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Preface 

In the framework of its Waste Management Programme the Paul Scherrer Institute 
is performing work to increase the understanding of the geochemistry and solute 
transport of nuclear waste relevant radionuclides. These investigations are performed 
in close cooperation with, and with the financial support of NAGRA. The present 
report is issued simultaneously as a PSI Report and NAGRA NTB 94-17. 
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Abstract 

During 1991 four migration experiments with 22Na (run 50), 24Na (run 48), ^Sr (run 
50) and 123I (run 47,49) were carried out in the migration fracture at the Grim&el Test 
Site (GTS) using a two-well injection - extraction technique (dipole configuration). 
All tests were accompanied by simultaneous injection of Na-fluorescein (uranine) as 
a conservative tracer. The dipole flow field was installed between boreholes 86.004 
(injection well) and 87.006 (extraction well). The extraction flow rate was always held 
constant at 150 mL/min, while two different injection flow rates of 50 mL/min (runs 
47, 48) and 10 mL/min (runs 49, 50) were chosen to vary the flow field geometry. 
These exercises advance the transport model studies to evaluate important fracture 
specific parameters. 

Prior to the field tests with radiotracers of cationic Na+ and Sr2*, the potential 
sorption of these elements onto equipment materials such as tubing, pumps, detec
tors was investigated in the field rock laboratory under identical flow conditions and 
test arrangements as for the fracture tests. In contrast to Na+, bivalent Sr2+ sorbed 
strongly, especially onto stainless steel tubing surrounding the Nal scintillation coun
ters used for on-line 7-detection of the radiotracers. To minimize sorption of Sr2+ on 
equipment, all exposed materials were then completely replaced by PTFE (Teflon). 
Further tests revealed that this material proved to be chemically inert with respect to 
Na+ and Sr2+. Calibration of the field data was made by check laboratory analyses 
of water samples. The detection limits of all tracers were below 0.05 Bq/mL. 

The use of different ratios for extraction to injection flow rates resulted in 
monomodal and bimodal tracer breakthrough curves, probably indicating heteroge
nous transmissivity distribution within the migration fracture. 123I~ behaved chemi
cally inert, since the breakthrough curves of this tracer were almost identical to those 
of the fluorescence dye. In contrast to the relative short period availabk for in-situ 
analysis of 123I (ti/2 = 13 h) where the detection limit was readied after two days, 
the "cocktail" pulse injection experiment with 22Na+ and 15Sr2+ could be followed 
for up to six months. In comparison to uranine and weakly sorbing 22Na+, signif
icant retardation of the ^Sr2"*" tracer was observed. While complete breakthrough 
curves of uranine and 22Na+ were obtained after about 100 and 1000 h, respectively 
(indicating reversible sorption of Na+), only about 60 % of the KST2+ tracer was re
covered after 5000 h. Then the detection limit was reached and the experiment was 
terminated. The calculation of sorption coefficients for these cationic tracers from 
transport model studies will be published in a separate PSI-report and Nagra NTB. 
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Zusammenfassung 

Im Jahr 1991 wurden in der Migrationszone im Felslabor Grimsel vier Injektions-
Extraktionsexperimente (Dipol-Konfiguration) mit 22Na (Exp. 50), 24Na (Exp. 
48), ^Sr (Exp. 50) und 123I (Exp. 47, 49) durchgeführt, wobei als konservativer 
Tracer Na-Fluorescein (Uranin) verwendet wurde. Das Fliessfeld wurde zwischen 
den Bohrlöchern 86.004 (Injektion) und 87.006 (Extraktion) eingestellt. Während die 
Fliessrate extraktionsseitig mit 150 mL/min jeweils konstant gehalten wurde, wurden 
2ur Variation der Fliessfeldgeometrie injektionsseitig zwei verschiedene Fliessraten 
von 50 mL/min (Exp. 47, 48) und 10 mL/min (Exp. 49, 50) gewählt. Dies ist von 
Vorteil bei der Evaluation von kluft spezifischen Parametern in der Transportmodel
lierung. 

Zur Vorbereitung der Feldexperimente mit den kationischen Radiotracern Na+ 

und Sr2"*", wurde die potentielle Sorption dieser Elemente an Materialien wie Schläuche, 
Pumpen, Detektoren im Versuchsstollen unter gleichen Fliessbedingungen und Test-
anotdnungen wie bei den Felsexperimenten untersucht. Im Gegensatz zu Na+ sor-
bierte das zweiwertige Sr2+ besonders an den spiralförmig um die Nal-Szintillations-
zähler gewickelten Stahlrohre zum on-line Nachweis der Radiotracer. Zur Minimali-
sierung der Sorption von Sr2+ an der Testausrüstung wurden sämtliche Materi
alien durch PTFE (Teflon) ersetzt. Weitere Tests ergaben, dass sich dieses Mate
rial gegenüber Na+ und Sr2"1" chemisch inert verhielt. Die Kalibrierung der on-line 
gemessenen 7-Signale wurde durch Laboranalysen von Vergleichsproben vorgenom
men. Bei allen Tracern wurden Nachweisgrenzen unter 0.05 Bq/mL erreicht. 

Die Wahl verschiedener Verhältnisse zwischen Injektions- zu Extraktionsraten 
führte zu mono- und bimodalen Tracer-Durchbruchskurven, was eine heterogene 
Verteilung der Transmissivitäten in der Migrationskluft vermuten iasst. 123I" ver
hielt sich chemisch inert, da die Durchbruchskurven dieses Tracers nahezu identisch 
mit denjenigen des Fluoreszensfarbstoffes waren. Im Gegensatz zu der relativ kurzen 
Zeitdauer von zwei Tagen (bis zum Erreichen der Nachweisgrenze) bei der in-situ 
Datenerfassung des kurzlebigen ,23I (ti/2 = 13 h), Hess sich das Migrationsexperi
ment mit der Nuklidmischung von 22Na+ and 85Sr2+ nach der pulsfÖrmigen Injektion 
über 6 Monate verfolgen. Im Vergleich zu Uranin und dem schwach sorbierenden 
22Na+ konnte eine signifikante Retardierung des ^Sr2* Tiacers festgestellt we/den. 
Während Uranin und 22Na+ nach 100 bzw. 1000 h vollständig durchbrachen (was 
eine reversible Sorption von Na+ anzeigt), wurde lediglich etwa 60 % des 85Sr2+ Tra
cers nach 5000 h extrahiert. Zu diesem Zeitpunkt wurde die Nachweisgrenze erreicht 
und das Experiment abgeschlossen. Die Berechnung der Sorptionskoeffizienten der 
kationischen Tracer mit Hilfe der Transportmodellierung wird in einem seperaten 
PSI- und Nagra-Bericht veröffentlicht. 
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Résumé 

En 1991, on a effectué au laboratoire souterrain du Grimsel (GTS) 4 traçages au 22Na 
(essai 50), 24Na (essai 48), ^Sr (essai 50) and 123I (essais 47 et 49), pour étudier la 
migration dans une fracture a l'aide de deux forages en doublet injection - soutirage. 
Tous les essais ont été accompagnés d'une injection de fluorescéine au sodium (ura-
nine) comme traceur de référence. Le dipôle d'écoulement a été créé entre les forages 
86.004 ^injection) et 87.006 (soutirage). On a maintenu le débit de soutirage à la 
valeur constante de 150 mL/min, mais on a utilisé deux débits d'injection différents 
pour varier la géométrie du champ d'écoulement, soit 50 mL/min (essais 47 et 48) et 
10 mL/min (essais 49 et 50). Cela permet une meilleure évaluation des paramètres 
spécifiques aux fractures dans les modèles de transport. 

Avant d'effectuer les essais avec les traceurs radioactifs des cations Na+ et 
Sr2"1-, on a étudié l'adsorption de ces éléments sur tout l'équipement (tubes, pom
pes, détecteurs) dans des conditions similaires à celles des essais. Au contraire de 
Na+, le Sr2"*" a été fortement adsorbé, spécialement par la spirale de tubes en acier 
inoxydable entourant le compteur à scintillations utilisé pour la détection gamma des 
traceurs radioactifs. Afin de minimiser l'adsorption du Sr24" par l'équipement, on a 
replacé dans celui-ci toutes les parties exposées par des éléments en PTFE (teflon), 
inerte -vis à vis du Na+ et du Sr2+. Le calibrage des signaux gamma in situ s'est 
effectué par l'analyse en laboratoire d'échantillons témoins. La limite de détection 
de tous les traceurs s'est avérée inférieure à 0.05 Bq/mL. 

L'utilisation de rapports différents entre les débits d'injection et de soutirage a 
engendré une courbe de restitution unimodale dans un cas, bimodale dans l'autre. 
Cela met en évidence une distribution hétérogène de la transmissivité dans la fracture 
de migration. Le traceur 123I~ s'est comporté d'une façon inerte: les courbes de resti
tution étant presque identiques à celles de fluorescéine. En contraste avec la courte 
période disponible pour l'analyse in-situ de 123I {t\/z = 13 h, limite de détection at
teinte après deux jours), l'essai effectué avec une injection instantannée d'un mélange 
22Na+ et 15Sr2+ a pu être suivi pendant 6 mois. On a observé un retard significatif 
de la restitution du 85Sr2+, comparée à celles de l'uranine et du 22Na+ faiblement 
adsorbant. Après 5000 heures, la dernière limite de détection étant atteinte, l'essai a 
été interrompu. A ce moment, la restitution du 85Sr2+ n'atteignait qu'environ 60 %, 
alors que celles de l'uranine et du 22Na+ étaient complètes après 100 et 1000 heures, 
respectivement, indiquant une adsorption réversible du sodium. Le calcul, à l'aide 
de modèles de transport, des coefficients d'adsorption des traceurs cationiques con
sidérés ici sera présenté dans un rapport séparé de l'Institut Paul Scherrer et de la 
Cédra 
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1 Introduction 

At the Grimsel Test Site (GTS) radionuclide tracer migration experiments are car
ried out in a single, almost planar, water conducting fracture (shear zone). Around 
location AU 96m where the laboratory tunnel intercepts the fracture zone, eight 
boreholes have been drilled into the fracture (Fig.l). These boreholes are equipped 
with packer systems to enable two well injection - extraction migration experiments 
(Fig.2,3). AU migration experiments described here were performed between two 
boreholes (BOMI 86004, injection and BOMI 87006) over a distance of 4.9 metres. 
Details of the test site exploration have been reported by Frick et al. (1988, 1992) 
and Hoehn et al., (1990). The migration site has been characterized with respect to 
its mineralogy (Meyer et al., 1989), structural geology (Bossart and Mazurek, 1991), 
geochemistry (Alexander et al., 1990, Baertschi et al., 1991), hydrogeochemisty (Bajo 
et al., 1989, Eikenberg, 1989, Eikenberg et al., 1991a) and hydrology (Hoehn et al., 
1990). Summarizing status reports of the overall migration experiment were given 
by Hactermann et al. (1988), McKinley et al. (1988), Eikenberg et al. (1991b), Frick 
et al. (1991, 1992) and Alexanderet al. (1992). 

Radionuclide migration experiments in fractured media are used to investigate 
transport phenomena of various species and to test models of radionuclide transport 
used in nuclear waste repository performance assessment studies (e.g. Neretnieks, 
1980, Bear and Verruijt, 1987, Jakob et al., 1989). Different physical and chemical 
processes such as diffusion into matrix and pores or adsorption to mineral surfaces 
may lead to retardation of some dissolved species. Although the migration experi
ments are generally performed over distances of only a few meters, the retardation of 
some species may be considerable. To illustrate this, a pulse breakthrough migration 
experiment with sorbing 22Na, ^Sr and uranine as a conservative tracer is presented 
here. In order to interpret the tracer breakthrough curves and to obtain sorption 
parameters, the radionuclide migration experiments at the GTS are accompanied by 
model exercises (Herzog, 1989, 1991; Heer, 1991, 1994, Heer and Hadermann 1994) 
and laboratory batch sorption studies (Bradbury et al., 1989, Aksoyoglu et al., 1990). 

Migration experiments at the GTS have been carried out since mid of 1988 and 
several non-sorbing tracers (uranin, 3He, 4He, 82Br~) and sorbing cations (22Na+, 
24Na+, ^Sr2"1", ^Rb"1", 137Cs+) have been injected into the migration system. In 
addition, a few breakthrough experiments have been conducted using short-lived 123I 
and S9mTc. In total, about 80 migration tests were carried out over the last six 
years. In this report four particular tracer injection tests (tests 47 - 50, Table 1) with 
special focus on a lengthy radionuclide "cocktail" experiment with MSr and 22Na will 
be described. The simultaneous injection of different radioisotopes at trace levels is 
of advantage for modelling studies because all tracers are then exposed to identical 
flow and field conditions. This means that the fracture parameters which are used to 
fit the breakthrough of a conservative tracer (uranine) must be consistent to those 
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taken for the sorbing species (^Sr, 22Na). 

The choice of cationic ^Sr2"*" and 22Na+ as sorbing tracers follows extensive rock-
water and batch sorption laboratory studies (Bradbury, Ed., 1989, Aksoyoglu et al., 
1990). These investigations showed that, at least up to total concentrations of 10 - 8 

M, the sorption of Na+ and Sr2+ on Grimsel mylonite is reversible and independent of 
the sohd to liquid ratio (linear sorption). At such trace levels the sorption mechanism 
of these elements can be explained by an isotope exchange process. Considering the 
background information from the laboratory support studies, migration experiment 
50 provides an excellent example to compare transport model calculations of field data 
and the model derived sorption data with those derived from the laboratory studies 
and a hydrogeochemical equilibration experiment. Experiment 50 is presented in 
two separate reports, one describing all technical details and analytical results (this 
report) and another one presenting the transport model results with linear sorption 
(Heer, 1991, 1994, Heer and Hadermann 1994). In the Appendix of this work, a 
numerical calculation of all analytical uncertainties is given to show the quality of 
field data. 

Table 1: Radionuclide tracers used in experiments 47 - 50. Injection (Q;) and extrac
tion (Qe) flow rates are also given (for explanation of the dipole flow field see next 
section). 

Exp. Tracer Q, Qe 

[mL/min] [mL/min] 

47 
48 
49 
50 
50 

123J 

24Na 
123 J 

" N a 
85Sr 

51 
51 
9.5 
10 
10 

150 
151 
149 
150 
150 
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2 Experimental 

2.1 Flow field and experimental setup 

2.1.1 Establishment of the flow field 

The radiotracer field experiments decribed here are mainly carried out in a " dipole" 
arrangement between two boreholes intersecting the fracture (Fig.2). This arrange
ment was chosen because the laboratory drift proved to be unsuitable as an extraction 
outlet due to the presence of unsaturated zones, occasional blocking of flow channels 
by fracture infill material, uncontrolled release of injected radionuclides into the lab
oratory drift and uncontrolled extraction flow rates (see Frick et al., 1992). 

The dipole flow field is superimposed on the natural flow field by concurrently 
pumping water into the injection borehole and out of the withdrawal borehole. Note 
that the extraction flow rate, Q«, is always kept greater than the injection flow rate 
Qi to maximize tracer recoveries. Since the migration fracture can be described, to 
a first approximation, by a planar shear zone, the traced water is expected to travel 
along a dipole shaped flow field between both boreholes as shown schematically in 
Fig.3 (e.g. Frick et al., 1992, Heer, 1994, Heer and Hadermann 1994). The calculated 
dipole geometry for two different values of injection to extraction flow rate ratios, ß 
— Qe/Qti which were used in experiments 47 - 50, is illustrated in Fig.4. Note that 
the dipole of ß = 15 (Q,- = 15 mL/min, Qe = 150 mL/min) involves a smaller area of 
traced water through the fracture zone (compared to ß — 3 with (Qi = 50 mL/min, 
Qe = 150 mL/min) ) because of the strong influence of the extraction flow rate. The 
effect of the two /3-values 3 and 15 on the tracer breakthrough profiles is shown in 
section 4. 

At the GTS two types of tracer injection procedures are used, 

(i) continuous tracer injection (typically lasting days to weeks), called "step input" 
and 

(ii) instantaneous injection of a tracer slug of defined mass or activity into the 
injection water stream, called "pulse input". 

The advantages of both techniques are described in Hoehn and Eikenberg (1992) and 
Frick et al. (1992). The particular pulse injection procedure used in experiments 47 
- 50 is presented below. 
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Experimental Setup for 
Tracer Breakthrough Tests 

run #42 - #50 

@ Uranine Analysis 

(Raä Radiotracer Analysis 

(Pia) Helium Analysis 

(Sal) Mettler Balance 

[:;||j|il|Migr3tion Fracture 
: t | | § f i L . (Shear Zone) Vffl 

Fig.2. Experimental setup and location of tracer analytical equipment (plane view 
of the migration fracture). 

^ [ p O ® CPac 

Water-Bearing Fracture 

MgnBoRtincte» 

Fig.3. Schematic illustration of the triple packer system used for tracer injection 
experiments at the GTS. 
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2.1.2 Experimental setup 

The equipment setup used during experiments 47 - 50 is depicted in Fig.5- The upper 
part of this figure shows the instrumentation before the tracer enters the injection 
borehole (injection line system) and the lower part, that used for on-line analysis 
after the tracer begins passing through the extraction borehole (extraction line sys
tem). Before starting an experiment, water naturally discharging from the migration 
fracture intersection with the laboratory drift is stored in a 1.5 m3 stainless steel stor
age tank (details in section 2.1.3). For installation of a dipole flow field this water is 
pumped with a "Shimadzu LC-8" HPLC-pump, connected via a 0.2 /zm micro filter 
to the injection borehole. The water flow rate in the injection line is monitored by a 
micro motion flow meter and chemical parameters O2, pH and electrical conductivity 
are also continuously measured. A backup HPLC-pump is connected in parallel as it 
turned out that the block valves of the pumps frequently become clogged after a few 
weeks of continuous operation. This can be prevented by regular cleaning of one of 
the pumps. 

The equipment for tracer injection (tracer dosage system) is shown in Fig-6. The 
tracer solution is weighted in a beaker on a "Mettler" digital balance. This solution 
can be introduced to the injection line system via a by-pass valve connecting an 
additional, high precision HPLC-pump (Shimadzu LC-5). This pump is able to 
introduce the tracer input solution at highly variable flow rates of 1 - 10000 /xL/min 
into the injection line. For pulse injection experiments, typical dosage rates of the 
tracer solution of 2-3 mL/min are maintained for 10 to 100 seconds. Weight loss of 
the tracer solution is measured by the balance with an accuracy of ~ 5 mg. - This 
allows precise determination of the quantity of injected tracer. Before introduction of 
the tracer solution into the injection line system, it is recirculated through the tracer 
pump to ensure a homogeneous saturation of the tracer injection line system. It is 
hence provided that the tracer is injected with a specific activity identical to that in 
the beaker. 

After entering the packer system (for description of packers, see Thome 1990a) 
and injection borehole interval, traced water migrates through the fracture to the 
extraction well. Note, that the fluorescence dye can be measured down-hole on both 
the injection and extraction borehole which allows determination of the effective input 
concentration - time function of the tracers entering the migration fracture system 
(see section 4.2.2 and, for down-hole instrumentation, Frick et al. 1992). From the 
extraction borehole the water is pumped through the different analysers used for 
tracer detection. Radionuclides are measured by passing the water through a spiral 
surrounding a Nal scintillation detector (for details see section 2.2). Helium tracer 
is measured with a leak detector designed for the isotopes 3He and 4He (Eikenberg 
et al., 1991b, 1992) and the fluorescent dye uranin is determined with a "Perkin 
Elmer LS 2B" fluorescence spectrometer (Frick et al., 1992). Chemical parameters 
and water flow rates are monitored as in the injection line system. 
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Sarnpfoig of Ejection Water 
at Discharge Channel in the Drift 

injection Flow Control & Tracer Dosage 

Injection 
Borehole 
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Ox pH EC Sedrodes 

Extraction Equipment and On-Line Tracer Analyses (without Down-Hole Rber Ruorometry) 

Fig.5. Equipment setup used during migration experiments 47 - 50. 
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x=> Protective Nitrogen 
Atmosphere (optional) 

Radiotracer Dosage Apparatus 

Fig.6. Diagram of the method of tracer dosage into the injection line. For Eh and 
pH sensitive substances (e.g. " " T c , 123I) the tracer solution is isolated from the 
surrounding air by a protective nitrogen atmosphere. 

Cleaning Line Pump Outlet 
Outlet Port 

Microprocessor 
Controlled Drive 

Ball Valve 

HPLC Pump 
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Ball Valve 

Cleaning Line 
Inlet Port for 
Backfiushing Pump Inlet 

Fig.7. Detail of the HPLC-pumps used for tracer and migration water injection from 
the storage tank. The gaskets are "lubricated" by small amounts of natural, not 
aerated groundwater to avoid air leakage into the pumped flow. 
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The extraction flow rate is adjusted with another HPLC-pump (type "Labo-
matic"), operating between 1 and 240 mL/min. Extracted water is finally routed 
into a large tank used for collection of contaminated water. From this tank ("de
cay tank") the water is released into the environment not before as the radiotracer 
concentrations fall below 1/300 of the upper limit of radioactivity in drinking water 
(c^-values). Further information concerning radiotracer decontamination procedures, 
as well as a list of c^-values for the used radiotracers is given in section 4.3. 

The previous data acquisition system described by Thorne (1990a+b) was re
placed by a "Fluke Helios I" data logger which is able to process 40 analog signals 
simultaneously. The data aquisition system provides on-line data for various trac
ers. This system is also used to monitor the flow field (injection/extraction flow 
rates, borehole and packer pressures) and other important parameters such as 0 2-
concentration, pH, electrical conductivity and temperature. All data are logged on 
locally installed PC's and are handled by Labtec Notebook software. Data lodging 
can be also controlled from outside the GTS via a modem-connected telephone line 
to the PC's. 

2.1.3 Improvements over previous tests 

To optimize the quality of field tracer breakthrough data, significant improvements 
to the instrumentation were made before starting experiments 47 - 50, i.e. 

(i) long-term constant flow rates were obtained by use of modified HPLC pumps, 

(ii) uncontaminated storage of migration water in a 1500 L reservoir for different 
injection flow rates and 

(iii) the down-hole input function of fluorescence tracers into the migration fracture 
is measured on-line by installation of a optical fibre system. 

HPLC-pumps: Although HPLC-pumps are routinely used in the chemical 
industry, pumps of this type initially installed had to be replaced and repaired due to 
leakage problems caused by malfunctioning sapphire pistons (Fig.7). The problems 
generally appeared a few days after starting continuous operation of the pumps. 
Although sapphire (Q-AI2O3) is extremely hard (hardness 9 on the Mohs' scale) 
and chemically resistant, visible scratches were observed on the pistons. This was 
somewhat puzzling because the migration groundwater is only weakly mineralized 
(ionic strengh % 10~3) and previous tests with drinking water from the Zurich region, 
distilled water, organic liquids and even aerated Grimsel water did not result in 
damage on the pistons. A chemical explanation hence seemed unlikely and it was 
initially thought that the scratches were of mechanical origin caused ' / suspended 
matter in the groundwater. With various microfilters it was then tried, however, 
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without success, to reduce the abrasion. Finally the observed accumulation of an 
extremely fine grained precipitate in the plunger chambers was helpful to explain 
the leakage. Using X-ray diffraction analysis, this white powder was identified as a 
mixture of various amorphous and microcrystalline Al-containing phases, probably 
zeolites. 

Thermodynamic speciation calculations suggested that precipitation of Al-phases 
in the migration groundwater is almost impossible, but interestingly, that the rather 
high pH and concentration of fluoride may lead to continuous dissolution of solid 
Al203 with precipitation of secondary zeolite phases (Eikenberg and Bühler, 1990). 
Consequently, the sapphire plungers were replaced by silicon carbide (Labomatic 
pump) and tungsten-titanium alloy ( both Shimadzu types), i.e. materials which are 
extremely resistant aganist chemical attack (no pH dependency). The HPLC-pumps 
now operate without malfunction for experiments lasting over months. 

Injection water storage tank: The rates of the water discharging into the 
laboratory drift naturally were initially considered too low to enable migration ex
periments with highly variable /3-values. In addition, contamination of this water 
with atmospheric 0 2 and CO2 from the laboratory drift could not be excluded, and 
hence other sources for the supply of the injection water were tested. Previously 
used water from well BOEM 85.012, located some 200 m apart from the site, was 
rejected because a step input experiment with this chemically different, water was 
found to produce rock/water interaction reactions (Eikenberg et al., 1991). Water 
from another borehole, intersecting the migration fracture, i.e. BOMI 87.010, met 
compositional requirements. But its extraction and subsequent re-injection into the 
same flow field resulted, in a partial recycling of traced water, i.e. partial break
through of tracer into borehole BOMI 87.010 (Hoehn et al., 1993). Consequently, 
since experiment 47 a stainless steel tank containing a volume of 1.5 m3 is used to 
store the water discharging into the laboratory drift. The water is taken from the 
intersection of the fracture with the laboratory drift, a location which is completely 
capped with teflon material. A nitrogen gas atmosphere prevents infiltration of gases 
from the laboratory drift into the storage tank. To check on possible contamination 
and changes in pH etc., the chemical water composition in the injection water storage 
tank is monitored regularly (see section 2.3). 

Optical fibres: To obtain the concentration time distribution of uranine at the 
entrance to the fracture, an optical fibre system for on-line monitoring of fluorescence 
signals was installed down-hole at the intersection of the packed-off boreholes with 
the migration fracture (for details of the optical fibre system, see Frick et al., 1992). 
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2.2 Radiotracer analysis methodology 

2.2.1 On-line measurements 

Nal scintillation counters provided from the "Gesellschaft für Strahlenforschung, Mu
nich (GSF)W are used for on-line radiotracer detection. Such detectors operate as 
follows: the gamma rays emitted from the radionuclide enter the detector crystal 
and dissipate their energy. The gamma rays interact with matter (crystal) via 
photoelectric effect, Compton effect, and pair production. In each example, elec
trons are ejected which produce exitation or ionisation of adjacent positions within 
the solid scintillator. This results in an electronic excited state. Following this 
radiation-crystal interaction, the excited crystal subsequently returns to its ground 
state thereby releasing energy in the form of photons (light). The light impulses are 
detected by a photomultiplier and the resulting signals are transmitted to a counter 
and PC. Further details of on-line radioisotope monitoring in migration tests are 
given in Drost (1968), and the instrumentation currently used at the GTS is listed 
in Table 2. 

Table 2: Equipment used for on-line radiotracer measurement. 

Multi Channel Analyzer: 
Quad Counter Timer: 
Preamplifier Channel Analyzer: 
Ratemeter: 
High Voltage Power Supply: 
2" Nal Scintillation Counter: 
Data Aquisition: 

Ortec Mod.7450 
Ortec Mod.974 
Ortec Model 4890 
Ortec Model 441 
Ortec Model 456 
GSF Munich 
PC Toshiba T100 
Epson PX 4 and 8 

To optimize the detection efficiency, PTFE spirals were wound around the Nal 
detectors. With lead shields around the detectors, the natural background radiation, 
mainly caused by the U and Th decay series as well as *°K, was reduced from several 
hundred counts per second (cps) to less than 15 cps (values relate to a full energy 
spectrum). With the Pb shielded 7-detectors detection limits of 0.05 Bq/mL (for 
123I, 85Sr) and 0.01 Bq/mL (for ,23I) were obtained for the on-line measurements. 
Such low detection limits allows field experiments with short lived radionuclides to 
be carried out (for results with 123I, see section 4.1). 

Since the Nal 7-detection system is equiped with a multi charnel analyzer, it is 
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possible to analyse characteristic 7-lines from various radioisotopes simultaneously. 
This technique was used during experiment 50 when a tracer mixture consisting of 
22Na and ^Sr was simultaneously injected into the migration fracture. A compilation 
of the decay data of the isotopes used ic experiments 47 - 50 are given in Table 3 
and their characteristic 7-spectra are presented in Fig.S, where the energy dependent 
intensity, N(E)dE, is plotted as counts per channel. Fig.8 indicates that there is 

Table 3: Decay data for the nuclides used in experiments 47 - 50 (data from Erdtmann 
and Soyka, 1979). 

Tracer Decay U/2 7- Energy Emission Proba-
Mode [keV] bility [%] 

22Na /3+ ,7 2.6 y 1275 100 
511 180 

24Na £ - , 7 15.0 h 2745 100 
1369 100 

^Sr ec, 7 65 d 514 99 
123I ec, 7 13.1 h 159 83 

529 1 

an interference of the major 85Sr and 22Na peaks around 510 keV, i.e. lines which 
cannot be separated by the Nal detector due to its resolution of ss 10 keV. Therefore, 
for counting of characteristic peaks, two windows were chosen, window 1 between 
410 and 618 keV for detection of 22Na and 85Sr, and window 2 between 1032 - 1416 
keV for detection of 22Na solely. The 22Na specific activity, C22Na> is derived by 
background subtraction and decay correction of the integrated counts in the second 
window multiplied by the ratio (E22M1) of the specific activity of aliquots in the 
laboratory (details in section 2.2.2) to the measured count rate (cps). Hence (C22M1) 
is given by 

CWo = (nW2 - n° 2 ) ' eA(22)* • E22Na (1) 

where n„,2 refers to the measured count rate in window 2 in the region around 1275 
keV and n°2 to the natural background count rate. During each migration experi
ment the background is measured twice, before and after the experiment. Note that 
during experiment 47 - 49 reproducible background spectra were obtained. During 
experiment 50, however, a continuous decrease of the background (not the sensitivity) 
of « 10 % was measured over the duration of the experiment (most probably caused 
by drifting electronic background). To correct for the actual background values, a 
linear interpolation between initial and final measurements was performed. Note that 
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the term e^22*1 used for correction of radioactive decay during tracer breakthrough 
calculates the apparent specific activity at the time of tracer injection. 

To obtain the specific activity of ^Sr, C ^ , , it was, however, necessary to account 
for the 22Na, interference around 510 keV. Therefore, the ratio, a = n ^ / n ^ i , of 
the two integrated KNa counts in the respective energy windows was determined 
in material test runs preceding migration experiment 50, using pure 22Na solutions. 
Hence, Cgs5r can be calculated from the relation 

CSSST = [ ( n t t ' l — " W l ) — « ( " » 2 — "« ,2 ) ] • € ( S ) ' • #85Sr (2) 

where nwi is the total count rate and n ^ the count rate of the background in window 
1. 

1E+05 

c 
c 
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CO 
Q . 

CO 
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c 
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O 
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1E+03 

1E+Q2 

window 1 
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H032- 1416 KeV 
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Energy (KeV) 
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Fig.8. 7-spectrum of 22Na and ^Sr analysed with a Nal crystal. Note an overlap of 
characteristic 7-emissions around 510 keV. 
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2.2.2 Laboratory measurements 

For absolute and precise calibration of the field data the following samples were taken 
for subsequent gamma ray detection in the PSI hot laboratory 

(i) aliquots of the tracer input solution and 

(ii) traced groundwater samples, taken temporarily during the migration experi
ments. 

Specification of the solid state 7-detector: The detector type used at the 
laboratory is a "Ortec GMX 25200" nitrogen cooled intrinsic Ge-detector equiped 
with a multichannel analyser system. This system is able to resolve 7-energies be
tween 0 and 2 MeV over 8000 channels. Spectrum analysis and data reduction is 
controlled via Ortec software package. Two detection geometries were calibrated for 
radioanalysis of water samples, one for 50 ml and another one for 500 ml samples. 
The first one was used for tracer activities exceeding ~ 0.1 Bq/mL and the second for 
activities down to 0.01 Bq/mL. To check on the reproducibility of both geometries, 
water sample aliquots of 50 mL as well as 500 mL were taken sporadically for the 
laboratory analyses. 

7-energy resolution: With 0.25 keV/channel, the energy resolution of the Ge-
system is fairly high i.e. in principle sufficient to distinguish between the 22Na and 
^Sr 7-einissions around 510 keV. However, whenever intensities differ by orders of 
magnitude, the major peak may contribute to the integrated area of the minor one. 
Therefore, in contrast to 22Na with the major 7-peak at 1.27 MeV, the accuracy 
of the 85Sr activity determined in the laboratory is also strongly dependent of the 
"Na/^Sr activity ratio. Clearly, if the interfering radionuclide decayed more rapidly 
compared to the masked isotope, then it would be of advantage to delay the radio-
analysis. Unfortunately, as shown in Table 3, 85Sr has a much shorter half live than 
22Na, and hence activity determinations at a later time are of no use. To optimize 
the quality of data during experiment 50, only a "minimum" activity of 0.9 MBq of 
22Na was injected into the migration fracture, while with 5.3 MBq for 85Sr nearly the 
maximum permitted activity of 7.4 MBq was taken (see also section 2.3). Since, in 
addition, the breakthrough of silghtly sorbing 22Na was much faster than that of the 
85Sr tracer, the latter could still be measured with high precision during experiment 
50.. 

Acid treatment: To determine the total activity of the injected tracer, aliquots 
of ~ 1 mL were taken from the spike inlet solution at the GTS and diluted with 0.01 M 
HCl to 50 mL. The acid treatment was necessary since prior studies with untreated 
samples showed a 2 % adsorption of 85Sr (but almost no 22Na) on the polyamide 
bottles taken for water sampling. 
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Analytical results: Table 4 provides a summary of the initial specific activi
ties used for migration experiments 47-50. The total injected tracer activities, also 
presented in Table 4, are obtained from the product of tracer specific activity and 
injected mass taken at a water density of 0.999 at the ambient temperature of 13"C 
found in the laboratory drift. To evaluate the uncertainties of the measurements 
during experiment 50, three aliquots were taken from the tracer cocktail consisting 
of 22Na and ^Sr. As indicated in Table 4, the data scatter is within the range of the 
counting uncertainty (~ 2 % for ^Na and ~ 0-5 % for ^Sr). Therefore any additional 
uncertainty introduced by dilution is not significant. 

Table 4: Tracer activities and masses injected during experiments 47 - 50. 

Exp. 

47 
48 
49 
50 
n 

y> 

n 

50 
n 

n 

71 

Tracer 

123j 

24Na 
123j 

22Na 
n 

T» 

n 

^Sr 
T7 

n 

» 

Sample No. 

47/I1 

48/I1 

49/I1 

50/I1 

50/II2 

50/III3 

50/IV4 

50/I1 

50/II2 

50/III3 

50/IV4 

Specific Tracer 
Activity [Bq/mL] 

(5.49 ± 0.50)-105 

(3.57 ± 0.05)-105 

(4.92 ± 0.50)105 

(3.09 ± 0.06)104 

(3.10 ± 0.06)104 

(3.16 ± 0.06>104 

< 1 
(1.81 ± 0.01)-105 

(1.81 ± 0.01)105 

(1.82 ± 0.01)-105 

< 2 

Injected Tracer 
Solution [g] 

10.30 ± 0.01 
15.22 ± 0.01 
15.30 ± 0.01 
29.25 ± 0.02 

7? 

V 

n 

V 

•n 

V 

n 

Total Injected 
Activity [Bq] 

(5.66 ± 0.50) 106 

(5.44 ± 0.05)10* 
(7.53 ± 0.80)106 

(9.05 ± 0.18)-105 

(5.29 ± 0.03)-106 

1 0.1 mL from tracer input solution, made up with 0.01 M HCl to 50 mL 
2 0.01 mL from tracer input solution, made up with 0.01 M HCl to 50 mL 
3 0.1 mL from tracer input solution, further diluted by 1:10, then filled up with 0.01 
M HCl to 50 mL 
4 blank, i.e. 50 mL 0.01 M HCl solution without activity 

Linearity of 7-measurements: While the 7-spectrometric determinations of 
injection solutions were typically performed with specific activities of 104 to 105 

Bq/mL, the tracer specific activities passing through the extraction borehole of the 
migration fracture typically were below 101 Bq/mL. Due to these significant differ
ences in activity the linearity of the gamma counters was tested. In this test different 
aliquots were taken from input solutions 50/111 (Table 4) and further diluted. In 
total, a dilution range from 1 to 10~5 was produced. The calculated (from the dilu
tion factor compared to the undiluted sample) and corresponding measured specific 
activities are given in Table 5 and their relationship is plotted in Fig.9. With excep
tion of the most diluted two samples for 22Na (data not taken for regression analysis) 
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clear regression lines were obtained between expected and measured activities for 
both tracers, indicating linearity between 7-count rate and activity. Note, that the 
two deviating results for 22Na did not result from systematic errors introduced by 
preparation of the diluted samples (because the ^Sr data match well to the straight 
relationship) but from counting scatter due to low 22Na activities close to the detec
tion limit of the detector (see counting errors in Table 5). 

Calibration of field data: The conversion of measured signals (counts per 
second, cps) into specific activity units (Bq/mL) was achieved by comparing labora
tory results from check samples taken during the experiment with the corresponding 
on-line measured data. As indicated in Fig.10 (taking 22Na and ^Sr from experiment 
50 as an example), a linear relationship holds between the field and laboratory data. 
Therefore, linear regression analyses were performed to determine the mean conver
sion factors. The regression analyses resulted in slopes of 0.355 and 0.130 Bq/cps for 
22Na and ^Sr, respectively, and only minor standard deviations from the slopes of 
0.4 % (for 22Na) and 1.7 % (for ^Sr) were obtained. Note, that for both isotopes the 
first two samples were not considered in the analyses because 

(i) for 22Na the first two samples have a significant uncertainty in time (due to 
the extremely steep ingrowth of the tracer breakthrough curve after the first 
arrival) and 

(ii) the initially low specific activities of more strongly sorbing 85Sr was completely 
masked by the peak of the 22Na pulse (see also section 4.2.). 

Table 5: Linearity check of ^Sr and 22Na detection at PSI. The activities relate to 
the 50 mL bottles used for this experiment. 

Dilution 
Factor 

1 
10-1 

10-2 

10~3 

210- 4 

lO-4 

2-10"5 

lO"5 

2ZNa 
Calc. Activity 

[Bq/mL] 
620 ± 9 
62 ± 1 

6.2 ± 0.1 
0.62 ± 0.02 
0.12 ± 0.01 

0.062 ± 0.004 
0.012 ± 0.001 

0.0062 ± 0.0006 

Measured Activity 
[Bq/mL] 
620 ± 9 
61 ± 1 

6.0 ± 0.2 
0.65 ± 0.04 
0.14 ± 0.02 

0.068 ± 0.013 
0.019 ± 0.005 

0.O088 ± 0.0040 

^Sr 
Calc. Activity 

[Bq/mL] 
3630 ± 20 

363 ± 2 
36.3 ± 0.2 
3.6 ± 0.1 

0.73 ± 0-02 
0.36 ± 0.02 

0.073 ± 0.007 
0.036 ± 0.004 

Measured Activity 
[Bq/mL] 

3630 ± 20 
360 ± 5 

36.4 ± 0.7 
3.7 * 0.1 

0.71 ± 0.04 
0.36 ± 0.03 

0.076 ± 0.009 
0.039 ± 0.004 
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Fig.9. Dilution sequence: relationship between calculated and measured specific 
activities of 22Na (upper figure) and ^Sr (lower figure). Since a clear linear rela
tionship holds between both parameters, linearity between detector count rate and 
corresponding radiotracer activity is indicated. 
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10 
On-line cps 

^--> 85Sr measurement biased 
by high 22Na specific activity 
(data not used for regression) 

regression line: 
constant: 0.001739 [Bq] 
slope: 0.1304 [Bq/cps] 

std. dev. of slope: 0.0023 (1.7 %) 

On-l ine cps 

Fig. 10. Comparison of on-line measured 7-spectrometric data with laboratory cross 
checks for 22Na (upper figure) and ^Sr (lower figure) in test 50. The slopes resulting 
from linear regression analyses were used to convert field signals (cps) into specific 
activity units (Bq/mL). 
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2.3 Water chemistry analysis 

For long term migration experiments in which chemically reactive, sorbing tracers are 
injected, a constant composition of the groundwater chemistry is essential (Hoehn et 
al., 1990, Eikenberg et al. 1991a). Therefore, water samples were taken temporary 
from four locations of the migration site for subsequent laboratory analysis (Table 
6). These locations are the natural discharge outlets (1) "Kalotte", K (see Frick et 
al.T 1992, Fig 3-5) and (2) "Pinkel Channel", P (the latter is used to fill the injection 
water storage tank), (3) the injection water Storage Tank and (4) the extraction 
borehole used for experiments 47 - 50 (BOMI 87.006). With this suite of sampling 
ooints, the water composition can be monitored throughout the system. Of special 
interest is the monitoring of the water composition in the storage tank, since the 
tank consists of "V2A" stainless steel alloy with » 70 % Fe, 20 % Cr and 10 % Ni 
(for steel alloy compositions, see Holleman and Wiberg, 1976, p. 917), i.e. a material 
on which different species may adsorb or which might potentially release significant 
concentrations of transition metals (iron group) into the aqueous phase. 

Table 6 also provides a summary of the different sampling campaigns, sampling 
dates and the laboratories in which the analyses were performed. The results of the 
major and minor elemental water chemistry are presented in Tables 7 (for location 
BOMI 87.006) and 8 ("Pinkel Channel" and Storage Tank). To compare the data 
with previous results from Bajo et al. (1989) (long term monitoring of major element 
chemistry) and Degueldre et al. (1990) (trace element analysis), Table 9 includes the 
results obtained from the tunnel discharge channel "Kalotte", since most analytical 
data refer to this location. 

Table 6: Compilation of sampling campaigns performed between autumn 1989 and 
1991. 

Sampling 
Campaign 

A 
B 
C 
D 
E 
F 

location 
Kalotte 

PSI 

PSI 

CIBA 

Pinkel 
Channel 

PSI 
PSI 
PSI 

CIBA 

Storage 
Tank 

PSI 
PSI 
PSI 

CIBA 

BOMI 
87.006 

PSI 
CIBA 
PSI1 

Sampling 
Date 

21.11.89 
14.3.90 
5.10.90 
21.1.91 
5.8.91 

19.9.91 

PSI neutron activation analysis (technical details in Wyttenbach et al., 1987) 
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Table 7: Analyses of migration water from location BOMI 87.006 (sampling campaign 
D, E and F). The results from Eikenberg et al. (1991a) (EIK/91a) are also given for 
comparison in the right column. 

Major 
Elements 
Na [ppm] 
Ca [ppm] 
Si [ppm] 
F [ppm] 

Cl [ppm] 
S04 [ppm] 

TIC2 [ppm] 
Trace 

Elements 
Mg [ppb] 

K [ppb] 
Rb [ppb] 
Sr [ppb] 
Cs [ppb] 
Al [ppb] 
P [ppb] 

Cr [ppb] 
Mn [ppb] 
Fe [ppb] 
Co [ppb] 
Ni [ppb] 
Se [ppb] 

Mo [ppb] 
Pd [ppb] 
Sn [ppb] 
W[ppb] 
Br [ppb] 

I [ppb] 
N0 3 [ppb] 

U[ppt] 
Th [ppt] 

pH 
Alk.3[meq/1] 

E.C.4[/*S/cm] 

Location BOMI 87.006 
D 

16.4 ± 0.2 
5.78 ± 0.06 
7.16 ± 0.07 
6.3 ± 0.3 
5.9 ± 0.3 
6.0 ± 0.6 • 

9 ± 1 
125 ± 5 

< 2 
179 ± 2 

< 5 
14 ± 1 

< 0.1 
1.3 ± 0.2 

< 0.3 
< 0.5 
< 1 

< 20 

9.7 ± 0.1 
0.42 ± 0.02 

102 ± 1 

E1 

14 ± 1 
5.2 ± 0.2 
4.7 ± 0.1 
6.2 ± 0.1 
6.1 ± 0.3 
6.1 ± 0.6 
2.6 ± 0.1 

7 ± 2 
150 ± 20 
1.7 ± 0.2 
180 ± 10 

< 1 
< 10 
< 8 
< 1 
< 10 
< 10 
< 1 
< 1 
< 5 

36 ± 2 
< 1 
< 1 

78 ± 4 
23 ± 2 

< 4 
< 500 
< 100 
< 100 

E1 

14 ± 1 
5.4 ± 0.2 
4.7 ± 0.1 
6.2 ± 0.1 
6.2 ± 0.3 
6.2 ± 0.6 
2.6 ± 0.1 

7 ± 2 
190 ± 20 
1.9 ± 0.2 
180 ± 10 

< 1 
< 10 
6 ± 3 
< 1 
< 10 

20 ± 1 0 
< 1 
< 1 
< 7 

36 ± 2 
< 1 
< 1 

79 ± 4 
22 ± 2 

< 4 
< 500 
< 100 
< 100 

F 

5.37 ± 0.04 

1.74 ± 0.04 
177 ± 2 

0.69 ± 0.02 

0.13 ± 0.01 

14 ± 1 
0.06 ± 0.01 

52 ± 4 

56 ± 2 
33.6 ± 0.3 

3.5 ± 0.4 

(EIK/91 a) 
15.9 ± 0.1 

5.68 ± 0.02 

6.7 ± 0.3 
5.6 ± 0.4 
5.8 ± 0.6 

15 ± 1 
194 ± 4 

172 ± 2 

9.5 ± 0.1 
0.45 ± 0.1 

106 ± 1 

1 2 aliquots for the Ciba-Geigy analyses 
2 TIC = total inorganic carbon 
3 Alk. = alkalinity 
4 E.C. = electrical conductivity 
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Table 8: Analyses of migration water from the storage tank and its water supply 
outlet (sampling campaign B to E). 

Major 
Elements 
Na [ppm] 
Ca [ppm] 
Si [ppm] 
F [ppm] 

Cl [ppm] 
SO4 [ppm] 

TIC1 fppm] 
Trace 

Elements 
Mg [ppb] 

K [ppb] 
Rb [ppb] 
Sr [ppb] 
Cs [ppb] 
AI [ppb] 
P [ppb] 

Cr [ppb] 
Mn [ppb] 
Fe [ppb] 
Co [ppb] 
Ni [ppb] 
Se [ppb] 

Mo [ppb] 
Pd [ppb] 
Sn [ppb] 
W [ppb] 
Br [ppb] 

I [ppb] 
N0 3 [ppb] 

U(ppt] 
Th [ppt] 

PH 
Alk.2[meq/1] 

E.C.3[^S/eml 

Storage Tank 
B 

16.6 ± 0.2 
5.50 ± 0.06 
6.75 ± 0.07 

19 ± 2 
290 ± 10 

172 ± 2 

10 ± 1 

0.3 ± 0.1 
3.0 ± 0.2 

< 1 
< 1 

9.6 ± 0.1 
0.43 ± 0.01 

106 ± 1 

C 
15.8 ± 0.2 

5.69 ± 0.06 
6.84 ± 0.07 
5.6 ± 0.3 
5.8 ± 0.3 
7.1 ± 0.7 

11 ± 1 
125 ± 5 

175 ± 2 

12 ± 1 

<0 .2 
4.2 ± 0.2 

< I 
< 1 

D 
16.3 ± 0.2 

5.88 ± 0.06 
6.98 ± 0.07 
6.2 ± 0.3 
5.8 ± 0.3 
6.3 ± 0.6 

17 ± 2 
180 ± 10 

185 ± 2 

12 ± 1 

0.2 ± 0.1 
7.1 ± 0.3 

<0 .3 
<0 .5 

< 2 0 

9.6 ± 0.1 
0.42 ± 0.01 

102 ± 1 

E 
14 ± 1 

5.5 ± 0.2 
4.6 ± 0.1 
6.1 ± 0.1 
5.5 ± 0.3 
6.7 ± 0.7 
2.7 ± 0.1 

10 ± 1 
140 ± 10 
1.7 ± 0.2 
190 ± 10 

< 1 
< 10 
6 ± 1 
< 1 
< 10 
< 10 
"< 1 
< 1 
< 5 

37 ± 2 
< 1 
< 1 

79 ± 5 
21 ± 2 

< 4 
<500 
< 100 
< 100 

Pinkel Channel 
B 

17.2 ± 0.2 
5.64 ± 0.06 
6.70 ± 0.07 

19 ± 2 
360 ± 20 

171 ± 2 

8 ± 1 

0.2 ± 0.1 
2.1 ± 0.2 

< 1 
<0 .5 

9.6 ±0 .1 
0.45 ± 0.01 

106 ± 1 

C 
16.1 ± 0.2 

5.67 ± 0.06 

5.6 ± 0.3 
6.0 ± 0.3 
7.1 ± 0.7 

28 ± 2 
190 ± 10 

176 ± 2 

D 
16.3 ± 0.2 

5.97 ± 0.06 
6.89 ± 0.07 
6.3 ± 0.3 
6.1 ± 0.3 
6.2 ± 0.6 

17 ± 2 
110 ± 5 

180 ± 2 

15 ± 1 

1.8 ± 0.2 
27.2 ± 0.5 

<0 .3 
1.4 ± 0.5 

< 50 

9.6 ± 0.1 
0.42 ± 0.01 

102 ± 1 

E 
14 ± 1 

5.6 ± 0.2 
4.6 ± 0.1 
5.8 ± 0.1 
5.3 ± 0.3 
7.2 ± 0.7 
2.8 ± 0.1 

22 ± 2 
140 ± 10 
1.9 ± 0.2 
190 ± 10 

< 1 
30 ± 5 
7 ± 1 
< 1 

< 10 
40 ± 5 

< 1 
< 1 
< 5 

37 ± 2 
< 1 
< 1 

71 ± 4 
19 ± 2 

< 4 
< 500 
< 100 
< 100 

1 TIC = total inorganic carbon 
2 Alk. = alkalinity 
3 E.C. = electrical conductivity 
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Table 9: Analyses of migration water from location Kalotte (sampling campaign A, 
C and E). Results from Bajo et al. (1989) (BAJ/89) and Degueldre et al. (1990) 
(DEG/90) are also given for comparison in the last two columns. 

Major 
Elements 
Na [ppm] 
Ca [ppm] 
Si [ppm] 
F [ppm] 

Cl [ppm] 
S04 {j>Pml 

TIC2 [ppm] 
Trace 

Elements 
Mg [ppb] 

K[ppl>] 
Rb [ppb] 
Sr [ppb] 
Cs [ppb] 
Al[ppb] 
P[ppb] 

Cr [ppb] 
Mn [ppb] 
Fe [ppb] 
Co [ppb] 
Ni [ppb] 
Se [ppb] 

Mo [ppb] 
Pd [ppb] 
Sn [ppb] 
W[ppb] 
Br [ppb] 

I [ppb] 
N0 3 [ppb] 

U [ppt] 
Th [ppt] 

pH 
Alk.4[meq/1] 

E.C.^S/cm] 

Location Kalotte 
A1 

15.5 ± 0.2 
5.61 ± 0.06 
6.70 ± 0.07 

5.9 ± 0.3 
5.3 ± 0.3 
5.5 ± 0.6 

10 ± 1 
165 ± 5 

174 ± 1 

15 ± 1 

< 2 

9.7 ± 0.1 
0.44 ± 0.01 

96 ± 1 

C 
15.9 ± 0.2 

5.69 ± 0.06 

5.9 ± 0.3 
5.9 ± 0.3 
7.3 ± 0.7 

14 ± 1 
110 ± 5 

175 ± 3 

E 
13 ± 1 

5.2 ± 0.2 
4.6 ± 0.1 
6.1 ± 0.1 
5.7 ± 0.3 
6.5 ± 0.7 
2.7 ± 0.1 

9 ± 2 
150 ± 20 
1.6 ± 0.2 
190 ± 10 

< 1 
< 10 
< 8 
< 1 
< 10 
< 10 
< 1 
< 1 
< 5 

38 ± 2 
< 1 
< 1 

80 ± 4 
22 ± 2 

< 4 
< 0.5 
< 100 
< 100 

(BAJ/89) 
15.9 ± 0.2 

5.08 ± 0.05 
5.9 ± 0.1 

6.26 ± 0.09 
G.5 ± 0.3 
5.5 ± 0.5 

13 ± 3 
150 ± 20 

161 ± 2 
0.7 ± 0.13 

9.6 ± 0.1 
0.42 ± 0.1 

103 ± 1 

(DEG/90) 
16.0 
5.7 
5.6 
6.0 
5.0 
5.7 
3.4 

1 0 - 4 9 
40 - 140 

1.4 
170 - 200 

0 . 5 - 1 
1 5 - 4 7 

0.2 - 0.4 
0 . 3 - 2 

35 
0.05 
< 1 

5 - 8 
20 
0.1 
0.7 
70 
30 
0.1 

30 - 150 
<50 
9.6 

1 mean of 3 aliquots 
2 TIC = total inorganic carbon 
3 data from Aksoyoglu et al. (1990) 
4 Alk. = alkalinity 
5 E.C. = electrical conductivity 
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The analytical techniques used at PSI are described in Bajo et al. (1989), Ak-
soyoglu et al. (1990) and Degueldre et al. (1990). Note that for the trace element 
analyses Degueldre et al. (1990) used mainly inductivity coupled plasma mass spec
trometry (ICP-MS), also applied for Mg, Rb, Cs, Cr, Co, Ni, Mo, Pd, Sn, W, U and 
Th at the Ciba-Geigy laboratories. Other (Ciba-Geigy) results were obtained with 
the following techniques: ICP optical emission spectroscopy (ICP-AES) for Na, Si, 
Al, Mn and Fe, X-ray fluorescence spectroscopy (XRF) for K, P, Se, Br and I and 
ion chromatography (IC) for the anionic species CI", S02~ and NO J . Fluoride was 
determined using direct potentiometry with a fluoride sensitive electrode and total 
inorganic carbon (TIC) was analysed by acid titration and subsequent COj-gas mass 
spectrometry. Note the results for Ca and Sr are mean values resulting from different 
analytical techniques (ICP-AES and XRF as well as ICP-MS and ICP-AES for Ca 
and Sr, respectively). For neutron activation analysis (at PSI), evaporation of the 
sample to dryness was necessary as a high neutron flux would have caused boiling 
of the water sample. To obtain the required sample mass of ÄJ 100 mg, 1.1 litre of 
water was evaporated. With respect to Tables 7 - 9 the following comments can be 
made: 

• In both laboratories, at PSI and Ciba-Geigy, reproducible results were obtained 
when sample aliquots were measured. 

• For almost all elements there is excellent agreement of the analytical results 
between both laboratories. 

• Bulk water chemistry in the migration fracture does not vary between the dif
ferent locations. No significant change of concentrations with time is observed. 

With respect to the elements some detailed comments can be made: 

• The major cations Na+ and Ca2 + exhibit, within error, constant concentrations. 
The CIBA-Geigy results are systematically lower (ss 10 %) compared to the 
data obtained at PSI. This probably results from the use of different techniques 
(ICP-AES at CIBA-Geigy, AAS at PSI). 

• The concentrations of major anions (F" , Cl~ and SO^") are the same at all 
locations. 

• The concentration data for Si differ between PSI and CIBA-Geigy. Although 
both laboratories used the same technique (ICP-AES), the CIBA results are 
consistently lower. Since the concentration of silica is strongly dependent on 
pH in alkaline solutions (cf. Eikenberg, 1990), a slight drop of the rather high 
pH (9.6) caused, for instance, by infiltration of atmospheric CO2 into the water 
samples, may lead to precipitation of solid Si02- For this reason, silica as well 
as the pH are analysed at PSI immediately after transport . 
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• The concentrations of the minor cations Mg2+ and K+ vary within a factor of 
three. However, at each location, no trend with time is observed. 

• In contrast to these trace cations, the concentrations of Sr2+ is surprisingly 
constant. The range of various PSI analyses does not exceed 5 %. 

• Three sampling campaigns revealed concentrations of Rb+ similar to those of 
Sr2+ (1.4-1.6 ppb). Mass spectrometric investigations performed by the Aus
trian Federal Research Institute at Vienna (Bundesversuchs- und Forschungs
anstalt) yielded similar values around 2 ppb (CM. Kralik, pers. com.). 

• Although the storage tank is comprised of an alloy of (mainly) Fe, Cr and Ni, 
no increase in the concentrations of these transitions elements can be detected 
from its supply source ("Pinkel Channel"). 

• The concentrations of Fe varied strongly between locations and between differ
ent sampling dates. This may be due to iron sorption onto small particles in the 
water or sorption onto the sample vessels or to changing redox conditions. Note 
that a geochemical speciation study resulted in marked disequilibria between 
various redox couples in the migration water (Alexander, 1991), invalidating 
any prediction of Eh buffer capacity. 

• The CIBA-Geigy investigations and neutron activation analyses at PSI yielded 
detectable traces of Mo, W and Br and hence confirm older results from Deguel-
dre et al. (1990). 

• The neutron activation analysis resulted in the most accurate values for a se
quence of elements (see Rb, Cs, Co). An additional long term neutron irradia
tion allowed also determination of the following elements (in ppb) Ba = 1.4 ± 
0.1, Eu = 1.3 ± 0.1, Zn = 5.59 ± 0.03, and (in ppt) Ag = 75 ± 2, Au = 3.4 ± 
0.1, Hf = 12.6 ± 0.5, La = 32 ± 2, Sb = 27 ± 1, Sc = 1.5 ± 0.1, Sm = 0.9 ± 
0.3. 

In summary it was concluded that the slight variations of some trace elements 
in the migration system chemistry did not affect the migration behaviour of the 
85Sr2+ tracer during experiment 50 because the bulk water chemistry in the migration 
system as well as in the storage injection tank remained stable and a constant Sr2+ 

level naturally occurring in the groundwater was measured. Naturally occurring 
Cs+ and Rb+ can be precisely determined by neutron activation analysis and their 
concentrations (~ 0.7 and 2 ppb, respectively) seem to be constant in the migration 
system. This is of significance for future long timescale migration experiments with 
strongly sorbing radionuclides of Cs. 
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3 Preparation of the Migration Experiments 

3.1 Injected tracer specific activities and groundwater con
centrations 

As stated by Bradbury and Baeyens (1989), addition of the cations Na+ and Sr2+ at 
concentrations approximately 100 times below their respective equilibrium concen
trations in the migration groundwater, does not alter the natural conditions between 
solid material in the fracture and solute substances (i.e. no change of sorption pa
rameters). Injection of radioisotopes (including any carrier contribution of non-active 
isotopes of the same element) below this level, can be interpreted by a pure isotope 
exchange process, which is of advantage when considering sorption in transport model 
codes (Heer, 1991, 1994, Heer and Hadermann 1994). That isotope exchange was the 
likely process of rock/water interaction during the field experiments with cationic 
tracers, is demonstrated in Table 10, because for Na+ and Sr2+ the ratio C n /C/ r of 
the natural groundwater concentration to the maximum concentration of tracer and 
carrier entering the injection borehole exceeded values of 102. To be "conservative" 
in this simplistic consideration instantaneous mixing and plug flow was assumed, i.e. 
no further tracer dilution by dispersion in the tubing was considered. In practice, 
however, the injected tracer concentrations are diluted by a factor of « 250 during 
flow through the input line ("confirm Fig.25). 

Table 10: Comparison of injected radiotracer specific activities in experiments 47 -
50 and the stable element concentrations in the fracture groundwater. 

Exp. 

47 
48 
49 
50 
50 

Tracer 

123J 

24Na 
123 J 

22Na 
85Sr 

A, 
[Bq/g] 
~ 1 0 1 5 

3.7-1011 

~ 1 0 1 5 

1.2-1012 

1.9-1014 

v j p 

[Bq/mL] 
5.5-105 

3.6105 

4.9-105 

3.1-104 

1.8-105 

Cap 
[g/mL] 

2.2-10"10 

2.7-10-11 

1.6-10"10 

I.4-10-10 

2.1-10"10 

Ctot 
[g/mL] 
~ 1 0 " 9 

9.7-10"8 

~ 1 0 " 9 

2.6-10"8 

9.7-10"10 

Ctot 

[M] 
~ i o - 8 

4.2-10"6 

~ 1 0 " 8 

1.1-10-6 

1.1-10"8 

C/r 
[Ml 

~10~ 9 

8.4-10"7 

~ 1 0 ~ 9 

5.5-10"7 

5.5-10"9 

C 
[M] 

l.OlO"9 

6.9-10"4 

1.0-10"9 

6.9-10"4 

1.8-10"6 

A, = specific activity of tracer given by the producer (i.e. radioisotope activity per 
unit mass of carrier) 
C,p = radionuclide specific activities and concentrations in the tracer input solutions 
Ctot = radionuclide specific activities and concentrations in the tracer input solutions 
including carrier 
Q,p = tracer injection solution dosage flow rate 
Qi = injection water flow rate 
C/r = Q,p/Qi • CM = maximum tracer concentration including carrier entering the 
injection borehole 
Cn = natural concentration in the migration groundwater (values from Aksoyoglu et 
al., 1990) 
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3.2 Blank Sorption Tests with 22Na and 85Sr 

3.2.1 Pilot Sorption tes t series I and I I 

Apart from its transport through the migration fracture, every tracer should behave 
conservatively (i.e. no interaction) in the injection - extraction equipment. There
fore, one of the essential requirements for migration experiments is negligible tracer 
sorption on the injection and extraction equipments (material tubing: polyamide, 
analyser volumes, packer intervals, fittings: stainless steel). To check on this, prior 
to the planned field experiments with sorbing, cationic 22Na+ and ^Sr2"1", dynamic 
sorption tests using the test setup shown in Fig.ll (termed here test line) were car
ried out in the laboratory drift. In the first tests (Ia-c, Table 11) the tracers were 
continuously injected into the test line via a by-pass. To provide similar flow condi
tions to the migration field experiments, a constant water flow of 150 mL/min water 
(from borehole BOMI 87.006) was supplied using a HPLC pump. The tracer solution 
containing ^Sr was injected (via a by-pass) into the test line and routed subsequently 
through three Nal scintillation counters for radiotracer determination. Finally, the 
extracted water was collected in the "Decay Tank" (see section 2.1.2). Tests Ia-c were 

Table 11: Experimental data of the initial material sorption experiments with ^Sr. 

test la 
test lb 
test Ic 
elution 

Start Time 

w 
1.5 
6 

23 
45 

Stop Time 

W 
6 

22.8 
44.9 
387 

Concentration in 
Tracer Input Solution 

[Bq/mL] 
0.5 
5 

50 
0 

Flow Rate 
[mL/min] 

150 
150 
150 
150 

carried out as step input injections using different concentrations of 85Sr2+ (Table 11). 
As indicated in Fig.12, these blank sorption studies resulted in a significant tailing of 
the ^Sr2"1" elution curve after termination of the tracer injections (dotted regions in 
the figure correspond to the period of continuous tracer injection). Although aranine 
could not be measured during these tests due to a malfunction of the fluorescence 
spectrometer, the dotted regions (pure advective plug flew simulation) can be taken 
to represent the break-through of a consevatively behaving tracer during this test 
series (see below). 
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Fig.ll. Test setup for the material sorption tests (tests I - III). 
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Fig.12. Material sorption test Ia-c. 8SSr tracer breakthrough and elution curve (data 
from the last of the three detectors, which were connected in series during this test). 

The long tailing of the 85Sr elution curve indicated sorption of Sr2+ in the test line. 
To investigate which materials KSr2+ sorbed preferentially on, the following test run 
(test II) was accompanied by continuously adding NarEDTA (ethylene diamine tetra 
acetic acid) using an additional HPLC pump. In water this organic salt immediately 
dissociates into four Na+ cations and anionic EDTA4" which form strong complexes 
with polyvalent cations such as Fe3+, Ca2+ and Sr2+. The quantities cf EDTA re
quired to completely undergo ion pair formation with Sr2+ were estimated from geo-
chemical speciation calculations using the code MINEQL/PSI. These calculations 
predicted that a molarity of 1.510"4 of EDTA would be sufficient to completely hold 
Sr2+ in solution. Since the HPLC pump used for injection of the EDTA solution 
typically operates in the range of several mL/min, a 10 - 2 M EDTA solution was 
prepared and in the following blank test this solution was injected with a flow rate 
of 4 mL/min. 
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The results of the simultaneous injection of the tracer cocktail consisting of 
^Sr2"1- and uranine as well as EDTA are presented in Fig.13 (upper part). The figure 
shows that the ^Sr2"*" breakthrough curve follows that of uranine, proving that all 
Sr2-*" remained in solution. Constant concentrations (plateau level) of both species 
established rapidly. This indicated that dispersion of tracer in the tubings was of 
minor importance and hence justifies the assumption of "plug flow" in Fig. 12. After 
a 7 hours the EDTA injection was stopped, while tracer cocktail injection was con
tinued (Fig.13, middle and lower part). Had Sr2+ sorbed preferentially on (say) the 
polyamide tubes, the activity of ^Sr would have been expected to decrease, until the 
surface sites of the plastic materials were saturated. But if Sr2+ had adsorbed mainly 
on the stainless steel spirals wound around the Nal detector, then the opposite, i.e. 
an increase of the apparent ^Sr2"1" activity would have resulted because of repeated 
counting. Fig.13 demonstrates that immediately after termination of the EDTA in
jection, the measured activity of ^Sr2"1" increased by a factor of two, clearly speaking 
for sorption of 8SSr2+ onto the stainless steel spirals. 

To find out how the system behaves after a restart of EDTA injection, the by
pass valve connecting the EDTA solution reservoir was opened again after 17 hours. 
Fig.13 indicates a short time increase of the counting rate but then a subsequent 
drop to a level which was displayed before the first stop of EDTA injection (i. e. 
reversible system behaviour). The restart of EDTA injection hence demonstrated 

(i) that ^Sr2"1- which sorbed in the test system during the period without EDTA-
addition, desorbed again and 

(ii) that the flow of 4 to 5 mL/min of EDTA solution was sufficient to keep Sr2+ in 
solution. 

After about 19 hours the tracer injection was stopped while EDTA injection was 
still continued. Subsequently, the signals of both uranine and 85Sr, rapidly decreased 
to background values. Although this test revealed that addition of EDTA solution 
prevented sorption of 85Sr2+ onto equipment materials, its use in field migration 
experiments was considered unacceptable, because introduction of organic ligands 
into the migration fracture would have altered the water speciation and probably 
also the surface properties of the migration fracture. 

30 



20000 

5 

4 

time [hrs] 

EDTA - Injection Flow Rate [mL/min] 

3 -

2 -

1 

0 

0.06 

0.04 

0.02 

0 

0 5 10 
Tracer Injection How Rate [mL/min] 

10 
time [hrs] 

15 

15 

20 

20 

Fig. 13. Blank sorption test II. Equipment breakthrough curves of ^Sr when adding 
Na-EDTA (upper figure). The time periods of EDTA and tracer solution injections 
are also depicted in the middle and lower figures, respectively. 
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3.2.2 Sorption test III with nylon and teflon tubing 

Material sorption studies performed elsewhere (Raber et al., 1983) indicated little to 
no sorption of Sr2"*" on PTFE-material (Teflon). Weak sorption was noted when using 
polyamide 11 (Nylon), i.e. the material which had also been used for the injection 
and extraction tubes at the GTS. In batch sorption experiments in the supporting 
laboratory investigations at PSI the adsorption of St2* onto polyamide materials was 
found to be insignificant (Aksoyoglu et al., 1990). 

For the subsequent field sorption experiments (test IUa,b) the stainless steel 
spirals around the Nal scintillation counters were replaced by PTFE and polyamide 
spirals. These tests were performed with ^Sr2"1" using the test setup presented in 
Fig. 11 and the results are summarized in Fig. 14 for polyamide 11 (Nylon, test Ilia) 
and PTFE (Teflon, test Illb) materials, respectively. 

As the figure shows, with both materials the plateau levels were reached within a 
few minutes after tracer injection. The upper figure indicates that after termination 
of the tracer injection, the average measured signal remained at a slightly higher 
level compared to the initially measured background values when using polyamide 
11 materials. With PTFE, however, the initial and final signals agreed within error. 
PTFE was thus prove to be chemically inert with respect to these cations. 
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Fig. 14. Blank sorption tests Ilia and b: breakthrough and elution curves of 85Sr2+ 

using polyamide (upper figure) and PTFE tubes (lower figure). 
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3.2.3 Final blank test with full equipment setup 

To optimize the planned migration experiment with 22Na+ and ^Sr2-1", all polyamide 
tubings were replaced by teflon PTFE material. Furthermore, to avoi sorption of 
tracer onto the test equipment in the packed off fracture interval, the packer inner 
membrane was sealed with PTFE material. 

The final blank and material experiment (test IV) was carried out at a setup 
identical to the one used for the field migration experiments (Fig.15). A tracer 
cocktail consisting of 22Na+, "Sr2"1" and uranine was prepared. The interface between 
packer and fracture was simulated with thick 12 cm diameter PTFE tubing mounted 
between the mechanical packers (Fig.15). To check on possible sorption of both 
the simulated "injection" and "extraction" interval, lead shielded Nal scintillation 
detectors were placed directly behind the packer intervals. 

The final blank sorption run was performed for three reasons: 

• to examine possible sorption of cationic Na+ and Sr2+ onto the packer intervals 
or stainless steel fittings, 

• to simulate the influence of the equipment (length of tubings, dead volumina) 
on tracer dispersion, 

• to investigate the sensitivity of the on-line operating Nal-detectors towards the 
7-activities of a 22Na+ and 85Sr2+ cocktail. 

To calibrate the on-line measurements of radioisotopes, water samples were taken 
from the extraction site when the tracer activities remained constant (plateau level). 
These samples were subsequently analysed for their specific activities at the PSI 
hot laboratory. The tracer responses following the continuous injection are plotted 
in Fig.16 for uranine and in Fig.17 for 22Na+ and 85Sr2+. Fig.16 illustrates the 
breakthrough and elution curves (duration of tracer solution injection: 4 h) of the 
dye obtained from the three fluorescence spectrophotometers installed in the test 
line system. It is obvious that the breakthrough curve of uranine measured behind 
the (simulated) packed off interval and in the extraction line is significantly retarded 
compared to that measured in the injection line (plateau values reached after ~ 3 
and ~ 1 hours, respectively). 

Since the breakthrough curves of uranine obtained with the second and third de
tectors are almost identical, it was expected that the breakthrough curves of 22Na and 
85Sr measured with a Nal-detector installed between the last two spectrophotometers 
should be comparable (providing these cations have behaved conservatively). Indeed, 
as shown in Fig.17, apart from a very slight retardation of 85Sr in the elution curve, 
the times of tradiotracer breakthrough, constant concentrations (plateau level) and 
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elution are comparable to that of the fluorescence tracer, indicating negligible equip
ment sorption by these cationic tracers. To test whether mass of radiotracer was 
conserved during these tests, water samples were taken from the tracer input solu
tion and during the time of constant tracer concentrations (plateau region). Given 
this information, the following mass balance relation can be used 

M0 = C0 • &W3p = Qe J C(t)dt (3) 

where Mo is the total injected tracer mass, A W,p the weight difference of the spike 
solution measured with a Mettler balance, Qc the water flux through the Nal scin
tillation counter and C(t) the tracer concentration as a function of time. However, 
since the times of tracer breakthrough and elution can be neglected, to a first ap
proximation, the right hand term in equation 3 then reduces to, 

M0 = QeCp- AT (4) 

which is simply the equation assuming a plug flow step input relation (the procedure 
used for the numerical integration of the tracer recovery curves is given in section 
4.1.1.). In equation (4), Cp refers to the measured tracer plateau concentration 
determined from the laboratory results of the water samples taken from the extraction 
side. With Qe = 150 mL/min, Cp = 3 Bq/mL (22Na) and 7 Bq/mL (^Sr), A T « 4 
hours, Mo is calculated to 108000 Bq (22Na) and 252000 Bq (^Sr). These values agree 
well with the calculated tracer recovery using the measured spike specific activities 
and the weight decreases (Table 12). 

Table 12: Activity data of 22Na and 85Sr for the final step input blank sorption 
experiment. 

Tracer 

22Na 
85Sr 

Activity in Input 
Solution [Bq/mL] 

7500 
18400 

Injected Tracer 
Mass [g] 

13.75 
13.75 

Total Injected 
Activity [Bqj 

103000 
253000 

Plateau con
centration [Bq/mL] 

3 
7 
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Fig.15. Test setup for the final blank test with " N a and 8 sSr with P T F E tubes preceeding migration experiment 50. 



03 

04 

05 

06 

07 

08 

uranine injection interval 
recovery in injection interval 

recovery in extraction interval 

uranine laboratory drift 

uranine extraction interval 

120 

100 

80 

60 

40 

20 

4) 
> 
O 

u 

8 10 12 
time [hrs] 

Fig. 16. Final blank test IV. Tracer breakthrough curves of uranine measured at three 
different locations (for details of the instrumentation, see Fig. 15). 
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3.3 Preparation for migration experiments with 123I 

3.3.1 General 

Long lived 129I (ta/2 = 17 My) produced by thermal neutron fission of 235U is among 
the safety-relevant radionuclides being considered in assessment studies of nuclear 
wastes disposal (NAGRA, 1985, chapter 16, SKI, 1991, chapter 6). Besides the dis
advantage of its long half live, 129I is never solubility limited under natural conditions 
and is only poorly sorbed (or not sorbed at all) after release from a nuclear waste 
repository into the geosphere. Furthermore, once radioactive iodine has entered the 
food-chain of man, it is selectively incorporated into the thyroid and due to localised 
high dose, increases the risk of induced cancer. 

Geochemically, iodine is among the list of rather complex, pH and Eh sensitive 
tracers since theoretically it may occur in six different oxidation states, -1 , 0, +1 , +3, 
+5 and +7. In terrestrial environment, however, the most stable forms are the - 1 , 0 
and +5 state. Microbial activity is also known to tie up iodine in organic components. 
More recent literature data and own conductivity measurements of iodine hydrolysis 
reactions were used by Palmer et al. (1985) to calculate the speciation of iodine as 
function of pH and temperature in the absence of added redox partners. Fig. 18 clearly 
shows that under non-oxidizing conditions and at a high pH of 9.6, the predominant 
species is iodide (I~). Only in strongly acidic and/or oxidizing solutions elemental 
iodine (Ij) or iodate (10J) are formed. Considering the rather high pH of 9.6 of 
the GTS groundwater, a conversion of I" to 10J would still require a very high 
oxidation potential of a few bundred mV, i.e. values close to the electrochemical 
boundary of water decomposition. Nevertheless, to avoid changes in oxidation state, 
immediately before tracer injection, the 123I" tracer was transferred into an anoxic 
solution of nitrogen-flushed migration water, whereby the pH could be maintained 
at its original value. 

3.3.2 Detailed Preparation 

When planning the migration experiments for the year 1991, it was suggested to 
include two pulse experiments with anionic I" under identical flow conditions of ß = 
3 and 15 as in the case for ^«tionic Na+ (Table 1). Since batch sorption studies with 
1 3 1 1 - revealed almost no sorption of this isotope on mylonite (static experiments were 
not sensitive enough to determine distribution coefficients for iodide below 0.1 mL/g) 
relative rapid breakthrough times of a few days were expected for a radiolabeled I" 
tracer. Although several iodine isotopes with useful half lives of a few days (124I, 
126I,131I) and desired high energy 7-photons exist, they are classified as being highly 
toxic. According to the Swiss radiation protection decree (SSVO, 1988) a given 
activity of these isotopes contributes to a 102 - 104 higher organ dose compared to 
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the other radiotracers used for field test at the GTS (22-24Na, 85Sr, 82Br). Permission 
was, however, given to use the isotope 123I~, because the 7-emission of this nuclide 
takes place at a low energy around 160 keV and, because the half live is only 13 
h (i.e. practically no contamination can occur). As for the other radiotracers a 
maximum activity of 7.4 MBq per experiment was allowed for 123I. Consequently, the 
organisation of experiments 47 and 49 required a careful preparation and a tight time 
schedule mainly because: 

• 123I is a weak 7-emittor with 83% emission probability at 159 keV. At such low 
energies the characteristic 7-spectra observed with Nal detectors are strongly 
influenced by background radiation, caused by compton scatter effects resulting 
from 7-emmisions of the natural radionuclides as from the U and Th decay series 
members. However, installation of a 20 cm thick all-round lead shielding proved 
to be sufficient to determine background corrected photon energies in the 150 
keV region down to an equivalent of 0.1 Bq/mL. 

• The rapid decay rate required a production of the tracer just before starting the 
experiment. Reliability of the isotope production division at PSI to deliver the 
tracer sharply in time was essential for an experiment to be successful. To ob
tain permission for transportation (giving doses below the maximum tolerance 
values) the tracer had to be taken to the field laboratory immediately before 
starting the experiment. 

t A second consequence of the short half live of 123I was rapid determination 
of the initial specific activity Co, as well as those of the water samples taken 
during the breakthrough phase in the hot laboratory in PSI. It turned out that 
reliable laboratory measurements were only possible with samples taken up to 
« 5 hours after tracer injection (Figs.19,20). 
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Fig. 18. Speciation diagram of iodine as a function of pH (from Palmer et al., 1985). 
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4 Results 

4.1 Pulse migration experiments with anionic I 

4.1.1 Experiment 47: tracer breakthrough results 

The on-line radiotracer detection system used during the pulse injection experiment 
47 with 123I allowed monitoring for about 2 days and was as accurate as the detection 
of uranine. In all tracer breakthrough curves shown below the ratio of the on-line 
measured specific activity, C(t), to the total injected tracer mass, Mo is plotted as 
a function of time from beginning of the tracer injection. Figs.19 and 20 show the 
tracer breakthrough and recovery curves, where the initial data are given with a linear 
time scale (Fig.19) and the full experimental time data with double logarithmic scales 
(Fig.20). Minor retardation of 123I compared to uranine and bimodal distributions of 
the tracer breakthrough curves are indicated. Such bimodal tracer responses to pulse 
injections were also observed in earlier experiments (runs 21 and 30) when similar 
dipole flow fields were installed (Hoehn et al., 1993, Frick et al., 1992). Breakthrough 
curves composed of two "maxima" are interpreted to result from transmissivity het
erogeneities within the migration fracture (Hoehn and Eikenberg, 1992, Frick et. al., 
1992). 

By integration of the pulse breakthrough curves a tracer mass balance (Mo) can 
be obtained according to the following relation, 

Mo = QeJc(t)dt (5) 

The integration was performed on a PC by numerical integration of the breakthrough 
activity data multiplied by the extraction flow rate and time using standard spread 
sheet program "LOTUS 1-2-3". Graphically, these integrations yielded asymetrically 
bell-shaped recovery curves as also shown in Figs.19 and 20 using percentage scale. 
While half of the tracer mass of uranine and 123I passed through the extraction outlet 
after « 10 hours, about 90 % of the tracers had been recovered after 50 hours by which 
time the detection limits were reached. The pronounced tailing of the breakthrough 
curves can be explained with extremely slow tracer transport in the most external 
flow paths of the dipole, and diffusion effects (Herzog, 1991, Heer, 1991, 1994, Heer 
and Hadermann 1994). Although, in this part of the breakthrough curve, the tracer 
concentration was close to the detection limit, the remaining mass of tracer may well 
be hidden in the long trailing edge. 

It is obvious that after some hours the differences in recovery between both 
tracers are much higher compared to those in the breakthrough curves. This is 
because during the numerical integration of the breakthrough < urves, the systematic 
error in the ratio in C(t)/Mo propagates with time. As indicated in the Appendix, 

41 



2.0E-05 
; uranine m\ 
'. fiber optic 

~\ uranine 
f VT'Perkin Eimer 

1.5E-05 -

0.0E+00 

recovery 

100 

- 80 

Fig.19. Experiment 47, tracer breakthrough and recovery curves in the first 10 hours 
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Fig.20. Experiment 47, tracer breakthrough and recovery curves after 50 hours when 
the experiment was stopped (logarithmic scales). 
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the evaluation of uncertainty in tracer recovery strongly depends on the precision 
of measured Mo- The uncertainty in tracer recovery at the end of an experiment 
typically ranges between 5 to 20 % for the experiments described here. 

The logarithmic scale of the y-axes in Fig.20 illustrates the detection limits for 
the water tracers. Both tracers reached their detection limits at C/Mo ratios of as 
10"7. With Mo = 5.6 • 106 Bq/mL and considering that only w 10 % of the initial 
123I activity was present two days after injection, a detection limit of w 0.05 Bq/mL 
is obtained for 123I using the on-line operating Nal scintillation counter. 

4.1.2 Experiment 49: tracer breakthrough results 

This pulse injection experiment using a flow dipole with ß = 15 resulted in steep 
monomodal breakthrough curves of m I ~ and the fluorescent dye (Figs.21,22). The 
figures also show the breakthrough of uranine measured downhole at the packer in
terface with the extraction borehole. A slight retardation of the 123I~ and uranine 
breakthrough curves measured in the drift compared to the uranine downhole mea
surement can be discerned. This time shift between the downhole and drift analysis 
is due to the difference in travel time from the downhole interval to the analysors 
installed in the drift. The delay in breakthrough arrival is caused by the distance 
between the analysers and the time of data aquisition from the different detectors. 
The length of the tubing between the fibre optrode and Nal-counter is ~ 10 m. The 
diameter of the tubing is about 0.6 cm. Given an extraction flow rate of 150 mL/min 
the tracers should traverse the distance within ~ 3 minutes. Further delay of a few 
minutes is caused by the volume of the spiral wound around the Nal-counter (vol
ume spiral ~ 400 mL). Since, in addition, the data from the scintillation counter are 
transferred at the end of each integration interval (here 5 minutes), a total constant 
time lag of ~ 15 minutes between uranine downhole and iodine drift measurement 
is estimated. This guess matches well with the observed constant difference of the 
breakthrough curves, clearly indicating that the m I ~ tracer was not retarded by 
physical or chemical processes in the migration fracture. This was already expected 
because of the low observed microbiological activity (Christofi and Milner, 1985, the 
high pH and the anaerobic state of the migration system at the GTS (chemical species 
is I"). 

Our result agrees also with the observations obtained by static laboratory batch 
sorption studies with I 3 1I" on mylonite samples taken from location AU 126 m (Ak-
soyoglu et al., 1990). According to these authors iodine did not adsorb on mylonite 
material under the prevailing conditions in the laboratory. In this study it was, 
hovever, not possible to evaluate sorption coefficients accurately bek w 0.2 • 10 - 3 

m3/kg. Nevertheless this investigation suggests slight sorption of iodide with the 
fracture material from AU 126 m since values between 0.03 and 0.08 • 10 - 3 m3/kg 
were repeatedly obtained. 
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Sorption of iodide in natural systems generally proves to be insignificant because 
of the negatively charged surfaces in most aquatic systems (cf. Liu and von Gunten 
(1988). Various sorption studies using mineral separates (i.e quartz, montmorillonite, 
kaolinite etc.), have shown a decrease in sorption of I" when the pH was increased 
(Allard et al., 1980). This could be explained by creation of negative surface charge 
with increasing pH. However, formations such as boom clay, bentonite and some 
shales seemed to exhibit some sorption capacities for I~ with K^'s between ~ (0.1-
1)-10-3 m3/kg. This was mainly attributed to adsorption of I" on organic matter in 
these materials. Other field studies (Higgo et al., 1989) suggested that retardation of 
I - was caused by microbiological fixation of the iodine species onto material surfaces. 

4.2 Pulse migration experiments with cationic N̂a"*", 24Na+ 

and 85Sr2+ 

4.2.1 Experiment 48: tracer breakthrough results 

In this experiment slightly sorbing 24Na+ (as suggested by the laboratory support 
programme) was injected simultaneously with uranine. This short-lived radioisotope 
of Na (ti/2 = 15 h) was chosen to prevent interference of potentially sorbed Na+ with 
additional cationic radiotracers of Na+ and Sr*+ which were intended in the next 
series of experiments. To compare the tracer breakthrough curves of reactive Na+ 

under bimodal (ß = 3) and monomodal (ß = 15) conditions, the first experiment 
with a radioactive isotope of sodium was carried out under ß = 3 and the second 
(run 50) under ß = 15. The breakthrough curves of 24Na and uranine in test 48 are 
given in Fig.23 (short term data) and Fig.24 (full experimental time). Note that: 

• The shape and timescale for the breakthrough curve of uranine did not change 
between experiments 47 and 48, indicating reproducible conditions. 

• The slight peak retardation and peak dilution of the Na+ breaktrough compared 
to uranine is most probably the result of the low cation exchange capacity ( Ä 
2^eq/g, see Eikenberg et al., 1991a) of the fracture infill material. 

• The peak depression (C/M^,) by a factor of ss 3 compared to uranine shows that 
much of the tracer is hidden in the long trailing edge. This effect of pronounced 
peak depression is explained by sorption and additional matrix diffusion (Heer 
and Hadermann, 1994). 
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Fig.23. Experiment 48 (wide dipole flow field), tracer breakthrough and recovery 
curves in the first 10 hours (linear scales). 
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Fig.24. Experiment 48, tracer breakthrough and recovery curves after 100 hours 
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4.2.2 Experiment 50: tracer breakthrough results 

As stated before, "cocktail" experiments with radiotracer concentrations below the 
natural concentrations of the respective element in the groundwater are desirable 
from the modellers point of view, but less so from the experimentors due to the 7-
emission interferences of 22Na and ^Sr at 512 KeV. However, from experiment 48 it 
was reasonable to conclude that sodium tracer breakthrough would have been almost 
ceased after a few days. Therefore monitoring a sharp 22Na pulse was thought to be 
feasible taking only « 1/10 of the allowed maximum activity of 7.4 MBq. Therefore 
0.9 MBq of 22Na were injected with 5.4 MBq for 85Sr. 

The tracer specific activity-time distribution at the entrance to the fracture is 
of fundamental importance for modeling tracer breakthrough curves (Herzog, 1991). 
Dispersion of tracer before entering the injection side may significantly influence the 
tracer breakthrough on the extraction side. Therefore fibre optrodes for down-hole 
analysis of uranine were installed in the packer intersection interval connecting the 
migration fracture. The concentration of uranine at the entrance of the fracture 
measured during experiment 50 in shown in Fig.25. 
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Fig.25. Experiment 50, effective input concentration-time function of uranine, mea
sured downhole by fibre optic fluorescence spectrometry. 
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The tracer did not enter the migration fracture as a sharp pulse (peak/M 0 < 
10 - 2) , indicating that turbulent flow and dispersion in the small dead volumes of 
fittings of the injection flow system determined to a large extent the tracer concen
tration time distribution at the entrance of the fracture. The tracer breakthrough 
in the injection borehole was complete at the time of first arrival of tracer at the 
extraction borehole (compare Figs.23,25,26). 

The results of the radiotracer tracer breakthrough curves are given in Figs.26-
33. The data for uranine (Figs.20,27), 22Na (Figs.28,29) and 85Sr (Figs.30,31) are 
presented separately. Figs.32 and 33 summarize the concentration t ime data of all 
three tracers. It should be noted that there is significant retardation of the ^ S r 
breakthrough. Compared to 22Na a peak retardation and peak depression of about 
two orders of magnitude can be observed. The direct comparison of both radiotracers 
is best illustrated when chewing logarithmic scales for both time and specific activity. 
In such a plot the problem of the 7-energy interferences at 512 keV, which would be 
hidden when choosing linear scales, is visible. On the first day after tracer injection, 
the 85Sr signal could not be distinguished from 22Na because the ratios of (C/M0)yva 

exceeds (C/Mo)sr by more than three orders of magnitude and hence the count 
rate around 510 keV was essentially dominated by 22Na disintegrations (compare to 
Figs.32,33). 

Fig.33 indicates also the on-line detection limits for the three tracers. The detec
tion limits, expressed as the ratio C/Mo are roughly 1-10-8 for uranine (Mo = 60 ppm, 
hence uranine detection limit ~ 1 ppt) and 5 1 0 - 9 for ^ S r and 22 Na, respectively. 
With the tracer input specific activities (Table 4) and correction for radioactive decay, 
one obtains a detection limit of 5-10~3Bq/mL for both radiotracers, respectively. 

Recovery of 22Na was practically 100 % (Fig.29) showing that sorption of Na+ 

in the migration system was reversible. This is consistent with the results of batch 
sorption and desorption studies on Grimsel mylonite usin°" 22Na and 85Sr (Aksoyouglu 
et al., 1990). Therefore it is also justified to assume complete recovery of the ^Sr2"*" 
tracer in case of continuous pumping of water from the extraction borehole. 

After ~ 5000 h about 90% of the initial activity of 85Sr had decayed and the 
detection limit of the 7-scintillometer was reached (note: the last two samples taken 
for laboratory analysis were preconcentrated from 2 litres to 50 ml to increase the 
specific activity). Therefore it was not worthwhile to continue experiment 50, which 
was terminated after 229 days or ~ 5500 h. The complete recovery of 8 5Sr2 + can 
be roughly extrapolated from Fig.33. 100% tracer recovery is expected to occur in 
about 105 hours, i. e. > 10 years (Hoehn and Eikenberg, 1992). 
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Fig.26. Experiment 50, tracer breakthrough and recovery curves for uranine (early 
time data, linear scales). The long tailing of the breakthrough characteristics is 
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Fig.27. Experiment 50, tracer breakthrough and recovery curves for uranine (full 
experimental time, logarithmic scales). The down-hole measured relative uranine 
signal from observation borehole BOMI 87.009 is also shown for comparison. 
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Fig.29. Experiment 50, tracer breakthrough and recovery curves for 22Na (full ex
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Fig.31. Experiment 50, tracer breakthrough and recovery curves for 85Sr (logarithmic 
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4.2.3 Comparison of experiments of different dipole width 

Breakthrough curves of non-reactive tracers and weakly sorbing 22,24Na+ were ob
tained for different dipole flow fields over the 4.9 m migration distance (see Fig.2). 
Experiments 47 and 48 were both carried out under identical experimental condi
tions with an output/input flow ratio ß = 3. In contrast, experiments 49 and 50 
were also both performed under identical conditions, but with ß = 15 (see Fig.4). 
Although the two sets of experiments were carried out with the same extraction flow 
rate and, therefore, similar drawdown, the velocities (or water residence time dis
tribution) must be different, as higher injection flow rate must cause higher local 
velocities near the input borehole. 

While the flow fields with ß = 15 (narrow flow paths) produce smooth monomodal 
peaks with pronounced tailing, test with ß = 3 (wider unequal strengh dipole flow) 
yield typically bimodal breakthrough curves, with a portion of the tracer (first 
peak) traveling substantially faster through the fracture than in ß = 15 flow fields 
(Figs.34,35). This obviously indicates heterogeneous flow conditions. Indeed, hy
draulic tests in single boreholes indicated locally varying transmissivity values of the 
fracture, but rather constant average transmissivities between the different borehole 
intervals (see Hoehn et al., 1990, Herzog, 1989). Wider flow fields, established for 
instance by higher injection/extraction ratios, should hence be more sensitive to such 
heterogeneities, as shown by numerical studies of 2-D flow in a flow field with variable 
transmissivity (e.g. Moreno et al., 1990, Moreno and Tsang, 1991). 

Potentially, tracer tests with varying width of the flow fields could produce valu
able clues to characterize hydrology in a flow system. However, as this was not a 
central aim of the Grimsel migration experiment, the majority of tests were performed 
under narrow dipole flow conditions (with ß =15) which always produced monomodal 
breakthrough curves. As transport modelling is primarily aimed at identifying dif
ferent transport processes and their associated parameters, the latter experiments 
do not require additional (uncertain) parameters to characterize the variability of 
transmissivities. Values obtained from modelling can then be considered as averaged 
parameters for the fracture plane in which tracer transport took place. Compared to 
narrow dipoles (ß = 15) one might be tempted to look for more retarded transport, 
i.e. more effective diffusion and sorption processes in wider flow fields (ß = 3). Be
side the conservative tracer (uranine) the breakthrough curves of 24Na and 22Na, as 
weakly sorbing tracers, are compared in Figs.34,35 in both dipole configurations. In 
both cases peak-times for Na are shifted by a factor of « 1.4, and peak concentrations 
reduced by a factor of 0.3 with respect to non-reactive anion tracers. For the wider 
dipole flow field no striking evidence for more effective retardation, or in terms of PSI 
modellers', enhanced interface flux (which should also affect the conservative tracers) 
can be seen. As Heer and Hadermann (1994, see Fig.13 and 18) demonstrate, more 
effective interface flux by diffusion and sorption would lead to relatively lower peak 
heights and noticeably higher tailing. 
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4.3 Radiotracer decontamination 

The field tests with radionuclides need the permission of the national radiation pro
tection authorities. In Switzerland, the responsible authority is the Division for the 
Safety of Nuclear Installations (Hauptabteilung für die Sicherheit der Kernanlagen, 
HSK). The maximum permitted total activities for the tracers under consideration, 
valid for each single field test, have been limited to 7.4 MBq, while a total activity of 
740 MBq is permitted for storage of radioactive solutions at the GTS. According to 
the Swiss ordinance on radiation protection (SSVO, 1988), maximum radiotracer con
centrations of 1/300 of the upper limit for radionuclide specific activities in drinking 
water (cw-value), are permitted to be released into the aquatic environment. Table 
14 shows that the maximum specific activities of ^Sr were always below 1/300 cw 

and hence no decontamination procedure was necessary. Short lived 24Na and 123I 
were stored in the decay tank for some days before release to the drift drain. 

For long lived 22Na, however, an efficient decontamination procedure was es
sential, since the maximum concentrations of 22Na exceeded 1/300 cw for roughly 2 
days. Therefore, over a period of ~ 100 h, the extraction water was pumped into the 
decay tank and 22Na was fixed by the use of a mobile hydroxy antimonyl phosphate 
(HAP)-based cation exchange system (Bart and von Gunten, 1977, Buehler et al., 
1989, Furrer et al., 1991). Additionally pumping of the water through ultrafilters 
enabled 22Na activities below 1/300 cw to be obtained. Given the extraction flow 
rate of 150 mL/min, a i m 3 with 22Na contaminated water accumulated in the tank 
after 100 h. Since the decontamination system runs at a rate of 250 L/h, the decon
tamination procedure took only 4 h. Subsequently, the 22Na activity of ~ 0.6 MBq 
adsorbed on HAP was deposited in a controlled zone at PSI. 

Table 13: Maximum permitted release (1/300 cw) of radiotracers into the drainage 
system at the GTS. The peak specific activities and periods for which radiotracer 
specific activities exceeded 1/300 Cu, in experiments 47 - 50 are indicated. 

Exp. Tracer t i / 2 1/300 c* Peak Activity Time 

47 
48 
49 
50 
50 

123 J 
24Na 
123 j 

22Na 
*>ST 

13.1 h 
15.0 h 
13.1 h 
2.6 y 
65 d 

[Bq/mL] 
2.6 
2.2 
2.6 

0.37 
1.1 

[Bq/mL] 
100 
27 
180 
7 

0.5 

w 
30 
60 
30 
50 
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5 Conclusions and Recommendations 

Migration experiments at the Grimsel Test Site (GTS) have now been ongoing for 6 
years. In an earlier report (FVick et al., 1992) much of the complementary aspects 
of the multidisciplinary venture were presented including a detailed characterisation 
of the hydrogeological and hydraulic situation of the migration fracture and also a 
presentation of the first migration experiments up to the year 1991. Now, with a 
suite of additional experiments with various tracers and flow field geometries and 
a comprehensive presentation of the transport modelling exercise (Heer and Hader-
mann, 1994) it has been necessary to provide detailed experimental information on 
these experiments (i.e. experiments 47 to 50). The major aims of this report are the 
following: 

• to provide a detailed description of the experimental setup, 

• to present a variety of important experimental problems which were encoun
tered during field testing and required usually time-consuming efforts *br reme
diation, 

• to depict a multitude of innovative and novel techniques, 

• to emphasize the importance of careful, high-quality experimentation as a nec
essary basis for modelling. 

The runs 47 - 50 were all testing flow fields of 4.9 m distance and turned out to be key 
experiments for model calibration. The latter allowed successful prediction of other 
experiments. To date some 90 different tracer experiments have been performed, 
with only some 20 runs (including 3 different flow distances and tracers with dif
ferent physical and chemical properties) worthy of substantial efforts for modelling. 
Most of the remaining experiments were needed to explore the stability of the exper
imental conditions. They were also carried out to find practicable flow conditions, 
adequate analytical techniques, to obtain clues on the equipment performance, or 
to develop novel methods. In between, significant changes were often necessary to 
remove undesired effects such as tracer sorption on equipment, unstable flow fields, 
etc. Such experiments were preferentially done with relatively short-lived radiotrac
ers in order to avoid longer lasting contamination, i.e. enhanced background during 
following experiments. Generally the time scale for these experiments was shorter 
than for the "real" runs which often required substantial time spans to cover the full 
analytical range of tracer breakthrough, an important prerequisite for model calibra
tion. To date the following tracers have been employed during the Grimsel migration 
experiments: 

• HTO (3H, tritium), 3He, 4He, 8 2Br - , 1 2 3I_ , uranine (Na-fluorescein), as non-
reactive, conservative tracers, 
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• 22Na+, MNa+, ^Sr2*, ^Rh"1-, 137Cs+, as cation exchanging tracers of different 
selectivity, representing simple linear or more complex sorption mechanisms, 

• 9*mTcC>4 , as redox sensitive tracer. 

This report mainly focusses on experiments performed with different non-reacting 
tracers and the simple sorbing tracers 22Na+, 24Na+, and ^Sr2"*". It is intended to 
present the results from later migration tests after termination of the field experiments 
in 1995. 

Note that the model curves from the experiments described here could be well 
fitted to the field data when using sorption coefficients of 0.08t£(M [ 10~3 n*3/kg] for 
Na+ and 10±|° [10-3 m3/kg], for Sr2"1" respectively (Heer, 1991, Heer and Hadermann, 
1994). These results are highly consistent with the K^-valves extracted from a hydro-
geochemical equilibration field experiment at the GTS with K«i(Na) = 0 .211" [10-3 

m3/kg] and Kj(Sr) = 7.8+f [10~3 m3/kg] and rock-water interaction experiments car
ried out in the hot laboratory at PSI wih K^Na) = (0.11-0.15) • 10_3[m3/kg] and 
Kj(Sr) = (6-9) - 10-3[m3/kg] (Eikenberg et al., 1991a). 

Requirements for modelling 

Although the basic concept of the Grimsel field migration experiment remained 
unchanged in the last years, significant modifications in equipment were necessary to 
satisfy the following requirements: 

(i) As the tracer travels for a substantial time through tubing and other volumes 
of the equipment, instrumental dispersion will become increasingly important 
for relatively short-distance tests. It is therefore important to obtain the actual 
input function of the tracer entering the flow field in the migration fracture. 
This was made possible by the newly developed technique of down-hole quartz 
fibre fluorometry. 

(ii) Minimal equipment volumes potentially reduce substantial uncertainties from 
dispersion effects in the injection and extraction flow line system. 

(iii) Blank testing equipment is very important to rule out tracer-specific interaction 
within tubing and other materials of the experimental apparatus. Sorption 
proofing of packer interval pieces (by teflon coating) was necessary. 

(iv) Long term migration tests require stable flow field conditions. These were 
achieved by installation of HPLC-pumps. However, since the weakly mineral
ized Grimsel water turned out to dissolve the sapphire pistons, they had to be 
replaced by SiC and WTi alloys. 

(v) It is of advantage to carry out migration experiments in "closed" flow fields and 
to obtain, at least for non-reactive species, complete recovery of the injected 
tracer mass. 
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(vi) Simultaneous application of a variety of tracers with different selectivities (i.e. 
equilibrium sorption coefficient, K^) may drastically reduce the number and 
range of free model parameters, particularly when laboratory data obtained 
under relevant conditions are available. 

(vii) Aside from very stable equipment and linear tracer analytical sensitivities, con
centrations must be measured over at least 3 and, preferentially over about 
4 orders of magnitude with C/Mo-values down to 10"9 to 10 - 1 0 to provide 
valuable clues and sufficient sensitivity for transport process identification. As 
demonstrated in Heer and Haderman (1994) diffusive mass fluxes contribute 
consistent, but rather small, second-order effects to shape the tracer break
through curves when compared with effects from advection and hydrodynamic 
dispersion mechanisms. 

(viii) Stable hydrological as well as undisturbed hydrochemical conditions must pre
vail during the different field experiments. This required considerable efforts 
of pressure and flow rate recording of the near environs and careful monitoring 
of pH, conductivity, temperature and oxygen in injected as well as extracted 
groundwater. At the site, these data are, togther with the measured tracer 
concentrations, collected by a data logger and stored in a PC. As they can be 
checked through modem connected telephone lines, the status of the experi
ments can be observed any time without having personel present at tae field 
site. 

(ix) The long-term stable performance of the different pumps to estabHsh highly 
stable injection and extraction flow is one of the key component of the quality 
of experimental data. 

(x) The sensitivity and linearity of the field analytical instrumentation had to be 
rigorosly checked by laboratory backup analyses. 

(xi) The hydrological properties of the migration fracture have changed somewhat 
over the last few years of experimentation (including several of packer replace
ments for modifications). Under identical equipment conditions, slightly dif
ferent breakthrough curves occasionally resulted. The causes are not fully un
derstood, but it cannot be ruled out that tectonic activity within the Grimsel 
region and/or continuous erosion of small portions of unconsolidated fracture 
infill (fault gouge) may have some impact. These changes, however, even during 
long-term experiments, were negligible and internally consistent sets of data for 
modelling could be obtained. 
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8 Appendix: Estimation of Analytical Errors 

To assess the quality of analytical data, especially when several parameters are in
volved, the errors in breakthrough and recovery curves are estimated here. For this 
estimation migration experiment 50 was taken as an example. Note that the results 
of the breakthrough curves, when expressed as a ratio C/Mo, are dependent on the 
statistical error of the specific activity measurement (C) as a function of time (count 
rate including background scatter) as well as on the error in total activity of the 
input solution Mo- This overall standard deviation is obtained by partial derivation 
of the ratio C/M0; see equations 6, 12, 16). 

Besides the standard deviation of C/Mo, we also estimated the standard error of 
tracer recovery by partial derivation of all individual errors (equations 8-9, 14, 17) 
but additionally considering that the errors propagate with time. Numerically,this 
is done with a PC by summarizing all recovery steps resulting from each numerical 
integration of the time steps At times the extraction flow rate during tracer break
through (equation 7). The calculation of the standard error after n recovery steps, 
s(R„), is given in equation 10. 

8.1 Errors in uranine tracer breakthrough and recovery-

Standard deviation of uranine tracer breakthrough 

The standard deviation of the uranine relative concentration, m(C/M0) is calculated 
by taking the square root of the (squared) relative errors obtained partial derivation 
of the ratio C/Mo at any given time of the breakthrough curve: 

m^-hc)^]2+im(M^]2 (6) 

where C is the uranine concentration, m(C), one standard deviation in uranine outlet 
concentration (fls 0.001 • C) and m(Mo) one standard deviation in uranine input Mo 
measurement (440 ppb). 

Standard error in uranine recovery 

As shown in section 4.1.1. the relative tracer recovery is obtained by: 

R = Q,j^dt (7) 
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With dR,, A AR„ a systematic (i.e. not statistically distributed) error of one recovery 
step can be taken as follows: 

^AÄ») = «(Af)<?e^ + *(Q*)**jfi + S(W0
)Q<At ( 8 ) 

with 

i-ib'«^* **>>£; (9) 

Here s(C) refers to the standard error in the uranine outlet concentration ( « 1 ppt), 
and s(Mo) to the standard error in uranine input Mo measurement ( « 420 ppb when 
assuming standard errors of 0.5 % caused by dilution of the input solution). The 
other symbols have the folowing meaning: s(At) is the standard error of the time 
step At used for the nvimerical integrations (assumed to 0.05 %) and s(Qe) is the 
standard error of the extraction flow rate Qe (% 1 mL/min). 

After n recovery steps the overall standard error s(R„) propagates to: 

*(Ä») = X>(Ä,) * 3(AÄi) + S(/SR2) + ... + s{&Rn) (10) 

8.2 Errors in KNa tracer breakthrough and recovery 

Standard deviation of 22Na tracer breakthrough 

From section 2.2.1 it follows that 

-It=w0
{n^ - <>y{22)tE™° en) 

Considering that the scatter of background is already included in the scatter of the 
measured count rate of the radiotracer, the following standard deviation for C/M0 

can be derived: 

miWo) = \ [m{nw2) — J2 + [m(Afo)(nw2 - < 2) Jp J (12) 

where m(n1„2) is the standard deviation of the count rate of 22Na in window 2, E22N0 
the sensitivity of the 7-counter (see section 2.2.2) and eA'22^ the term used for cor-
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rection of radioactive decay during tracer breakthrough. From various samples of the 
input solution, a standard deviation of 0.5 % M0 or 4500 Bq was obtained. The statis
tical scatter of the count rate of the radiotracer is given by the Poisson distribution, 
i.e. 

Tl(«w2) = \/n^2 (13) 

Standard error of N a tracer recovery 

The derivation of the errors on the recovery steps have been given in equations (7,8) 
and for s(C/M0) partial derivation of equation (11) yields: 

l C \ r , 0 y{22)tE22N* , , „ „ o y(22)tE22Na , , , , 

e
A(22)t , 

+s(E22Na)(nw2 - nl7)—}1/2 

For experiment 50 the following individual errors were taken: s(n£,2) = 0.0033 cps 
(this standard error of the background count rate in window 2 was taken as the 
difference in the background count rate before and after experiment 50), s(M0) = 
6000 Bq (resulting from a 0.5 % standard error caused by dilution of Mo of the 
samples taken for laboratory radioanalysis), s(E22Na) — 4 • 10~3 • E22Na (see section 
2.2.2). 

8.3 Errors in 85Sr tracer breakthrough and recovery 

Standard deviation of 85Sr tracer breakthrough 

As presented in section 2.2.1 the specific activity of on-line measured 8sSr was calcu
lated by: 

Cxsr = [(nwl - n°wl) - a(nw2 - n°2)]eA(85^855r (15) 
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with a standard deviation for C/MQ: 

m ( j ^ ) = ^n^a—WQ 1 + H«.i) ]jj 1 (16) 

+m(M0)[[(nwl - n ^ ) - c(nw2 - n°w2)} ^ f ] ' 1 2 

where m(n t ti) and m^n^) (i-e- the scatter of the count rates in window 1 and 
2) = y/nZi and y/nw2, respectively. For m(Mo) a value of 26000 Bq was taken, 
which corresponds to a 0.5 % standard deviation of the input specific activity of ^Sr 
obtained from different aliquots. 

Standard error of 85Sr tracer recovery 

As stated above the standard errors of the recovery steps have been presented in a 
general form in equations (7,8). Partial derivation of C/Mo yields: 

S(WQ) = [s(nw2)a MQ + s(nwl) ^ (17) 

+s(M0)[(nu/1 - n ^ ) - a{nw2 - n°w2)] ^ 

+*(£»Sr)[(nwl - n°vl) - a(nw2 - n ^ ) ] - ^ - ] 1 ' 2 

For experiment 50 the following individual standard errors were adopted: sfri;^) = 
0.0033 and s(n£,2) = 0.0021 cps (difference of the background count rate in both 
windows before and after experiment 50) s(M0) = 35000 Bq (resulting from a 0.5 
% standard error caused by dilution of Mo of those samples taken for laboratory 
radioanalysis), s(E&ssr) = 1-7 • 10~2 • E^s r (see section 2.2.2). 

69 



In summary-, with respect to Fig.A-1 (uranine), A-2 ("Na) and A-3 (S5Sr) it is obvious 
that the error in the breakthrough curve (C/M0) is determined mainly by the statis
tical scatter of the count rate, while propagationl errors determine the uncertainty 
of tracer recovery especially towards the end of a migration experiment. 
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Fig.A-1. Graphical illustration of the statistical deviations of C/M0 and standard 
errors errors in tracer recovery for uranin in experiment 50. 
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Fig.A-2. Graphical illustration of the statistical deviations of C/Mo and standard 
errors in tracer recovery for 22Na in experiment 50. 

1E-07 

- 1 E - 0 8 

O 

1E-09 
10 

100 

standard error j 
in recovery ! °® 

•i 60 
i 

- 40 

# 
* • - * 

>» 
w 
o > 
o 
o 

20 

100 1000 
time [hrs] 

10000 

Fig.A-3. Graphical illustration of the statistical deviations of C/M0 and standard 
errors in tracer recovery for 85Sr in experiment 50. 
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