisabedins.11:r1gen. Tracer Tests KAP 3 (1,m­
ten! Zone) 1111d KAP 7 ~ bcre Zone). ')-die Kolloidd.gen~d,ajten siud: Grofle (Kopf, . chwanz), 
Morphotyp (Familie), genetisches Material (gm· RNA D I\) isoelektn'scher P,mkt (pl I-Wert 
bei dem die PMtikel Null-1...adimg be itzen) um{ Zeta-Potential in m V (lAd1mgsgleichge­
wicht gemessan in m V bei einem pi 1-Werl •r.mn 7.4) fih- die Pbagen-Tracer; 2)- beschriebcn 
in P.-A. SOINF.(X; & N. Domm JCFR ( [9'}7) und verglei.chbar mit rieuer Ausrilmmg mit gleicher 
Auflos1mg wie in P.-11. Scl!NiiCC &K. KiiNNliDY (1998);•1)- Bakteriophr~ge l-140 entwicke/1 
[llr 1i·acerstt~dien durch U1MUN Microbiology Department, Univ,•nitat Ncuchatel (P. Rossi, 
1994);~)-H.-W. A .Kl'.JIMANN & if. S. Du Bow (1987a, b);nm-nicht gemem'l'I. 

Tracer 
Type 

Component Test - injected Analysis method 
component details 1) component mass (Resolution) 

KAP3 KAP7 

On-line 
Sodium fluorescene spectrofluorometry 

Uranine Solute MW376.28 25g 53 g CHYN/UNINE 
CioH10OsNa2 Field fluorometer 2) 

(- 0.1-0.5 ppb resolution) 

44,130 nm 3), 
Bacterial host 

Bacteriophage 
Siphoviridae 

Biocolloid gm(dsDNA), 1.5e14 pfu 1.6el5pfu cultivation/ growth 
H40 

IP(nm), association, 
zp (-42.0) plate counting -

24nm 4), 
petri dish 
(UNINE-

Bacteriophage 
I.eviviridae, 

5.7e14pfu Microbiol. Lab.) 

H4 
Biocolloid gm(ssRNA), 

(WellK3.2) (l phage per 2 ml 
IP (3.5, 3.9), resolution) 
zp (nm) 

170 



into well Kl.1. This was done at a rate of about 20 1/rnin and was followed by pum­
ping about 40 I of clear water. Sampling c ncentrated on the three wells in row 1. Clear 
PVC tubing was used to take a vertical profile sample opposite the screen in well 4.1. 
We were interested in seeing if any tracer ~;egregation would be manifest with a layer 
oppo .. ite di crete screened sections. Wells K.2.1 and K3. l were equipped with peristal­
tic pumps at the surface con11ected to intakes at their screen midpoint depths of about 

Tab. 4.4: Tracer component response characteristics for bacteriophages nrid 11-1·anine (wacer tests KA f' 3 
(lower zone) and KAP 7 ( upper zone)). ')- u1·rminc is a solute £hat is commonly referred to 
as a conservative tracer - and we designate 'fr as the solute component ccmcentra.tion la­
bel. Accordingly, we refer to t,r-m and t,, . .,,,,_, as the times associated with arrival ilnd maxi­
mum solute concentrations, respectively. This differentia./es it from the tc t'ime terms asso­
ciated with the colloids; uranine Tr0 unirs Me ppb; 1) - t,..,,,,,.: tim,: of maximum colloidal 
particle concentration; we refer to this as a pseudo-peak (ps-peak) sina: it does not ha.ve thr! 
same implied or associated characteristics as conserveitive solute tracer peaks do for mass 
transport behaviour; 3

)- retardation factor RY is the ratio of the time of maximrtm parti­
cle or colloid (in this case phage) concem ration compm·ed Lo that of the solute;')- relative 
breakthrough RB as defined inR. HARVl!Yet a.l. ( /989);')- atten,uuion %= 100 %- lllJ %. 
Durchgangcharakteristika fur Uranin und Bedingungen (Trau,i•test KAP J (u:ntere Zone) 
und KAP 7 ( obere Zone)). 1)- Uranin ist eine Lifomg, die allgemein a.ls konseroative,• Tra­
cer betrachtet wird; wir betiteln Tr als die geli.iste Komponente; entsp1·echend bl!l.eichnen 
wir mit t,.--an und t,r-max die Zeiten fur den Konzentrationsersteinsatz und -maximum; dies 
dient zur Unterscheidung von den fur die Kolloide verwendeten tc-Zeitbezeichnungen; die 
Uranin-Tr0-Einheiten lauten ppb; 2

)- tc-max: Zeit fur maximale Kolloidkonzentration; wir 
bezeichnen diese als ,,Pseudo-Peak" (ps-peak) weil sie nicht die selben Eigenschaften besit­
zen wie konservative, geloste Tracer-Massentransport-Peaks; 3

) - der Retardationsfaktor 
RF ist das Verhaltnis van Partikel- oder Kolloid- (in diesem Fall Phage) maximumzeit zur 
Uraninmaximumzeit; 4

)- ,,relativer Breakthrough" RB wie definiert in R. HARVEY et al. 
(1989); 5)- Dampfung % = 100 % - RB %. 

Uranine response1) Bacteriophage H40 response 

Down Distanc<.: tc-max
2
) 

gradient from ttr-.1rr ttr-max (Tri re-arr (ps- RF3) 
(a RB4) Att'n5) 

well injection [h] [h] Tro)max [h] peak) ¼)ma, [%] [%] 
[m] [h] 

Test 3 

K2.1 21 15 42 2e--03 13 38 0.9 9e--07 0.02 99.98 

K3.1 20 11 29 2e--03 11 16 0.6 le--06 0.02 99.98 

K4.1 21 22 36 2e--0s not adequately sampled 

K5.1 63 present, not quantified none detected 

K6.1 60 <44 129 2e--04 <44 62 0.5 3e--0s 0.005 99.995 

K7.1 63 present, not quantified present, not quantified 

Test 7 

K2.2 21 none detected 18 30 n. a. s. 3e-,o n. adeq. samp. 

K3.2 20 13 83 1e--01 12 27 0.3 2e--06 0.01 99.99 

K4.2 21 14 89 1e--0s 11 17 0.2 6e--08 0.01 99.99 

K7.2 63 ~ 144 ~600 Se--06 none detected 
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12.5 m. The sampling flow was 0.2 up to 0.51/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 
inP.-A. SCHNEGG& N. DOERHJGER, 1997). 

Uraninewas detected in row 1 at wells K2.1 andK3.1 (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 hand 13 and 34 h, respectively. This corresponded to 
an arrival and transport velocity of 37 and 14 ml cl, respectively. 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 din 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 1 of water containing 25 g of 
uranine and two different marine phages (H4-1.4e13 pfu, H40 - 1.3e13 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 
201/min. Sampling was done as for KAP 1 except that well K6.1 in row 2 was also equip­
ped with a peristaltic pump and wells K5.1 and 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 
K2.1 and K3.1 after about 14 h (Fig. 4.76) and continued to be present over the entire 
14 d of sampling. The Maximum phage concentrations reached at the two wells were 

600 30 

a) 
KAP 1 URANINE 

b) KAP 2 PHAGE H40 
Feasibility Testing iT. Feasibility Testing 
to 20 m distance. + to 20 m distance. 

/\ /~, T 
· ·■ · K2.1 - H40 
-□- K3.1 - H40 

400 :m ~ --, .. 
.0 ] I l t j u 
u 

~ 
I• a' ■ 

w 

J0 lP\ C ·a w 
~ ill, 
:::, _:l! 

0. 

200 10 ---

··• II!' ... 
- K3.1 Uranine 

□ 
(I 0 

0 Time since injection (hr) 48 911 u nme since injection (hr) 48 .00 

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 H40). 
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Tracertests KAP 1 und KAP 2, Durchgangskurven bei den Bohrungen K2.1 und 3.1. a) KAP 1 
(Uranin), b) KAP 2 (Phage H40). 



about 30 pfu/ml. After 48 h, most values were at levels of less than 6 pfu/ml. Phage 
H40 was not detected at the other row 1 well (K4.1) nor was it detected at wells K5.1 

r K7. I in row 2. lt wa ·, however, b erv d to le el of ab uc 4 pfu/ml in well 1 6.1 
begimting ab uc 64 h after injecti n and was no I nger dete ted af te.r about 110 h. Ura­
nine wa detected again in weUs K.2.1 and 3.1. Th conccntrati ns stopped decreasing 
in well K.2.1 at ab ut 17 h after injection rc11ecting the arrival of the KAP 2 iJ1jected 
olmc at lev.cls above the reducing bad ground from KAP l. The lack f testing for 

tu·anine at wcU K6. I during KAP l precluded :my comperativc assessment about ics 
behavi ur during KAP 2. 

Results of KAP 2 w re consistent with che KAP 1 results for the uranine in term 
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 
this test wa chat ura□ine and phage H40 tran pott wa · c nsistent in term f their 
arrival times. We did n . t exp et irnilar time · for the phao-e and lut maximum con­
centration . Phage level at both wells began to decrea e after about 24-30 h wherea · 
the uranine maximum values oc urred at ab ut fr m 36-52 h ,L during KAP 1. The 
second conclusi □ was that higher injcial ma and concentratioi of phages were needed 
to yield a ceptable result . Tbe H4 phage wa ooc d cectcd and the H40 phage 1 vel 
did not provide sufficient resolution tc well characcerize th ir response. Finally it wa 
apparent that rhc lev l of attenuation of the phage to 20 and 60 m was ver 99 % as 
had been observed for bacteria and microsphercs albeit: vcr shorter di ranees in finer 
grained porous media :at the Cape Cod site (R. W. HA It VE et al., 1989). 

Tracer Test KAP 3 

KAJ) 3 began May I 1997 and 1-u tcd 10 d. Tbc tracer cod tail wa prepared by adcling 
25 g uranine and2 l f phag 1-140 s lution (l.5e14 pfu) to 8 1 of water pumped fr m the 
deep z ne ju t prior to beginning the te t. lojecti n wa done by adding this luti n 
t a v lume circubting from the bottom of the well screen into a surfa ·e vessel an I 
returning to below the water table al' a rnte of about 60 l/min. The injc ·t~ n circuJa­
cion was c minued over ab ut 30 mi11 to en ·ure it w.i well mixed. An additional (fJ I 
of tracer-free 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. 

KAP 3 result. ar char, cterized by the results sh wn in fig. 4.8 and are quamificd 
in cab. 4.4. The early tim · analysis pl()l (Fig. 4.8a) ·h ws the row 1 wdl (KJ.1) at which 
there wa. an apparent gradmtl rise in urani.ne levels preceding the phage..~ fir t derec­
tio11 at -about 11 h. About I h later, the uranine slope increased signjficantly aJKI. it is 
this sl pc cl,at likely represent the uran.ine levels fin,illy reaching above back gr unJ 
variability. Figure 4.86 illu crates the breakthrough curve t 100 b showing the maxi­
mum concentration f phage. occurring at ab m 15--17 band the uranine maximum 
(peak) at 28-30 h. 1n well K2.1,. the.re was more itregu larity in the phage data as. had 
occurred during KAP 2. The phage and uranine 'ilrrival and maximum concentracio11 
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 K 4.1 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 K6.1 and K7.l but were of sufficient magnitude only at K6.1 to cha-
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Fig. 4.8: Tracer test KAP 3 concentration history. a) well K3.1 early time analysis, b) well K3.1 maxi­
mum concentrations, c) well K6.1 data overview. 
Tracertest KAP 3, Durchgangskurven. a) Bohrung K3.1 Ersteinsatz-Analyse, b) Bohrung K3.1 
maximale Konzentrationen, c) Bohrung K6.1 Datenubersicht. 

racterize the response. The H40 and uranine response at K6.1 (Fig. 4.8c), 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 cl, respectively. The MDC-difference 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/ din 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 1 and 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-factors decreased consistently by a factor of 3.5--4 over 
the 40 m from row 1 to 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 
Test 4 and 5 were done in A ugusc 1997 about three months after completion of KAP 3. 

The specific objective of the testing wa to compare the response of 1-micron diame­
ter fll1orcscent m.icrosphc.re c 11 ids with phages and uranine. Neither test was suc­
·cssful in that the injcc.ted component responses were either non-detectable or too low 
t characreriz the breakthrough. The cc r using the micro ·phere!l was rescheduled and 
p rf rmed at another nearby test site Wilerwald in Augu t, and Septemb r 1997. 

In KAP 4, no uranine and no microspheres w re detected over ab ut one week. Phage 
detections were intermittent in the first 2 d of samples at r w 1 wells. This was in clear 
contrast to the patterns well established with eh t P 3 results. No resp ose was ob­
served in row 2 despite more frequent sampling and incr a ed inj ctioi1 coucen~ration . 
The test was terminated after about ten Jays and K.. t ENNEDY l. MULLER, 
P.-A. SCHNEGG, P. ROSSI, R. KOZEL restarted as KAP 5 about a week later. In 
J AT 5, imilar negljgible respon es from phages were observed and no uranine and 
microsphere were detected over S d. At 1:his time we acknowledged that there was 
clearly a problem and omething was taking place we did not understand. We termi­
nated the test realizing that the lack of detected colloids W;\ potentially 1·easonab!e, 
but the failure co detect uraninc was not. 'fhc warer levels were lower than during KAP 3, 
but the gradient had not changed. Our fir t action ·was to pump at about 100 1/min 
from the K2.1 and K3.l wells in Row 1 and the K.6.1 well in r w 2. 13,J yielded water 
that was clear for the initial 2 min, became dark br wnish-red wirh a defined residue 
for the next 2 min and was followed by water with a fluorescent green color indicat­
ing uranine in substantive concentrations. Well K2.1 yielded a sinnlar red color and residue 
but no uranine was observed. Red coloration from well K6. l lasted only a few seconds 
and no uranine was observed. We concluded that the KAP 4 and KAP 5 limited re­
sponse had W(ely 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
imity when active pumping took place, but had been blocked from entry by the bacterial 
growth. 

Tracer Test KAP 6 
KAP and KAP 7 underral en at Kappden assessed the response characteristics of 

phages and uranine in the upper zone to depths from about 4-8 m. Pumping in the seven 
shaUower wells had not historically shown any noticeable red discoloration. We under­
took the upper zone tests hoping tl1at to an 8 m depth, there would be a less reactive 
response to th introduction of oxygen than 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 H40 (1.7e14 pfu) 
and uranine (26 g) were injected in well Kl.2 on November 4, 1997 and sampling car­
ried on through November 13, 1997. Sampling was done using -a closed circuit ircu­
lation system. In this situation, rather than pumping- fr m afarticular depth at a low 
rate, the well water was circulated opposite the entire length o the screened 7,one there­
by creating a fully mixed column of water. Flow wa, about 4 l/min uggesting a ycle 
of return for the well screen volume was from 10-12 min. Sampling wa done f r the 
bacteriophages by removing the required 80 ntl volume fr man in-line 3-way valve. 
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 1 at 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 hat 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 peaks 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 SO-fold 
too low for optimal counting in row 1 and 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 cliff erent 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 
KAP 7 began on July 12, 1998 and lasted over three months. The tracer cocktail was 

prepared by mixing uranine (53 g) and phage H40 (1.6e15 pfu) in about 201 of solution 
which was injected under VENTURI effect with circulation conditions over a period 
of 1.5 hat well Kl.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, 38.5 l of solution with phage H4 (5.7e14 pfu) 
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. 

Figure 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. 4.96). The first 6 d of the test 
response in row 1 illustrate that the breakthrough responses for both phages and ura­
nine were distinct at wells K3.2 and K 4.2 (Fig. 4. 96, 4. 9c ). Phages and uranine were first 
detected in th se two wells after 12 and 13 and l1 and 14 h, re pectively. The maxi­
mum phage and urani.ne ·on entration · occurred at <\bout 27 and 83 h ancl '17 and 89 h, 
respectively. The uranine response at well KJ.2 (Fig. 4.9d) illu traces that the technique 
of long-term r spons characterization was effective t1 •ing the closed circuit circula­
tion c mbi1Jed with continuous n-li.nc recording of Ul'an.in with either a surface or 
d wnhole (P.-A. SCl--fNEGG & l . KEN!\1FD 1998) field fluorometer u11it. nly short­
term pump-related interruptions in the data occurred. MDCs for uranine were in the 
range of le--03 and le--05 at K3.2 and K 4.2, 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 attained 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. 96 ). 
The H 40 MDC at K2.2 was about 5,000-fold lower than at K3.2. In row 2, neither the 
H40 phage injected at weil l 1.2 nor the H4 phage injected in well K3.2 were detec­
ted. Umnine wa. d tecced only at welJ K7.2 (bg. 4.9e) after about 5 d. It c nt.inued a 
slow and consi tent rnt:rea ·c to leveL of ab ut 2.6 ppb and stayed in this relative range 
over about 6 d at which time it begru1 to decrease. MDC for the uranine at well 7.2 
was about 5e4 ' , about three-fold lower than at K4.2 and 200-fold lower than at K3.2. 
Mon.itoring ended earlier than dcsiJ·cd at K7.2 due to ther equipm nt commitmems. 
The K.3.2 ancl E 4.2 uranine br akthrough daca correspond to arrival and tra.nsp rt vel -
citi of about 46 and 7 m/d in both rows, rcspe ·tively. They would be a fact r of 2-4 
lower rn r w 2 based on the K7.2 response haracterization. 

Phage recover)' at wells K.3.2 and ~ 4.2 in r w l, baseJ n relative breakthrough com­
pared to uran.ine (Tab. 4.4) was about 0.0 I %. The site monitorin.g ended before there 
was a c mplete uranioe rec very at· either well. Thei-ef re, tb ' ere- ve,-y number 
repre ent upper limits and could lilt I deerea e by as much as a factor of 2. 'Then.• wa. 
n phage recovery in row 2. Phage maximum cone ntration c asisteutly occurred ear­
lier than the solute maxin,iums in tbi test. Rf-value were 0.3 and 0.2 at well KJ.2 
and 1 and K6.1, respectively. 

Conclusions from both the KAP 6 and KAP 7 tests were that phage and uranine 
resp n cs were well characterized at the row l distance o · about 20 m but chat neiche.r 
phage nor ur-aninc response was adequate at 60 m, even wi.ch a dual anJ prol nged in­
jection of phages. Compared ro the lower zone the transport direction was mur easterly 
and the solute mean transport vduc:ity was two-t four-f Id lower. Fu·st dete tion time 
of both tracers wa similru· an I that tht: phages being detecre J earlier may be more de­
pcnJem on the detection limit differenc than n prcforenrial colloid tran pon occurring 
in this setting. 

4.1.6. Summary and Conclusions 

haracteri7.ation f the gr0tu1dwaccr environment at the F appelen ite b gan b 
using surface geophysical •xploration methods. Results from VLF-EM and RMT tech­
niques allowed devel pmenr of a conceptualized geologic model depicting che narure 
an<l extent of the relatively prolific gravel-dominated aquifer fouoa beneath the ice. 
Tbis model suggested a bi, hly permeable aquifer extended over rhe inve tigated 100 
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by 100 m area, that it had a high degree of C< ntinuity and that its chicknes · varied prin­
cipally from about 15-18 m. Underlying thi was a lower permeability zone-an aqui­
tard, that at this site did not have the dramatic changes in relief that had been observed 
at rher fluvial-glacial · rtings n~rby in the regi n. Drilling f r well installation con­
firmed eh.at the actual depth to the aquir.ard were genera Uy within one meler of the 
geophysical interpretation. 'fhe good correlalion bet\veen the geophysics and che geo-
1< gic data ·ilJu rrnces that the e merhod can be relied upon jn this setting to distinguish 
I etween th tw contrasting lithologic type and arrive at a reasonable estimate o·f tbe 
aquifer thickness. 

Hydrogeologic characterization started with updating the regional and local water 
levels to document the aquifer's potentiometric 1.1rface. A refatively st}1ble and flat ra­
dient of about 0.0005-0.001 has existed during the site resea1'ch. Confirming the ground 
water flow direction and magnitude was followed by the installation f cwo piezometers 
and 16 wells in che upper and lower pans of the aquifer. The well were aligned along 
the exp cted n rtbwesterly gradient over a length f 90 111 and a w · kh of 40 m. Lo­
calized pumping in each well was pr.incipally relied upon to arrive ate tirnate of hy­
cL·aulicc ndu tivity ranging from le---0-I to 1e•l>l 111/ s. Travel times ob ervcd in the tracer 
testing imply that there may be preferential pathway lenses in the gravel tructure that 
are more transmissive than che higher value in this range. 

Biogeochemical characterization of the gr0undwateJ· began by defining the redox 
conditions as 1'11ey cx.isted partiCL1larly in che lower part of che aquifer at the site. Site 
wells may have inadvertently provided a path for oxygen t() migrate by diffusi n to 
rbe ba e of the aquif 'L This oxygen c uJd have I ad LO the b~icterial biofm:iling that 
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 successful. 

Bacteriophage H4 response has not been able to be well defined and it may not be 
suitable for use at this site. However, bacteriophage H40 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 comp nenc responses in the tw zon · x­
hibited different transport direction and vel ity characteristics. To 60 m, there wa · 
less detection of either phages or uranine and precise an·ival times have not been well 
documented. Only one well in each zone to dqte has haJ a response adeci.uate co cba­
racterize tracer component behaviour. Th lack of a gre:ue.r de tcction )fat least the 
solute uranine in row 2 is surprising unle~:s there are prefer ntial pathways between 
the wells and the dispersion expected is not ccw-ring effectively outside lhe e chan­
nels to create a wider plume at that distance. Regardless, longer u1jection ti.n1es on the 
order of days should be anticipated along w i h in reased phage mass in order to be able 
to observe and better characterize the phage resp nses to distances greater than 20 111. 

Phage and solute initial detection times wei·e nor suffi iently different t conclude 
whether or not there was clear evidence of phages undergolngpreferent:ial advection 
compared co the olute. olmevel . itics based n the time of maximum con entration 
ranged from ab ut 14-21 rn/d and 3-7 1t1/d in che lower and upper :6one , re ·pectively. 
Transpon velocities ba ed n arrival rimes were two- tO four-fold higher. MDCs for 
th phage were fr m 2- to4-orders of magnitude lower than for the solute. Pba e ma­
ximum c ncentrati n c n istemly occurred sub tantially earlier than thos f uranine 
consistent with diminishing mass source along the cran ·port pathway due to partid 
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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. SGINEGG, I. MOLLER, W. KINZELBACH) 

4.2.1. Introduction 

omparing the behaviour of c Uoids and solutes as tracers in heterogeneous porous 
media aquifer envir nments i · com.pLlcate<l by a variety of factors related to the aquifer 
materials water chemistry and tracer intc;ractions with both the solid and liquid pha-
es with which they come into contact. L'lboratory experiments tend to show idealized 

responses from isolated variables being evaluated rather than the composite effects that 
are in herent in any real world ·et of conditions. Field tests are the basis for documen­
ting actual transport ondicions and providing a base to better simulate and calibrate 
predicti e tran, port models. Tbesite layout and geophysically interpreted hydrogeo­
Ic gi aJ herer geneity of t he Wilerwald ·ite where this work was carried out in the fall 
of J997 is in fi. . 4. 10. 

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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iAguplan mil geophysikalischc!r A1mvert 11ng (nach A. DF. ARV/tU JO Dtll, 1993). 

from the I y<lr geolozy Center at the Uoiversiry of Ncuchatel aod '. NIEHREN and 
W. KINZELBACH Lrom E11-I' Water Resources Managem'nt Department to 
evaluate field in. trumentation measuring uranine and ynth -tic coJlojdal particles 
re pectively, during a tual testing 

The rationale ociated with this work wa. chree-f Id. Fir c, by using both I anides 
and a solutetra er at the same time, we would better understand and characterize the 
tran port-related phenomena f the ubsurface media. Second, bacteriophag - can mimic 
the manner and ext nt co which viral particles are removed from the environment dw-ing 
trnm,port. One of the phages used wa M _ that has seen relatively widespread use 
internationally as a viral surrogate but ha been restricted in it us here in witzer-
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land duet its g,meticaUy alt r d source. We wanted to comp~rc that phage s perfor­
man e with a marine bacteri phage, I 140 that had been d vel ped and fo1· the rno ·t 
part u e f r particle migration wdies in karst and river settings in Switzerland. Third, 
the sampling . tn1tegy in such testing activities is c mm nly difficult to determine be­
forehand . The use of< n-line instrumentation to measur in real time b th the parti le 
and olute tracer con eptrations at che wells allowed a focusse I and m re ffi ieot 
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: 

1) cod ument and compare the behavi ur of rlu·ee different bacceri phages, 
2) to va luate the use of continuous flow through a fie! 1 fluorOmetcr an<l a pr totype 

fluorescent micro phere counter under field and environmental condition 
3) to document and c mpar the re ponse f the four differenc particle ryp with a 

conservacive !uc tracer, uranine, and 
4) to evaluate real-time on-line measurements as a technique for optimizing field tracer 

test procedures and sampling strategies. 

Project Scope 
The scope of work iJwolved three basic steps-preparation, testing and data analy. is. 

First, the ite wa p1·epared for us -. Well conditi ns were do umcnted. Wells from the 
i.njt:ction site to a distance of about 75 m were purnped t deter.mine which were uitable 
for use and to deari out any residual rhat had a cumulated ince the !aSt testing b 
P. R SSL, 1995 (P. Ro ·1 et al., 1998) and . HADl in 1995, 1996 (S. I--lArn, 1997). ample 
f water were submitted for bacteriopha0 analy i • to dete1minc if there wa. any bad -

ground level in the water r maining incc the la t testing by P. ROSSI in 1995. After 
valuation of the pre-testing results, three wells were selected for the field crial and the 

site was equipped with power and a temporary helter. ln rrum ntation in rhe weJJs 
was em.placed and tested. Seco11d, the field testing activity was u11de1taken over a period 
of about tw weeks during whid1 time sarnpl for uranine and micr spheres were 
analyzed in the field and phages in an off--sice bborat ry. Third, the d:ita were ana­
lyzed using botb quantitative cumpari ns and a numerical modelling a ppr a h (see 
S. NIEHREN, 1998). 

4.2.2. Wilerwald Site (Canton Bern, Switzerland) 

4.2.2.1. H ydrogeologic Setting 

The purpose of this section is to describe the site and its characterized subsurface 
as it relates to a ·ettin f r migration of particles and solute tracers during cbe test. 
The sit , 1 cared in the Emme vaJJey in Canton Berne about 6 km outh of Solothurn,. 
i in a flat-lying forested area (wald) just outside th village of Wiler: at an elevation of 
about 465 m. lt was inscrum nt.ed riginally i11 1986 by driving l teed metal pipe int 
the gr und to depths of between about 8 rfl, nd J2 m. Sub ·equently additi nal metal 
l cted pipes were mstaUed and a ingle w II, CD was cored and in trumente<l with 

2-inch OD PVC-tubing (Tab. 4.5). 
The site bas been used for various groundwater research activities over the past 14 

years (M. SANSON! 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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T ah. 4. 5: Site well characteristics and water level measurements. 1
)- wells in bold text font are those 

that were used during the tracer testing described in this publication; 2)- construction was 
either a driven metal slotted pipe or in the case of CD- slotted PVC-casing installed in the 
borehole; nd - not determined. 

Well1) 
[m) 

B4 
co 
Cl 
C2 
C3 
C4 
CS 
C6 
C7 
CS 
CD 
Dl 
D2 
D3 
D4 
D5 
D6 
D7 

Beobachtungsrohrcharakteristika und Grundwasserpegelmessungen. 1
)- Text in Fettdruck 

kennzeichnet die fur die in dies em Artikel beschriebenen Tracertests genutzten Bohrlocher; 
2
)- die Filterrohre bestanden in den geschlagenen Beobachtungsrohren aus Metal!, in Bah­

rung CD wurde PVC verwendet; nd - nicht bestimmt. 

Coordinates Measured water depth 

D epth Internal 
Construction2) East North 26-Aug. 30-Aug. 6-Sep. [mm) Diameter 

11.3 32 Driven - metal 609.766 222.05 3.56 3.57 3.57 
4.5 32 Driven - metal 609.783 222.066 3.41 3.41 3.41 
4.4 32 Driven - metal 609.776 222.066 3.50 3.50 3.51 
1.8 32 Driven - metal 609.77 222.065 3.58 3.58 3.58 

10.4 32 Driven - metal 609.766 222.064 3.58 3.58 3.58 
12.2 32 Driven - metal 609.761 222.062 3.49 3.49 3.49 
12.5 32 Driven - metal 609.757 222.06 3.39 3.40 3.40 
11.8 32 Driven - metal 609.753 222.057 3.38 3.39 3.38 
12.1 32 Driven - metal 609.749 222.053 3.53 3.53 3.53 
12.2 32 Driven - metal 609.744 222.05 3.40 3.40 3.41 
12.3 51 Borehole-PVC 609.749 222.083 3.40 3.39 3.39 
nd 32 Driven - metal 609.771 222.12 3.28 3.28 3.28 
nd 32 Driven - metal 609.762 222.113 3.26 3.26 3.26 
nd 32 Driven - metal 609.753 222.111 3.25 3.25 3.26 
nd 32 Driven - metal 609.743 222.109 3.26 3.26 3.26 
nd 32 Driven - metal 609.734 222.104 3.35 3.35 3.34 
nd 32 Driven - metal 609.727 222.099 3.34 3.34 3.35 

12.3 32 Driven - metal 609.72 222.095 3.27 3.26 3.27 

from 10 to ab ut 50 111 and c mprised f gravel with sand and m re c as e-grained 
fractions (pebbles, obble and b ulders) and rarely wirh silt. lts compo ·ition and high 
degree f lithologi variability reflects its glacial pr venance derived from cdimenta­
tion and err ion cycl - in an alpine forditnd of the wiss Central Pbteau. At a site cale, 
d spite considerable interest and tra er~rclated work, there has been little lithologic do­
cument.1cion. The original assumption was rbat gr undwatcr f1 w and transport in the 
aquifer at a 100 to 200 m site scale would be relatively homo eneous and isotropic. Lilh 
I gy was orio-inally e>.-pected robe sandy gravel lying between I wer permeability alluvial 
sediments and underlying lawstrine sediments. Ac ordu1gl y, the only ice boreh le wa 
at CD (on fig. 4.10) and the lithology ac this location was determined only in 1992- in 
part co try to understand why earlier tracer t · 'l result · c uld not be well matched with 
model results. 

Lack.in uificient l.ithologic details yatiabiliry in the aquifer subsurface material 
wa ub equcndy approached using surface and down hole ge :>phy ical inv tigations. 
The variability in hydr:1.u~c c nductivity, both vertically and laterally at the ite i 
xt n ive. ignificam changes in tran p rt pathway based on interpreted lithologic 

variability are now believed robe on the one to 10 m scale. This was determined based 
principa lly on interpreta~ions of the limited geologic record, piezomctcr penetration 
rec r& ,rnd rhc geophysics done by A. DE CAR ALI-I DILL (1993). 
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A. CARVALHO DILL' s extensive characterization works at the site showed compelling 
geophysical, interpretation ov r the in trumentcd ~nd surrounding area. She interpreted 
aerial patterns bscrv d from exten ·iv and cl , ely spaced Radi -Magnetotelluric 
Resi tivity (RMT-R) urveys. Interpreted re ulr indi ate prefer nrial pathway pre ent 
i11 the form of glacial ra dep ired paleo hannel a w II as lower permeability islands 
fsilts and clays along and within these more highly tran. missivity 7.ones. Verti ally, 

due to the lack f boreh le data for model tal.ibration, more detailed interpretations 
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 l.H m below ground 
surface and varies seasonally. Hydraulic gradient conditions at the site are generally 
regarded as high and have b en documented at about 0.004 ml m. Similar gradient con­
dirions were apparent dllring ur worl . 

The hydraubc conductiv ic_ at rJ1 siLe was determined at 21 monitoring well loca­
tions during the original work at the site as reported by M. SANSON! 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 measurements were 
made of the stabilized draw down. T ransmissivity values were calculated as:;uming the 
mean aquifer thickness and calculated valw~s ranged over about two order of magni­
tude from about 4 e--03 to 4 e--01 m2/s. Associated hydraulic c nducrivity (J ) values were 
of from 6e--04 to Se--02 m/s. These K-values, how ver, based on using thinner ffecci e 
contributing layer thickness contributions c uld be much as 20 cime higher. 

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. SANSON! et al. (1988), J. MAGDEFESSEL ( 1990) and A. DECARVALHO DILL 
(1993). In 1995 and 1996, the Universities of Neuchatel and Freiburg both continued 
use of the site for focussed feasibility studies of a) biocolloid particle migration in porous 
media (P. ROSSI 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. SANSON! 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. ROSSI 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 it did not have resources to establish the ade­
qua.te sampling densit required t fully evaluate the detailed patt erns of breaktlu·ough 
at all the weUs that wel'e sampled. Facl'!d with siin;lar resource con traims, we decided 
c reduce ihe numb r f wells sampled aud in ·rease our sampling Jen icy ac tlu·ee w lls. 
Tlus fi t m re within ur objectives of mulri-p,u-cicle/solute comparison and determining 
the effica y of continu u 1,111-line uranine and micro ·phere detection field equipment. 

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 Neuchatel commonly with­
in 48-72 h of sampling. 

Tab. 4.6: Site pH and electrical conductivity (EC) measurements. 1)- pH measured in samples du­
ring tracer testing (August/September 1997); 2) - EC measured in samples during site pre­
paration 28 d prior to testing. 
pH- und elektrische Leitfdhigkeitsmessung. 1)- gemessene pH-Werte der Proben der Tra­
certests ( August/September 1997); 2)- gemessene elektrische Leitfdhigkeit der Proben wdh­
rend der 28-tdgigen Vorbereitungszeit vor den Tests. 

Well pHl) Temp. LDeg. CJ EG) [µs/cm] 

B4 10.3 539 
C3 10.5 559 
C4 11.3 549 
CS 11.6 544 
C6 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 
Th equjpme.nt layout forth inj ction and samplin well omp nent i s he111ari­

cally sh wn i.n fig. 4.11. Each of the wells wer equippea with a battery-driven down­
hole pump (Comet/Reich, 12- 1 Vmin, 0. l.5 bar, 12V DC), a delivery line from the 
pump to the sui-fa e, and a return line to just bel w the water table (PVC tubing, 14 mm 

D, 10 mm 10). This established internal cir ulation opp site t that believeJ co be 
the accivel transmissive layers. Cin.:ulation rates were from about 1.5-2 1/min-a rate 
whicb was c n idered adcquat ·t create a h mogeneous column of warer moving 
downward between just below the water table depth and d,e pump return delivery 
p inc.1'he original design for the pump and return line depths was to have them ea h 
set at about 10 and 4 m, respectively. The pump depth wa chosen based on che history 
of tl'acer test results reported by various auth rs for the . ite. The return line depth was 
et at from ab ut 10- 20 cm b low the water table. Flow meters were I ut in line p ri­

odic:ally to measure the circul tion rate. The tubing at rh smface o uld be passed Lhrough 
a field flu rom ter ro obtain real-time on-line uranine measurement . At wells C6 and 
07, a T-j int was in talleddirecdy in line allowing wii:hc.lrawal of a repre e□tative ali­
quot of J mJ/min co letermine real-time on-line micr phe1'e particle dete tion. 

Discrete samples were take.n from the injection well and rhrce d wn gradient mo­
nit ring wells during testing. T faciJicate th' , a three-way valve wa installed in the 
cir ulating water line: to all w flow deviation co tbc sample b ttlc without affecting 
the c ntinuicy of the return line v lume. Samples were placed in new, 100 ml PVC dark 
brown bottles, were capped and temporarily stored in a refrigerated container at the 
ice, prior co ·hipment to the off- ire mic:robiological lab ~·awry for analysis. 

A generator provided continuous power t battery charg-ers for downhol pwnps, 
computer equipment, refrigerated 5ample st rage cumainer, microsphere counting equip­
ment and the site shelter. 

4.2.3.2. Injection Conditions 
The meth <l logy of reating cbe tracer test " input signal" is important tO under­

tand and for our work thi was ·ertainly 11 excepti n. After a f w minutes of u,,jec­
tion., we received our fir l ,urpri. tng r ult related to the flow condici n at cite in­
jection well. The tracer cockta il c ral mixed volume was i.nje red i.nto weU B4 by 
onnecti.ng the container with the trac r to the flow return line nd allowing the voltune 

to flow, under Y.ENTURT effect, to be purnped ar chc ci.rculati ~, rare int the well. 
11-u process la red 11 min. W c realized, however, that there was no colour in the return 
water comi1Jg from the pump depth set at 10 m. After 5 min of no return, the pump 
was raised co 8 and then to 6 m, but still with ut any visible fluorescene in eh rentrn 
part of the designed circulation. 1his conditi n ·onc.im1ed with chc pump ·tar 6 m 
rn1cil that remaining volume of tracer was gone, The pump was rai ed slowly th re­
after during the rinse period up to about 5.5 m, about LS m bel w 1.he return .line, and 
tbere was still n evidence f tracer. It was a1s n t detect d subsequently i.n cl,e injection 
well i.rculati n am pies that had been taken during the injection period. We c ncluded 

n site rhat the entire flow rate of 1.5 l/min had left rbe well aod migrated in a high 
permeability layer at a depth between about 4a.nd 5 rn. Realizing this, and wishing to 
have a consistent et of mea urernents at cbe down gradient wells, the down gradi.ent 
well pump setting were raised from 10 m to 6 mat C6 and to 7 111 at D and D7 where 
eh y remaineJ over the durali n of testing. 

To a degree th input signal condition was not critical co our objectives-since we 
are focussed on comparing tracer components' re ponse and field instrumentation 
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Wilerwald field sampling/ analysis: 
> uranine - on site & on line I 
> microspheres - online 
> bacteriophages - samples > off site 

Pump flow out 

Water circulation 
- down inside well 
- up from pump 

. . . . . . . . . . .. 
i, Site 
T Power 

Generator 

Ground water flow direction 

12V DC d ownhole pump 
14/10 pvc tubing for delive-y/return 

. . ..... , 

Fig. 4.11: Well equipment, sampling and on-site analysis instrumentation schematic diagram. 
Schematisches Diagramm: Bohrlochausriistung, Probenentnahme- und in situ-Analysegerate. 
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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 H40, MS2 and Psf2 biocolloids. Details related to the five tracer components are 
in 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. Rossr et al., 1998). 

The )-micron di, mete1·, carboxylate-modified, fluorescent microspheres (Molecu­
lar probes BY, Catalog No. F-8816) are nrtificial, commercially produced, latex beads 
(Fig. 4.1.2). They have.a density f 1,06 >/cm3, a highly negative surface charge and are 
relatively hyclrophi.li . They are labclcd with an incorporated crimson-coloured fluores­
cent dye with extitati n and emission spectrum wavelengths of 623 nm and 640 nm, 
te pecrively, allowing them t be detected using a low power laser source. 

Three biocoll id c mpo.nent - bacteriophages H 40, MS2 and Psf2 were selected for 
this w rk based on prior exp riencc at this and other karst settings and in associated 
migrati Jl fcasibilit y dem n tration te ts in a 6 m long sand tank model (MAR CEA Us) 
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 H 40 phages are in fig. 4. 13. Like the microspheres, 
they have negative surface charges. 

Surface charges are commonly ref erred 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. Rossr (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. Rossr (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 m V. 

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 

Tab. 4.1: Traror ll'St component characteristics and analysis methods. 1)-colloid details a,re size ( head,. 
ta£/.), morphotype (family )1 genetic material (gm) - single ( ss) or double ( ds) lrandetl, iso­
electric point (pH at which the p,irticles possess zero nel charge) and zeu1 potential ( ;,.p) m V 
(the charge bala.nce, expressed in miUivoh) (m \I) measured at a pH o.f 7.4) for ,.he 
ba.ctc1·iophages and the mamlfacturers cited characteristilis for microsphenrs; 2)- the tracer 
cocktail contained t1ll components and was injecwd in well B4 in /1 min at a circulation 
mte of 1.5 mUrnin; an estimated 95 % of tlw tomponems' mas was assumed a.f inject eel (tbe 
balance input under more dilute "rinsing" conditions); 3)- P.-A. SCHNEGG &N. DOERFLIGER 
(1997), P.-A. SCHNEGG & K. KENNEDY (1998); 4) - bacteriophage H40, 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; 7

)- S. NIEHREN & 
W. KJNZELBACH (1998); nm - not measured. 
T racercharakteristika, Analysemethoden und Einspeisebedingungen. 1

)- die Kolloideigen­
s,·haften sind: Grosse (Kopf, . chwanz), MorphotJ1p (Fttmilie), genet.jsches M,.11.eruJ! (RNA, 
DNA), 1 oelektrischer P,mkt (pJJ-Wert bei dem die Partikel Null-udtmg besitzen) imd 
Zl!ta.-Potential (z-p) in m V ( u.id,mgsgleichgt'Wich, gerne.uen in m V bei ,>inem pH-Wert v n 
7.4) fiir die !'hag en; fiir tlie Mikrosphii.ren geLten die vom I l1trsteller angegebenen Eigen­
schdfien; l)- dor Tracercock1.ttil mt hielt dle K ornponerum 11ru:l wit rd e inmrhal b 'I.Ion 11 min 
mic einer Zirkulationsrate von 1.5 ml/min i11 Bohrnng B11 ei.ngespei.st. i/5 % der Ein­
speisemasse wurde als injiziert angenommen; 3) - P.-A SCHNEGG & N. DOERFLIGER 
(1997), P.-A. SCHNEGG & K. KENNEDY (1998); 4) - Bakteriophage H40, P. ROSSI (1994); 5)­

H. W. ACKERMANN & M. S. Du Bow (1987 a, b ); 6)- Molecular Probes Europe BV, Holland, 
Katalog Nr. F-8816, keine IP- oder Zeta-Potentialwerte vorhanden; 7

) - S. NIEHREN & 
W. KJNZELBACH (1998); nm- nicht gemessen. 

Tracer 
Type Component details1) 

Initial mass (MO) Analysis method 
component (Volume in ml)2) (Resolution) 

Sodium fluoresceine 
On-line spectrof!uorometry 

154g CHYN/UNINE Field 
Uranine Solute MW 376.28 (5,000) Fluorometer3) 

CioH10OsNa2 (- 0.1 to 0.5 ppb resolution) 

Bacteria-
Bio-

4) 44,130 run, Siphoviridae 
1.10 e13 pfu phage gm (dsDNA), IP (nm), 

H40 colloid zp (--42.0) (200) 

Bacterial host cultivation / 
growth association, 

Bacteria-
Bio-

5) 24 run, Leviviridae, 
1.]5 e13 pfu 

plate counting in petri 
phage gm (ssRNA), IP (3.5, 3.9), dishes 
MS2 colloid zp (run) (40) (UNINE-Microbiol. Lab.) 

(1 phage per 2 ml 
resolution) 

Bacteria-
Bio-

- 70, 65 to 570, Siphoviridae 
5.25 e12 pfu phage gm (run), IP (run), 

Psf2 colloid zp (-36.0) (750) 

1.0 µm, Fluospheres: On-line laser detection7
) 

Micro-
Colloid 

carboxylate modified, 3.6 e10 spheres with flow cytometry 
spheres6) crimson fluorescent (625/645 (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 

6. Detection - <lala 
acqulsllion and 
storage system 

5. Detect photons -
Avalanche Diode 

a) 

; I 
2. Laser beam i , 

focusing optics ~ 

3, "SAMPLING" 
Flow through cell , 
(ronlinoous, •r::: 

1
= 

D Ill o, 
4. Reflected light 

focusing optics 

• 
b) 

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

1 2 
Field Decimal dilution steps 

samples in contact buffer 

"cJ1ed" 111 
Water I 

sample I ) ~u~ / J 

c) 

Last dilution tube -
to which is added 
a known volume of 

host-bacteria 
liquid culture 

c:===> 
Adsorption time 

(5-20 min.) 

b) 

4 
Plating of phages 

adsorbed 
oo host-bacteria 

Petri dish 1-Ath 20ml of Agar 
medium to which 1 ml of 

plating buffer 
is added along wilh 

0.6% molten Agar layer 

-100 nm 

Fig_ 4.13: Baeleriophage images and ~nu~m~ation. ~) phage MS2 ( a[ter].-Y. ~·c11.o, 1994), b) JJkag_e 1-140 
(after P. Rms1, 1994), c) principal bacteriophage analyszs steps wah example petn d1Sh re­
sults for final counting ( after P. R OS I & K. K £NN£DY, 1999). 
Abbildungen van Bacteriophage und C,mndsatze der Phagenanalyse. a.) Phage M 2 (nach 
J. -Y. SGRO, 1994), b) Phage 1-140 (nach P. Rom, /994) c) Gnmdsi.itze cler Phagenanalyse mit 
Bcispiel fiir PetrisdJalen-frgelmissenach Ausziihlung (nach P. Ross, c' K. KENNEDY, 1999). 
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Fig. 4.14: On-line and on-site tracer component data 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 
of the microspheres used i□ rhis work. This equipment was developed specifically for 
the purpose of measuring these particular latex beads and it's use has been described 
related to laboratory column studies (S. N!J.1.HREN & W. KINZELBACH, 1998). An aliquot 
of the circulating warer is passed through a 250-micron diameter flow-through cell. 
This ceU i5 iJluminated with a precisely focussed 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. Rossi (1994) and P. Rossi & 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. 4.136 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 behaviour 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/CmaJ, maximum dimensionless 
concentrations (C/Co)max or (Tr/Tr0)max, retardation factor (RF)- the ratio of particle 
(pseudo-peak) v . . olute eak maximum times relative breakthr ugh (RB)- panicl 
mass rec vercucompared tO ·olute recovery (normalized r JOO % u iagnon-reactive 
ofote a . umptions) and atLenuati n (1 r)litm RB). In addition, si,me scale plots of the 

eaJ·ly breakthrough time of colloid and uranine concentrations normalized to their original 
c ncentrations were reviewed to evaluate if there wa evidence of preferentiaI colloid 
transport taking 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 corn-
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pare. ResL1lts uggc ting eal·licr coUord than solute detecrion can b rn error. Recogni­
zing thi as a pra tical analytic.al limitation, and ar times co11fusi11g practice has de­
veloped in ev ralclis iplines wherein the time to maximum concentrati n (c,h.J or 50 % 
of the coral recovered mass (t50), of any materials, is refetred toas "arrival time". These 
anin l time were then compared and material were r ferred o as arriving earlier 
when thi · mean < r median mass values were different. How vcr, this comparison is 
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
port d, unlike that of a on ervativc olute, chang , commonly decrea in°f,' a it rn -
v progres ·i-vely d wn gracli nr during transport. When thi occurs, the s ,ape of the 
brcaktlu-ough curve at any furtber di. tance, including the time at which the maximum 
concentration ccurs will be trongly influenced. Colloid attachment and removal that 
has taken place aJong the pathway t a ampling p int can b rh lower and decrease 
the time at which the maximum concentration is reacheJ. Therefore, we uggesr cal­
lin a coll id's maximum concentration a "pseudo-peak' (p -peak). It .i not a parameter 
justified for neither calculating average velocity nor comparing a an arrival time re­
lative to a c nscrvative solute. ft i a parameter that is highly variabl.e-depende11t n 
them clia in whi hit i · being transported as it· interacn.ions are both media and par­
ti le dependent. On the th r hand. average veJ citie for olure migration are ha­
racteri tically al ulated ba ed on tm.,s, the time of the olute pealt and refle t the ·f­
feccive flow velocity in the media. 

4.2.3.7. Numerical Modelling 
A one-dimensi nal model wa applied c the r sults of the olute and colloi<lalparride 

m.igration c wcll D7. The ptu-p e of this modelling was to determine if the rnodel para­
meter arrived at in matching the data wer reasonable a surning a direct pathway exi. ted 
over the 64 m between the injection and 7wells. Data from th w 11 a D7 was matched 
f ,r uranine u, ing a spherical two-region com.:e1 tu,1k ation and adsorpti n-de rpti n 
colloidal mecbani. m . Derail of adapting the c mbined solute aclvecrive-diffusive 
and colloidal act:ichmenr-d .tatchment pro esses in this model ( o'Trans) are in 
S. NIEHREN & W. KINZELBACH (1998) and S. NIEHREN (1998). 

4.2.4. Results and Discussion 

The purp se of this ccti n is to describe what happened experimentally at each 
location with re pc r co chc different components used as tracers and discuss their impli­
cation a ir relates to the components' transport characteristics under natural gradient 
conditions. The presentation is made by well and theo y c mparing the ov rail com­
ponent behavi urs and finally ich the r-esulrs of a t-D numerical simulation used to 
cornpate the well D7 responses. 

Fi ure 4. JS ( ·cmi-log) illustrate th • five tracer c mponents' concentration hist r 
as progressively b erv cl cl wn gradient at the three ampli.ng wells. Figure 4. 16a hows 
the c n entrali n hi, t ry by weU f r all ;trnpled c mp nents at each well. Figure 4.16b 
hows th tracer comp nent relative abundance with concentration n rmalized to their 

maximtun values detectc<l at each well. r igures 4.1 7, 4, 18, a11d4. 19 are log-log oncen­
trati n history plot accentuating comparison of each comp nent' tim · f fi.r t detection 
(arrival) and time to maximum c:oncentration. by well. Figt.1re 4.20a presents the c m­
ponent concentrati n n nnalized to the riginal mponcnc c m entnnions for both 
solu te and colloids on the same (semi-log) scale to evaluate th potential for diffcren-
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ces berwccn colloid and o1utc component advectlon after P. ZHANG et al., 2000). 
Figure 4.206 shows the entire data er by ell (l 1g-log) for evaluating cbang · in . lope 
on d,e falling limb of the breakthrough urve indicatin° difference in later rjm 
bchavjour. Figure 4.2'lsummarizes the five tracer components' relative breakthr ugh 
both a it evolved and as absolme comp,u-ative total at rhe three well . Tabl 4.8 sum­
marize the characteri ties of cl,e breakthrough t·esponses at the wells by Lracer com­
p nent. Figure 4.22 is the re ult of the preliminary 1-D 111 delling work dooe to com­
pare the microsphere, ba reri phage aod urauine response at well D7. 

4.2.4.1. Well B4 Response and Injection Conditions 

This natural gradient c t beian with results al the injecti n well B4that documented 
chat the tra er cocktail bad lett the well in a thin lcn likely on the ord r f I mat a 
depth of from 4-5,5 m below gr und surface. The original design had expected cu· u­
lation to occur over 6 m. No amples taken in the water pumped frorn tb lower part 
f the well, either visibly or analytic,llly, indicated that the tracer components haJ 

reached the pump depth and circulated between the pump ant! the ·w-face, and there­
fore, the reuu·n Jine placed just below the water table depth. This bserved result .is 
consistenc,bowever ,,vithA. Dr:: U\RV/\Ll !CJ D1u 's electrical sounding ·ar B4(1993 fig. 34) 
with a pecifi lay r of high resi tivity value (>500 Qm) between 4and6 m. The l.51/min 
cir ulation rate of the pump was clearly i1ot high enough ro overcome the lateral flow 
from the well that <.:onta.incd the tra er ·omp nents. 

111e aquifers v rtical heteroicneiry confirmed immecfotely in the field at B4 influenced 
the refined sampling d ign that w implemented s on rhereafter at the three d1.)wn 
gradient wells. The circulati n pump depths wer chan ed at C6, CD and D7 o chat 
th ircu latiJ1g interval was reduced from 6 m to between about 3 and 4 m. Us.ing a 
111 re narro width impa t d c.he maximum trac r values ob erved in the well as a 
resLJlt f lcs, dilutioo tbac would have occurred in th · ampJing w II . For example at 
B4in 1995, P.R SI had inj ctedab ut 300 g ofuranineandwould likely have followed 
the ame narrow lateral pac.h leave the well. The resl)lting maximu1n urnnine con­
centrations he btained at C6 and D7 were ab ut l 300 and 90 ppb, respecrively. The e 
sample results wcrcb.1-ed n rernovingand rubsequently mixing the voh.1111 taken fr m 
the well in a translucent cubing filled wicb a continuous column f water t a dcfth of 
about JO m. P. ROSSl anecdornUy has described d1ar .in crtain ·ituations bands o fluo­
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. HAD I's 1995 and 1996 tracer work using the B4 injection well 
had involved injection but below the depth of a packer set at 10 m, so the results are 
not comparable in terms of down gradient results. 

4.2.4.2. Well C6 

The concentration history to 6 h (Fig. 4.16a) shows that the breakthrough curve rising 
and falling limbs of uranine and the phages were continuous and consistent. Uranine 
had a Trmax-value of 912 ppb corresponding to a (Tr/Tr0)max of le-04• H40, MS2 andPsf2 
had Cmax-values of 57,500, 12,000 and 32,000 pfo/ml corresponding to decreasing ori-
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ginal-concentration-normalized (C/Ca)max-values of 9e--05, Se--05 and 4e--0s, respectively. 
The microsphere response also shows consistent data but deviates from the other col­
loids' response in that it depicts two separate peaks with Cmax -values of 45 and 62 mi­
crospheres/ml (ms/ml) corresponding to (C/Ca)max-values of 2-3 e--05, similar to, but lo­
wer than the phages. 

C6 Background levels 
The C6 pi t showing the time at whi h different tra er: comp nen were injtially 

detected (Fig. 4.17) illustrates that there wa. a bad r und level a ociated with uran.ine 
phag-e H40 and the mi to pheres. A background for uranine wa expected based n 
the considerable prevt us use of this tracer plus the instrumentation' natural lower 
limit related t th instrument itself and the level of natural fluorescence in any water. 
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 H 40 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 
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over two years earlier. According to their typical cycle, they would not be detectable 
after a few months. The most likely exp'la.nation i that rhe phages we detected had 
previously become attached to adjacent matrix material but they had n t lost their 
virulence during thi · attachment period. imilar resu lts have been noted in batch tests 
(P. Rossi, '1 994). Om pre-test pumping could have mobilized sediment particles from 
rhe aquifer cw which these phages were a rrached arid left these present in the warer column 
prior to start of testing. The test circulation a tivity would have rcsuJted in mixing of 
these pbag within he water column an(,l establishing a re.s idual level at the begin­
nfrtg of the test. Forrunately, the bad gr. und levels of H40 were not high enough t 
detract from the quality of the rescilcs. 

C6 Arrival/Detection 
Firiit detect ion of the MS2 and Psf2 phages, for which there had been no previous 

site u ·e, were both 10 the sample taken 75 min after injection (Fig. 4.17). H40 wa also 
present in th.is and the san1ple taken 10 nun earlier. Microsphere , while being measu­
red on line, were detected above background at about 80 min and their pattern of increase 
could be documented thereafter. Thefo:st in-line uranine 1neasurement occurred ab e 
1 ppb at about 85 mm 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/.rril) and lower than that of the uranine so that the small 
cliff erences 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 mm indicates an "arrival velocity" of about 240-310 mid. Fi­
gure 4.20a shows little difference in the uranine and coll ids C/G,-value to about le-o~ 
at whicb point the colloids begin t fa ll bcl.ow rh . uranine normalized c ncem:ration . 
Thus there is no ·lear e.vidence of preferential colloidal adveCLion even with the 12- to 
40-fold size difference between the bactei:iophage and microsphere colloids. L, this 
situation, then the 111ure re pre, entative tra vel~time vcl cities are the higher ne related 
ro the c Uoids with th fr lower detection limits. 

C6 Maximum Concentration Times and Peaks 
The rcL.11ive abundance pi t f the five component (Fig. 4.16) illustrates that the fom 

colloids all had simil, r pseudo~peak times at ab ur 2.2 h c ·urring about 0.3 b before 
the uraninc peak. There wa little evident err r in the tin'ling of these 111aximum valu 
as the sampling deositywas every lO-lS min for che phage , every 4 ll'U.11 for the uranine 
and presented as averaced over every 10 min for the micrnspheres. The ca.lcLilated mean 

c)lu te velocity was about 130 m/d determmed L1si.ng the time to the urani.ne maximum 
concentr~ti6n. The colloi la[ (C/¼\,~$-valucs, while predictably lower, were do ~r to 
the urarune value than. expected w1rh H40 onJy l3 % less and MS2, Ps£2 and nw.:ro­
pheres about rwo-, three- and five-fold less. C6 data on fig. 4.20b sbow the difference 

in the breaktllrough normalized to tbe total injected mass. The colloid data all appear 
imilar w itb a smooth breakthrough in the rising and fa ll ing limb (s lope l) until about 

6 h. At that time, the slope flattens and ex.rend out co about 20 b for H40 and 70 h for 
MS2 and Psf2 (slope 2). Thereafter, there are low but relatively constant concentration 
possibly associated witb continuing levels of re ersible dctadune.nt in tb final ta iling 
pan of eh~ curve (slope 3). Tl:e ur:1nine data exl:ibits n si~~ic.'ll1t changes in its pattern 
vcr the fu- t 56 hat wh1ch nme 1t con entranon was w ithin rwo-fokl f backgr und 

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. 4.216). 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. 

4.2.4.3. Well CD 
The concentration history to 36 h (Fig. 4.16a) how that the bre.'lktbr ugb curve 

rising and falling limbs of uranine and the H40 and MS2 phages were c minuous and 
consistent. Uranine had a T r max -value of 296 ppb corresponding to a (T r/I'r0),1~•i f 3e-0s. 
H 40 and MS2 had Cmax -values of 4,800 and 5:'0 pfu/ml c rre ponding co (OC,o)u,..-values 
of 8e--06 and 9e--07, respectively. Psf2 had double p -p ak of 190 and 250 pfu/ml eparated 
by about 2.5 h ((C/Co)max of 6e--07, 8e--07). The initial ps-pcak f r Psf2 was similar to the 
other two phages. The uranine Cmax decreased three-fold compared to 06 whereas H40 
decreased 12-fold and MS2 and Psf2 decreased a b >Ut SO-fold. The H 40, M S2 and P f2 
intra-phage (C/Ca)111,x-difference was about two at C6. This increased to nine at CD. 
An increased relative attenuation of the MS2 and Psf2 phage compared to H40 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 ml 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/Ca-diagnostic plot (Fig. 4.20a) does not show 
phage values with tin1ing 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 H 40 
samples show the colloids under the uranine curve. 

CD Maximum Concentration Times and Peaks 
The relative abundance plot of the five components (Fig. 4.166) 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 mid determined using the t,r-max-value. The colloidal (C/Ca)max-values, were lower 
as expected from the off-channel setting in which this well is located according to the 
site geophysical studies. H 40 and MS2 and Psf2 were about four- and 40-fold less than 
uranine, respectively. CD daca on fig. 4.20b sh w r.he diffen;:nces in the breaktlu·o11gl, 
11onnalized ro th t tal injected mass. The phage respon es were simjlar witb a StT100th 
breakthr ugh in the t·i ing and falling limb (slope 1) untjl •abouc 35--40 h. At that time, 
the slope flattens and extcods out as the tailing fcatllres of the colloid re, ponse begin 
t influenc the later time period of dw pi t ( lope 2). There was no latc-cime co11stant­
concentration period as bad been observed in well C6. The urn.nine data exhibited a 
01. re <lisper ed form than the phag with n significam change .in its pattern ver 
the approximate300 hit was measured at which rime its concentration was still 12-fold 
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. 4.216). Compared to the recovery at C6, there was a 12-, 64-
and 85-fold decrease in H40, MS2 and Psf2. 
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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 Trmax-value of 426 ppb corresponding 
to a (Tr/Tr0)m,x of Se--05

• H40, MS2 andPsf2had Cmax-values of 7,500,410 and255 pfu/ml 
corresponding to (C/C0)m,x-values of le--05, Se--07 and 9e--07, respectively. Microspheres 
had a Cmax of 33 with a (C/Co)max-value of 2e--0s, the highest of all the colloids. The uranine 
Cmax decreased three-fold compared to the C6 value whereas H 40, MS2, Psf2 and micro­
spheres decreased eight-, 78-, 47- and 1.4-fold, respectively. The H40, MS2 and Psf2 intra­
phage (C/Co)m,x 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 H 40 

(Fig. 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 C6 and moved 
to D7 only after the colloidal particles were already present. 
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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 
the d cun1ented background of 0.9 was at about 7.9 h. Tbc sub equent sample 30 min 
later dropped below background but thereafter w,1s again above background and con­
tin.ued to rise. 07 is located directly :dong the line of che ge physically interpreted high 
permeability channel and components cxh.ibited a les di persed shape than at CD 
although m re dispersed than at C6 (Fig. 4.15). Both uranine and phagcs exhibited 
relatively fast transport. Migrntion of both the colloids and the solute over the 64 m 
distance in abom 7- 8 h indicates an "arrival velocity" of about 190-220 mid, high r 
chan the v · I• ity calculaledfor rranspon to CD. Thi supports the preferent ial. chan­
nel concept for the s~te with 10111:;irudinal migration a Ion this pathway being domi· 
nant between B4 C6 and D7 and with latetal tran port towards CD. R elative to tbe 
transport rate, the solute and colloid arrival velocities to D7 were about 72-82 % as 
fast to C6. The 1 h cliff erence in detection time between the colloids and uranine suggests 
the potential for preferential colloidal advection. Indeed, the same-scale C/Co-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. 4.166) 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 ml d determined using the t,r-max -value. Colloidal (C/Co)m,x-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 uranine. D7 
data on fig. 4.206 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 hit 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 

tu•anine at 07 are in fig. 4.21a. Compared to uranine, rhe coll id total relative break­
through recovery was 3.3 '¾ , 0.2 %, 0.2 % and 8.2 (.\/o £ r H40, MS2, P f2 and micr -
spheres, respectively (Fig. 4.216). Compared to the recovery at C6i there was a 12-·and 
64-fold decrease in f-140 and MS2 and Psf2 values. T he micro ·pheres however oruy 
showed a decrease of about 10 % io their recovery. The microspbere recovery would 
actually be higher as the equipment was not on line to monitor the entire breakthrough. 
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This additional amount, based on the comparable phage RB evolution to those C/Co­
values where monitoring began, would add about 10 % to the total observed, raising 
it to - 9-10 %. 

4.2.4.5. Component Response Comparison 

The magnitude of the uranine and phage H40 respon e wa gi"eater thane pected 
at all wells given the injection conccna·ations and past test experiences at the sire. This 
was likely caused by rhe flow o curring in a relativclr narrow layer f less than 1 m, 
at_ lea.St in the vicii~ty o~ well _B4 a11d this p1:efercnria Jens o: chan11~l and continuin~ 
without much erncal dispersion downgrad1ent to C6. The lugh rclat1 e breakthrough 
of from 16-41 % for the phages at C6 support thi direct channel connecti • n hypo­
thesis. Both w·anine and coll id thereafter haJ expected increases down gradient in 
both di ;persion and attenuation but not directly a a function of & tance. Ther wa 
clear influence of tran vcr e <lisper i n in rhe component re ponses at CD. 

The colloids wexe differentially att nuated a f llow : 

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

Attenuation ranges (Tab. 4.8) at 14 mat C6 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, clay-free 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. 

The four c lloids arrived aL acl1 well at r lacively similar times s there was no 
apparent transport of one phage preferentially over an ther. Uranine g nernlly wa 
detected ;iftcr the colloid . Only atD7 was there nougb difference to uggest that it 
c uld be related ro other than dececti n limit variability. The coll )id pseuclo~peal were 
egual or simihu· at the well in cbe channel, C6 and D7 with retardation fa ·t r (RF) 
of 0.9 and 0.6, re pectively. At D, the RP.-valueswere 0.4 for MS2 and 0.5 for H40 
and Psf2. Tbe Rf .. alue n ed~ t be puL in com xc ba ed 011 tbe earlier dis ussion of 
what affect rhe time at which the ps-peak occur . R.F-valu may be t1seful tc) con i­
der, ju t as plots of relative abundance to show or portray where the ps-peak an I so­
lute peak o cur in time. Tb.is is \.I clul in a single setring as uming that the proccsse 
affecting the c Uoidal r spon e are simifar throughout ~bat setting. it is unlikely, how­
ever, th. t comparing the R F--valt1e, among differ m nvjronmental sett.in s is ap­
propriate. 

Two dual peaks occurr d that could n t be readily ,explained based n the hydro­
geol (J'ical etting. The microsphere data at C6 was both continu u and consi tent. 
Y t, it did not match any trend in the p~ges v r this period. D ;pice cbe higher consider­
ably higher sampling frequency, it is difficult to imagine a transport me hanism in rhis 
channeled rapid migration setting rhac would not affect all coll ids LO a unilar maimer. 
So rhe micro ,phere dL1aJ peak at C,6 remain unexplaine I based on the subsurface condi­
ti ns. The Psf2 dual peal was not as dramatic a the C6 micr sphere pattern and could 
be mo ·e related to analytical variability than ice conditi ns. Both 1.11stances had the 
origi11al ps-peak pattern simibr to the other colloid response at thee locations. We 
sugg_est Lh~t no sP.ecial ignificaoce be given to rhesc two occurrences without further 
t:o.nf1rmatmn testing. 
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Tab. 4.8: Tracer breakthrough characteristics for uranine, bacteriophages and microspheres. 1) - ura­
nine is a solute that is commonly referred to as a conservative tracer - and we designate T r 
as the solute component concentration label. Accordingly, we refer to t.,_a,, and t,,_max as the ti­
mes associated with arrival and maximum solute concentrations, respectively. This differen­
tiates i-t from the t, timc1 ll'l"JnS associ11Lttd •with the colloids; 2) - uranine Tr0 units are ppb; 3)­

L, . .,,,,,: lime of maximum C(Jlloidal parade concentration. We refer to this as a pseudo-peak 
(ps-pea k) since it does no/ liave the same implied or associated charnctt:ri,tfcs a, conser<rJtl I ive 
so!rtU tmcer peaks do.for 1m1ss transport behav~oM; '')- bacteriophage rmit.s are pfitlml, 117i­
crosphere um:ts are mu:rorphereslml (ms/ml). Mzcrosphe;-evalm:s havt• 11ot been on·cctcd (111° 
creased) for the counter efficiency may be as lmr.i as 50 % depending on environmental and 
water conditions during testing; 5)-microsphr:res shawqd two pseudo-peaks a.c C6 a:t - -2 and 
2.8 h. The earlier pseudo-peak at 2.2 h more closely matches phage results; 6)-phage Psf2 showed 
two pseudo-peaks at CD at both 8.4 and 10.9 h. The pseudo-peak at 8.4 h 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.) 
Durchgangscharakteristika fur Uranin, Bacteriophagen und Mikrosphdren. 1

)- Uranin ist 
eine Liisung, die allgemein als konservativer Tracer betrachtet wird; wir betiteln T r als die 
geloste Komponente. Entsprechend bezeichnen wir mit t,,-arr und t,,-max die Zeiten fur den 
Konzentrationsersteinsatz und-maximum; dies dient zur Unterscheidung van den fur die 
Kolloide verwendeten tc-Zeitbezeichnungen; 2)- Uranin-T r0-Einheiten in ppb; 3 

)- t,-ma; Zeit 
fur maximale K olloidkonzentration; wir bezeichnen diese als ,,Pseudo-Peak" (ps-peak) weil 
sie nicht die selben Eigenschaften besitzen ·wie konservative, geloste Tl'a,cl!r-Massentrampon­
Peaks; 4

) - Bakteriophageneinheiten sind pfulml, Mi/..•:rosphiirerui nhein>r1 sind Mikmsphii.­
ren/ml (ms/ml); die Mikrosphdrenwerte wurdennich1 korrigiert (angehob,m), da die Zii.lr 
lergenauigkeit, abhdngig von den Umwelt- und W/11,sserbedingungen wahrend des Vers11 hs, 
bis zu unter 50 % sein konnte; 5)- die MiA•rospbifren ui.gten i.wei Pse-udo-l'ellks bei C6 nach 
2.2 und 2.8 h; der fruhere Pseudo-Peak be/ 2.2 I, ,ilmdt mehr Phagerm:sulraten;'y - die Phage 
Ps/2 zeigt zwei Pseudo-Peaks bei CD: 8.4 imd 10.9 h; der Pselfdo-Pe.ik bei 8.4 h iilmelt me.Jn· 
anderen Phagenresultaten; RF - Retardationsfaktor ist das V erhdltnis van Partikel- oder 
Kolloidmaximumzeit zur Uraninmaximumzeit; RB- ,,relativer Breakthrough"; Att'n -
Dampfung % ist 100 % - RB %; nd - nicht bestimmt. (Fortsetzung S. 207.) 

Microsphere recovery was high at both C6 and D7. Its RB at 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 point 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
ever, izc differences are genedly n t considered as important to differentiate among 
. lloi i recovery, as are va.ria_tions in colloidal_surface prorerties. And surfac: prop~r­

t1e · affecc the response als:> tn accordance with the cherrustry of the water m which 
the transport is caking place. Regard1ess, with H40 recovery higher than the micro­
spheres at 14 m ( C6), this suggest~ t_ba t _colloidal differentiation _may_ have occurred along 
the transpo1·t paths between the tnJe t10n well and D7. There 1s a high degree of hetero­
geneity in the aquifer and there were bigher C/G,-microspheres vs. uranine Tr/Tr0-

va!ue at the beginning of the D7 data record. Given these conditions, co-mingled and 
varying pathw:1y for the different colloids to travel through is a possible hydrodynamic 
explanation for an incr ase in micr , phere presence further down gradient. 

4.2.4.6. Co Trans Model Preliminary Interpretation Results 

Co Trans 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 response1) Bacteriophage and microsphere responses 

Down 
Distance Trmax2) t,-maxJ) Cm,/) from ttr"ilrr tcr-max t,-arr RB Att'n gradient 
111Jection [h] [h] Particle [h] [h] RF [%] [%] well 

[m] (T r/T r o) max (ps-peak) (C!Co\,,. 

57,000 
H40 1.1 2.2 0.9 41 

9e-0s 
59 

912 

MS2 1.3 2.2 0.9 
32,000 

17 83 
Se-05 

C6 14 1.5 2.5 
12,000 

Psf2 1.3 2.2 0.9 16 84 
4e-OS 

le--04 
Micro- 45,62 

sphere 1.4 2.2, 2.85) 0.9 9 91 
2e--05,3e--O' 

4,800 
H40 4.9 9.4 0.5 3.4 96.6 

296 8e-06 

580 
CD 34 5 21 MS2 4.4 7.9 0.4 0.2 99.8 9e-0, 

3e-05 190,250 
Psf2 4.9 8.4, 10.96) 0.5 0.3 99.7 

6e--0'' 8e--0• 

H40 6.9 11.9 0.6 
7,500 

3.3 96.7 
1e-0s 

426 
410 

MS2 6.9 10.9 0.6 0.2 99.8 

D7 64 8 
6e-07 

19 
255 

Psf2 6,9 10.9 0.6 0.2 99.8 
8e-0, 

Se-05 

Micro- 33 

sphere nd 11.3 0.6 8.2 91.8 
2e-05 

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. Co Trans 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 
the added condition that there is a diffusion "gradient" both into and out of the adja­
cent immobile porosity zon as the tracer migrates al ng the m bile pathway pores. 
T n this manner there is a better consistency associated with the approach co model ling 
n t just the rising limb of che breakthrough curve but al o the ta iling over the long 
term of olutc data. Colloid migration occurs only in tbe mobile zone and is also excluded 
from the low-velocity regime near matrix surfaces. This requires a colloid por sity para-
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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), 
6) irreversible adsorption of the colloid on the matrix with a maximum capacity, and, 
c) 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 
there is also n term for rcveciblc sorption capacity. 

The modeUing was d ne to better understand and portray the behavioural charac­
teri.sti · f the cwo cypes of tra ers in the het r gene us p r 1.1s media at WilerwakL 
ln boo ing rhe 1-D versi n of Trans a a preliminary model to apply at \'{/ i.lerwald, 
we a urned that the channel weU (D7) behaves as a function of distan · fr )m the in­
jecti n point that is al o in the active chruwel. CoTrans wa used with unwine data 
that co-1.1ld be matched a.I ng both the ri ing and faJling limb including tailing, ith di -
persivity ranging fromab ut2-8 m. Fif:,'1.lre422illu ·trate and lists the panm ·ter values 
u. ed ro fit the data. By using-a dispersivity of about 2.5-3.5 m, we were able to matd , 
the uranine~ H40 and microsphere data, re pectively. By in luding the c ll id in the 
matching, we narrowed th range of the possible di persivity 1alttes selected for tbe 
y ·t m. The figure als Jjsts the paramet r alue used c i fit rh r ·t data. The data fit 

Q 1.00 

' 
Component SITE DATA CoTrans Model 

G Uranine 0 

' Phage H40 l1l 
Q 

b 
Microspheres X (60min) 

0.80 
(/J 

'Trocor<o11~1911I CIJl''l'II H'l."TWhtd U,l!l~ Ul'il"3tit"fh~ Mk:10,pftctlO 
C Q Longitudinal Dispersivity [m] 2to8 25 35 0 

~ ~ Dual Porosil Diffusion Gradlant Com nent Parameters 
c Mobilenmrnobile porosity ratio[·] 034 0.47 
Q) (!)- 0.60 (.) Effective grain radius [m) 0.108 005 not applicable C 
0 Diffusion coostant [m2/d] 3,3e-o, 3,3e-<>< (.) 

:s Colloid Sor Uon Com nonl Paratnoters 

~ Reversible transfer coeff. [1/d] 
nol 

007 0,4 

.8 Reversible sorption capacity (m3/kgJ appicable 08 25 0.40 
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Fig. 4.22: Co Trans modelling results for well D7 ( after S. NIEHREN, 1998, S. NIEHREN &K. KENNEDY, 
1999). 
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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 

W have appr acl1 d this w rk p1i11cipally fr man experimemalist vjewpoi.nt with 
objecr.ives targeted principally at two area, - field equipment verificati n and particle 
and solute effiq y evaluati n, Injection conditions influence the tescre ulrs and should 
n t be m.i.nimized either in their in1p rtance r in their detailed presentation for any tra­
cer work done. The hjgher the degree of subsu rf acc b terogeneity, the more critical are 
the precise definiti ns of lb a tions taken during thi phase and in che down graJi nt 
. arnp\ing location_s. mparis~:m of test data from o_ne crie o~ investigator to, nother 
ts typically complicated and w1thout clear presentauon of rhc field app1•oach and re ult , 
it at best provides a potentiall crroneou database. Thi ' is particuhtrly true in Wiler­
wald with it high degr e of heterngeneity. Tbe following arc Our principal conclusion·: 

1) During injection at B4, we discovered flow from the well was into a discrete and 
relatively thin len /lay r betwe n the depths of 4 and 6 m. A 'imilar condition wa 
subsequently documented at an tbcr glaci -fluvial ite in the Rhone River valley. 
This finding suggests that hydrauli • cooduccivity used in transport cenario may 
be ignificanrly understaced.11,c effective zone contributing to lateral migration in 
thi aquifer may be preferentially occurring in a limited zone on rhe order of 0.5--J m 
thick racher than the fully-s re ned 10 ni interval Thi preferential flow layer was 
also al?parent down gradient at C6 and D7 where concentrations were higher rhan 
histoncal tests using the same wells and tracer component ·. 

2) "Arrival" tunes based on first detection ac each well were siniilar for all phages and 
at C-6 also for the microspheres. lured teccion, pru.1cipal.1y duet I wer detecti n 
limits and background levels at the site, occurredcons.i ·temly later at Cb and D7 and 
at the same rime at . D. Wells C6aodD7, baseclon both the tracer rep nseanc.lgeo­
physicalinterpretation are located alon the longitudinal flow direction of the cban­
nef down gradient from tbe.134 Lojection point. Well CD i off the main channel and 
its results indicate more trnnsver c di per ·ion than seen at C6 or D7. 'fhere wa no 
indication of preferential c lloidal advcction at C6. At CD and D7 I 40 exhibited a 
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 
of maximum concentration. A~ C6and D7 phages had mi~ration ra_ces of 285 (cblloid 
average) and 223 mid, respectively. The phage-ba d arnval velocity to CD off the 
main channel wa 167 m/d. These V?luc are from two- to f ur-f Id higher than the 
average velocit.ie~ of 135, 80 and 40 m/dcalculated from the observed peak uran.ine 
concentration times at the s;1.me welk Using colloid pseud -peak and olute peak 
time to determine wh.icb "arrived" earlier may n t be app.ropriate given the high 
colloid ad oq tion al ng the pathway. 

4) Both H40 and microspherc were significantly le attenuated compared to MS2 and 
Psf2. The relative breakcbrnugh (recovery) of each colloid at a distance of 14 m (C.6) 
ranged fron1 9-4 l %. This is a significantly higher recovery than has been reported 
for other similar-sized ttacer components in saud and gravel porous aquifers, The 
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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 2.5-fold at C6, but their diffe­
rences increased to about 10- to 17-fold at CD and D7. Similar results occur when 
comparing the C/Co-values of their pseudo-peaks. Having similar recovery results 
at both 34 and 64 m but in two cliff erent 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 wer the 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 well D7 was done using 
CoTrans, a 1-D numerical code. The initial approach with attempts to match the 
uranine data had indicated matching the solute respon. e was p sible wich a longi­
tudinal dispersivity range of from 2-8 m. By matching rbc parti le data , t well D7, 
a longitudinal dispersivity of about 3 m was determined. Using this iJ1put fr m the 
colloid data matching, the dispersiviry values fall three component were able to 
be limited to a smaller range while matching all component data. The pres n e of 
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 provided real-time assessment of both colloid and ura -
nine tracers allowed site sampling to be effectively m dified and optirn.ized. Thi Wil 

particularly important whe11 considering the sampling f r phages given that the s Jute 
arrival and maximum concentrations observed commo,n.ly followed the first colloid 
detection and pseudo-peaks. Relying on solute responses to ·ample f 1· colloid wa 
shown not to be appropriate. Phage laboratory results w ere also consjstent and re­
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. K.Ass) 

4.3.1. Tracer Tests 

The testfield Merclingen 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 l = 1000 g Cd2+), 
- and microspheres YG (n = 46 x 109

). 

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

Test time Distance Uranine Microspheres Tinopal Cadmium 
[d] [m] [µg/lJ [n/l00ml] [µg/1] [µg/1] 

0 - - - -
3 9.5 380 127 52 
6.25 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 
6.25 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 42 25 
6.25 0.092 1,300 21 20 

100 12.5 0.14 2,800 27 19 
25 1 8 0 0.5 
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 12.5 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 (0 m) and a distance up to 200 mare 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 cadmium 
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. 
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Fig. 4.24: Longitudinal profile (0-25 m) for cadmium. Observation times and specific concentration 
in Y-axis (left) as shown in fig. 4.23. 
Langsprofil (0-25 m) fur Kadmium. Versuchszeiten und Normkonzentration (Y-Achse links) 
wie in Fig 4.23. 
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4.4. Compar~tive Studies on Tracer Propagation in Quaternary Gravels 
and Tertiary Sands of South Germany (K.-P. SEILER,J. MOLLER) 

4.4.1. Introduction 

In South Germany glacio-fluviatile and tluviatile uatetnary grav ls as well as 
fluviat.i.le Tertia.ry ands repre en.t the best yielding 1.mconsolidared aquifers. With 
700 mm/y f precipitati n and 500 mm/y f acwal evapotran pi.ration,; d1ese aquifer 
are reel :arged with more than. JSO mm/y; less than 50 mm/y prodw.:e overland- and 
interfl w (direct discharge) (K.-P. SElt. ·R et al., 2000). Thjs significant gr undwarer 
red,arge produces high distancc-(0.5--50 m/d) and filter velocities (0.2-5 m/ d) in sand 
n:sp ctively gravels. As a rule, these.flow velocities can be measured with tracers using 
monopole (W. DROST, 1997) or dipole (K.-P. SEILER, 1977) designs or are approximated 
on the basis of hydraulic conductivities and the slope of the groundwater surface. All 
these methods ref er to cliff erent basic assumptions, and to cliff erent scales. Monopole 
measurements deliver mostly short and variable results, whereas dipole measurements 
and pumping tests end in large scale and less cliff ering results. 

Since susceptibility of these aquifers for contamination is significant, good estimates 
o~ flow velocities are req~es~ed to better contri~ute t~ grnu,~th"'.a~er prote tio1~. Since 
different tracers are applied m hydrogeolo~O', tten w1thout mdivtduaUy heckmg the 
non-reactive tracer behaviour in the saturated zone, a comparative clip le tracer study 
in representative sand and gravel areas was initiated to cbeck the applicabili ty of s me 
of the commonly used hydrological tracers for determining hydraulic parameters. 

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 glacio-fluviatile 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 (L 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 is 4 x 10-3 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 different 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 tixotrophic clay. The lump grain size distribution of 
one of the screened window is 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 Domach test side (Quaternary gravels). 
Summenkurve der Korngroflenverteilung und Lage der Bohrungen in Bezug auf die Grund­
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Fig. 4.26: Lumped grain size distribution for the 11pper screened horizon on the groundwater experi­
mental side of Neuherberg and the arrangement of wells with respect w grotmdwater flow 
(Tertiary sands). 
Summenkurve der Korngroflenverteilung des oberen Horizonts im GrundwasserUslgeb£et 
Ne11herberg und uge dei· Bohmngen in Bezug mf die Grundwasserstrom1mg (tertiare Sande). 

215 



dow is confined and the hydraulic potentials differ in between the three layers; they 
are always somewhat higher 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 lo-4 m/s and the clay and silt content is about 
20 weight-'¾. Hydrochemi.cally groundwater from D ornach and Neuhor berg has thesam 
composition (Tab. 4.10) al though Q uaternary gravels consist to> 95 % of carbona tes and 
< 5 o/o of silicates and Tertiary sands of< 20 % of carbona te ' and> 80 % of silicates. This 
i d\1e to the fact tbat Neuherberg groundwater passes first through Quaternary grav I 
before reaching Tertiary sediments. Both groundwater have also che same pH and red x 
potential. 

Since the hemi_cal mat:.ri.-.:: of water is identical in both aquifers, only perro;:,raphy and 
grain sizes differ and therefore they are the only influei,cing facto.rs on the reactive r 
non-re-active behavtour of the tested hydrogeologic tracers. 

T he experiment,d design in both experimental sites differs. In Domach, wells a re scree­
ned all over thed pthi repre enting fully penetrating well and have been positioned along 
a half around witb the diameter inflow direction (Fig. 4.25) and a radjus of 10 m. Longest 
test distance is rwo times 10 m and stretches downstream from wells 1 to 8 and 7. All the 
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 5 and 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-

T ab. 4.10: Chemical composition of groundwater from the experimental site of Dornach and Neu­
herberg. n.d. - not detectable. 
Die chemische Zusammensetzung des Grundwassers im Testgebiet Dornach und N euherberg. 
n.d. - nicht nachweisbar. 

Test site ac pH 
Ca2• Mg2+ Na• K• NH/ HCO

3
- SOl- ci- NO

3
- NO

2
-

[mg/1] lmg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/1] [mg/I] [mg/I] [mg/fl 

Dornach 9.4 7.5 90.0 24.0 21.0 2.8 n.cL 350 20.0 27.0 20.0 n.d. 

Neuherberg 9.4 7.5 80.0 27.0 8.0 1.0 n.d. 340 20.0 9.3 15.0 n.d. 
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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 0 2 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, JC- ion chromatography, JCP-AES - inductively coupled plasma atomic 
emissions spectroscopy. 
Nachweizgrenzen der in den beiden Testgebieten angewandten Markierungsstoffe. SF -
Spektralfluorimetrie, IC- Ionenchromatographie, ICP-AES-Plasma-Emissionsspektro­
skopie. 

Fluoresceine Sulphorhodamine Naphthionate Br- Li+ Sr2+ 

2 x10- 12 7 xlO-" 7 xlQ-11 0.01 0.1 0.01 
[kg/I] [kg/I] [kg/1] [mg/1] [mg/1] [mg/1] 

SF SF 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 Grundwassertestgebieten. 

Test site 
F1uoresceine Sulforhodamine Naphthionate Br- Li+ Sr2+ 

[mg/I] [mg/I] [mg/I] [mg/I] [mg/I] [mg/I] 

Dornach 10 60 350 230 20 20 

Neuherberg 10 60 350 230 20 20 

4.4.4. Evaluation Methods 

Th ' r esu It of tracer experiments a nd the tracer analytic comributc to breakthrough 
curves that have been fitted applying the equation of hydrody namic dispersion. 
Addit.i oa.lly rracer balances have been p •rf rmed which are incomplete for natural 
and c mplete for forced gradient experiments · 11 horr distances. 

Longitudinal dispersion (D1 ), residence times (t) and the inte_raction of t racers witb 
the olid matrix (sorpci n) are the parameters to fit the breakthrough curves at a fix-ed 
location x. Si.nee longitudinal dispersion is approximately known from former experi­
ments (K.-P. SEILER, 1985) and from literature (A. LALLEMAND-BARRES & P. PEAUDECERF, 
1978) residence time and sorption are the most important fit parameters in the equa­
tion (P. MALOSZEWSKI, 1997) 

82C 8C 8C 1-n D1- -v-=-+-S(t) (4.1) 
8x2 8x 8t n 

with: 
S1(t) = ◊Csl = k1C- k2Cs1, 

8t 

Sz(t) = 8Cs2 = k
3 

8C , 
8t 8t 

S(t) = S1(t) + S2(t), 

where 

C = concentration, 
v = distance velocity, 
S = mass transfer function between water and solid surface, 
k1 and k2 = reaction rate constants, 
k3 = distribution coefficient. 

Tracer balance was calculated following the classical equation 

t = te 

f qC(t)dt 
R(t)=t =toM x100[%], 

where 

R = recovery, 
q =water flux [m3/m2t], 
M = injected quantity [ mg/ m2], 
C = concentration [mg/m3]. 
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Stl'icdy spoken, in our experiments thi balance is only valid for the captured sector 
of the propagation plume which corre p nds in Dornach about twice the borehole dia­
meter and represents in Neuherberg approximately the whole prop;_igation plume as 
fa r as tracing distance is short. It further supposes that molecular diffusion of the ap­
plied tracers does not differ significantly. From many studies it is known that tran -
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/1, 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 mid and for Neuherberg at 1.5 mid. With respect to the tracing distance residence 
time of tracers was half a day and three days underground in Dornach and Neuher­
berg, respectively. 

Figure 4.27 stands for the tracing results obtained in Dornach. It expresses clearly 
that fluoresceine 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 (lithium), 
strong instantaneous sorption (sulphorhodamine B) or 

C/M 

6,0E-05 

5,0E-05 

4,0E-05 

3,0E-05 

2,0E-05 

1,0E-05 

0,0E+00 

-j,,o Bromide -
-, Uranine ,. .....,,.... -

~\ 
Na-Naphlhlonato 

-0- Lithium 

-
~ 

-0- Sulforhodamine B 

" \ i\ 
! jJ \ ~ '!\ ' 

j, w \ ' b'i 
~ ·.,., --~ r \ 

.~ 
wj ~ ~ ,_\; ~ ~ c ~ ~ - p, _A 

~ - n. -.'<. ..r -- -- --
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 

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 ( quartare Kiese). Die gemessenen Konzentra­
tionen stehen in Bezug zur eingespeisten Menge des Markierungsstoffes und ermoglichen 
so einen direkten Vergleich. 
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- very strong instantaneous sorption like strontium that doesn't appear any more and 
therefore is 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 is close to its detection limit and 
- strontium - as expected - disappears. 

Comparing the lithium r ults from the glacier ( ee chap. 3.1. in this volume) with 
Neuherberg and D rnach, it gets obvious that silicate rock-materials (glacier and Neu­
hcrberg) sorbe lithium not a much as carbonates. Conn·ary strontium which i also 
cat-ionic as lithium, ic is totally sorbing in both carbonate (Dornach) and silicate rocks 
(Neuherbcrg) and even in the glacier enviro11ment with few sed:im nts it is still sor­
bing. bviously the strontium ca.tion has very stroqg polacizacion properties. 

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 [C/M L-1] in B 2 
to B2 

3,5E-03 - Uranine 1,75E-03 

-0- Sulforhodamine B 
3,0E-03 1,50E-03 ...,,_ 

Na-Naphthionate 

2,5E-03 Bromide 1,25E-03 

- Lithium 
2,0E-03 1,00E-03 

1,5E-03 7,50E-04 

1,0E-03 5,00E-04 

5,0E-04 2,50E-04 

O,OE+OO O,OOE+OO 

0 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 Neuherberg 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 Tei!) im Testgebiet Neuherberg (tertidre Sande, oberes Fenster). 
Die gemessenen Konzentrationen stehen in Bezug zur eingespeisten Menge des Markie­
rungsstoffes und ermoglichen so einen direkten Vergleich. Der Zinke Tei! widerspiegelt die 
kontinuierliche Injektion. 
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Summary and Conclusions (K.-P. SEILER) 

In grow1dwater hydrology flow f water is cal ulated either by hydraulic or tra­
cer techniques. In m dern hydrogeology, however, a signifi ant intere tcon · t in mo­
delling and assessing trnnsport proces cs. The neces ary and representative parame­
ters to follow this line are &spen,-ion and sorpri n, which can only be determined through 
tracer xperiments on different seal . Here monop l trncer experimenr · refer as a 
rule c cales below the REV (reforence cJem 11tary volume) and provide good infor­
mation about th variabiliry f Bow parameter · contrary, dipole tracing witl1 and with­
out forced gradient ref r c botb smaJI and large scales, thus bridge seal sand links 
to hydraulic results. 

Many published rra er experiments in he ubsurface have been execute I a c rd.ing 
to recommendation ab ut the non-reactive or reactive behaviotLr of the re -pe tive tra­
cer. T t is however known that the tracer behaviour i different a cording t minera­
logy, grain siY.es f aquifers and the chemic,,J matrix of wat r an<l may significantly 
get influenced by the mode of tracing and ·ampling. 

Therefore, A TH focussed its interest in the past 36 years in comparing the beha -
viour of different 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 A TH tracing activities ref er to karst areas, only few experiments 
have been executed in fissured or unconsolidated rocks. Therefore the actual A TH 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 

- a glacier with few crytalline sediment load. 

Experiments have been executed with the tracers 

- fluoresceine ( uranine ), 
- lithium chloride, 
- the fl~orescent dye T 4, 
- pyrarune, 
- sulphorhodamine, 
- sodium naphthionate, 

strontium bromide, 
- latex microspheres (1 µm), 
- 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 all investigations 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 

- all of the particle tracer · suffered in b th IJlllconsolidated and consolidated rocks from 
partial r total mechanical filtering; ofren the non-filtered portion analysed in the 
J cte ion well was omewhat quicker than the non-reactive tracer. Only in gravels 
with hydr;mlically active interface layers (K.-P. SEILER, 1974) filtering of particles 
j significantly reduced and may get negligible; 
pyranine, su lphorhodamine B, scronrium and particle tracers proved to behave re­
act ively independently from che ~rain ize, mineralogy and diagenesis of the inve-
tigatcd media; 

lithium behaves sienificandy reactive in carbonate gravels and proved to be a reli­
able non-reactive tracer in the glacier with 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 T 4 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 is 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 in groundwater 
studies in order to not destroying the environmental information of the isotopes of the 
water molecule. 
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Zusammenfassung (H. ZoJER) 

Tn der m detnen Grundwasse.rhydr logic bar di Modellierung schon vor ci.niger 
Zeit Eingang gefunden. Die hydraulische Modellcnt :v-id<lung folgt, sofern s dj Ho­
m genitiit de Aquifers zul:isst, den Gnmdlagen von DARC sto:ffbezogene Trans­
portprozesse I i:inne.n i.ibcr Tr:iccr simulierr werden, fi.ir den molekular n Wasser­
transport bieten sich multi-cell M dellenuf der Basi v n Jsotopendaten an. 

Bd vielen T racerver uchen wurde :rnf die Stoff eigenschaften R ilcksicht genorn men. 
Je ler Tracer reag.iert L1mer chiecllicb abhangig vorn mineralogiscben At1fbau des Aqui­
fers uud v m chemisch-ph ikalischen Habitu des Grundwasse.rs. Die ATH hat ich 
eit I ngem mit die en f-ragen au ·einanclergesetzt und Tracerversuche unter bestimmten 

hydraulisch n Randbedingunge.n durchgcfiihrt, auch um Traccrcigcnsch.aften zu ver­
glei ·hen. Dari.iberhim.1t1 · wurde versucht, Uiitersudrnngen ki.in tlicher Tracer mic Um­
weltisot pen und hydro ' hernischen Ansaczen zu verkniipfen um die Aussa ekraft zu 
crhohen. 

Die Tracer~rb irsgr_uppe hat viel': V ersuche iJ~] -~st~ebiecen ausgefi.il~n, ]unsichtlich 
dcr Lockcrsed1mence hcgen Ergebn1s cm klemr:n1m1gcn Ver uchen u1 cmem and­
und in cincrn Kiesh<?rizont var. Z~ Ei.nga?e gelangtcn Fl~oreszem.tra. er als r~a□i­
sche Salze, anorgamsche Salze, M,kr parukel und Ba.keen ,phagen. Letder reag1eren 
die mei ten Tracer auf Umwelteinflii se und andern ihre PlieBeigenschaften. ln diesem 
Zusammenhan° haben si.ch Bromidvcrbindungcn als auBerst konservativ erwie en. Ver­
such mit Wa ser au andcren Einzugsgebietcn und mi cinem anderen Dcuterium-
der auer toff-18-Si nalsteUen zweifcUo ine Bereicherung in der Traccrnnwcndung 

dar, zumal sie als Bestandteil de Was ermolek i.iJs k inen ·hem.i chen ad r biologischen 
Reakti()ncn ausge etz.t ·iml. 

Die trateg ien zur Durchfuhrunu von Tra erver u hen in Festg steinen, baupt­
sachli ·h in I ar tgebieten, haben ·.icb in dc-n lerzr n De1..ennien deutlich geanderr. Wah­
rend n)a1~ in fri.ih ren Zeiten mit der _Durdrfi.ilu:ung ~.on ~ro_aversuchen >ptimal_e 
Jnfor 111at1011en zu erlangen glaubte, sy1elc heute die Beru ,Jcs1cbt1gung v n h)'drolog1-
schen Rahm 11bedingu11gen eine groHe RoUe auch tu1ter der Vorgabe, durch Tra er­
versuchc nicht das g ' <imt hydrogeologi d i , y rem eines Gebi.rgs tockes Z\1 crfas­
sen. Es werden Tr;tccrvci:suche unte.r versduedenen hydrologi chen V •rhaltn is en 
wiederholt um clie Variabilirat der PlieBbewegung im Aquifer und damit auch de· 
Ei:nzugsgebietes van Quell n abzuklaren . .Erst chclurch ist es moglich, Inhomogenitat n 
im ystem zu I kali· ic.ren und die cmsprecbenden hydrngcol gischCL1 Schlu se zu ziehen. 

Hingegcn bieten Daren del' Umweltisotopc die M "glichk.eic das gesamte Einzugs­
gcbict v n Quellen der Brunn n zu bcw .-cen und auch Einzelereignis e des Abflus­
se ,mszuw rten. fa1tsprecbendeM()dcUan atze ind zu hi.merfragen, tU11 Vergleiche 
der peicheranaly emit anderen Meth den anzustdlcn . 
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